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Abstract

With the occurrence ohealthcare associated infectiondAls), the development of novel
antimicrobial materials has drawn significant research attentitowever, developing an
antimicrobial materiathat can be longerm effective and environmentally friendly without
cytotoxidty is still a technical challenge and normally results in large production d¢odtsis
thesis research, we fabricated, characterized and evalugtetyethyleneiminfpolyurethane
(PEI/PU) colloidal film for antimicrobial coating applications. Follagithe previous work in
our group, the colloidal film was obtained by introducpayethyleneimindnto a waterborne
polyurethane. This colloidal film was found having excellent mechanical propé&mtoes.tensile
tests it was found that the PU/PEI compessdisplayed superior mechanical propertiespared

to pure PUwith an ultimate tensile strength of 23 MPa compared&daviPa for pure PUIn
addition to tensile testscratch tests were performed on the coatings. It was found thait®a 5
PEI thecoatings displayed the best abrasion resistatc2000 g of applied force on the tip
compared to 1200 g for pure PThe antimicrobial activities were investigated in this work with
the hypothesis of PU/PEI colloidal films being a afuadctional antibaarial material. The ion
releasing activity and contakilling efficiency of PU/PEI colloidal films were tested separately.
Though there have not been conclusive results showing the existencealémsing antibacterial
working principle, a high killig rate of contaeactive antibacterial activity was observed.
Furthermore, explorative evaluations were performed to check possible virucidal effect against

baculovirus.
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Chapter 1. Introduction

Healthcare associated infect®orfHAI) have seen a significant increasealong with the
development ofmodern clinical treatmers, including central lineassociated bloodstream
infections, catheteassociated urinary tract infections, and ventil@ssociated pneumoni@ata
from the HAI Hospital Prevalencé&urvey showson any given day, about one in 31 hospital
patients has at least one healtheassociated infectio®87,000 HAIs in U.S. acute care hospitals
in 2015 andabout 72,000 hospital patients with HAIs diddring their hospitalizatiods To
prevent HAIsthe development ofovel antimicrobiaimaterialshasdrawn significantresearch
attention Antimicrobial materialscontainantimicrobial agents which have the abili to inhibit
the growth ordiredly kill microorganismsso asto reduce theccurrenceof HAIs. However,
developingan antimicrobial materiawhich can belongterm effective andenvironmentdy
friendly without cytotoxicity to human cellss still a technicalchdlengeandnormally resuls in

largeproduction cost

With the purpose ofreducing the health threat fromicrobial contaminanisantimicrobial
polymers have beesubstantially developed and used in varies applicaiarrent antimicrobial
polymers were roughly sorted into passawvel activaypes based atheir action against microbes.
Furthermorea categoryof their antimicrobialprinciples was proposeak repelling ion-release
and contaetctive antimicrobial polymersiowever, each of thesatimicrobial principles has its
inherent shortageespectivef. Due to this, maltifunctional antimicrobial surfaces have been
developedand focused on in recent reseasihce with only oneantimicrobial principlethe

effectiveness of antimicrobial materiais insufficient in practice because dhe inherent



limitations of each principlé A literature review wagerformedin Chapter 2 tqorovide context

for theantimicrobial agent applied in this project ahdstudyof its antimicrobialmechanisms.

Theobjectiveof thisprojectis to evaluateahe antimicrobial propertieacludingbothion-releasing

and contactactive antibacterial activity as well as artal property of a recentlydeveloped
PU/PEI colloidal film Previous researcith this systenby Si etal. found that PEI could be
incorporated into polyuretharte form a colloidal filmandit enhancd the materialstrength at

low concentrations The PElwas bonded to the polyurethane in this system bypth ionic
interactionsandhydrogerbond$, andit wasexpected tanaintain the surface chardensityunder
leaching conditionsPEI contains primary, secondary ateitiary amine groups, which shall
provide a certainr@imicrobial activity. In addition to the ariiacterialcontactkilling activity of
thebondedPEI in the system, theaso existdsomemobile PEI. Thesemobile moleculescould
migrate orleach out of thdilm and provide biocide releasinagtivity. In this study,multiple
antimicrobial tests were performed on the surfaceharacterize th® U/ P E | coll oi dal
antimicrobial activity withoutany surface modificationand gain insights into the antimicrobial
mechanism.The details and results of antimicrobial and antiviral tests with this material are
subsequenthdescribed inChapter 3 and Chapter €hapter 5 presents the conclusimd a

discussion of future work.



Chapter 2. Literature Review

2.1 Antimicrobial material

Antimicrobial polymeric materiat were first characterizedn 1965 by Cornell and Bnaruma
claiming antibacterial activity of polymers and copolymers prepared from 2
methacryloxytropononés. In the 1970sesearches synthesized variousntimicrobialpolymeric
moleculessuch aspolymerized salicylic acid, polymers with quaternary ammonium grotips
Since then, darge number opolymeric structures witlsuch actions have been discovered or
synthesized anavidely applied in both industrial and academic ardasthermorewith the
development ofFDA-approved disinfecting polymersntimicrobial materiab have attracted
substantial attentioim pharmaceuticabndhouseholdpplications, whermicrobial contaminants
coulddirectly causea serious threat to human headthindirectlyby spreaehg contagion Julieta

etal. performed a comprehensive analysis of Google Patent Search database antbfeuhdn

27,845 patents filedrsce 2013elating to antimicrobial polymets

Figurel. Typicalformations of biofilm:(a) biofilm of mold; (b) algae biofilm and (c) bacterial
biofilm®. Reproduced from ref.@opyright held by original authars



The way microbesontamnatea subtancehas been fountb bethrough theadhesion of biofilms
(Fig. 1) that microbe excrete tanchor themselves to ttsairface of thesubstancé®!l Under
satisfactory growth conditi@microbial cellsgrowand aggregatehile producing a biofiln{Fig.
2) consisting ofextracellular polymeric substanarrounding thed®% Such extracellular
polymeric substance is a polymeric conglomeration composgalysaccharides, proteins, lipids
and DNAY2 Defective biofilmsare not able toprovide satisfactory growth conditiofs
Therefore, some conventional antimicrobial materialwere developedo prevent microbial
adhesionor viability. Antibiotics, cytotoxic chemical composites, or meiatticleswere often
containedin the materialand gradually released into th@crobial environment talisruptthe
completionof the biofilm, leading totheinhibition of growth ordeath ofmicrobes For example,
sulphonategoly (ether etheketone) (SPEEKS}ignificantly reducel the pH level of the surface
environmentcreating an acidic environmenhichreactedwith the anionic membrarad the cells

remarkablyinhibiting the growth ofmicrobes?.

Planktonic Biofilm

(5) Detachment and reversion
to planktonic growth, starting a new cycle

'/
lql-‘

(1) Attachment to {;);o;ga;oannodf (3) Microcolony () Mature biofilm, with characteristic
surface ro duc\;ion of formation, multi- —» “mushroom” formed of
P layer polysaccharide

matrix

Figure2. Forming process and structure of biofitth&®eproduced from ref 14. Copyright held
by original author
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Biofilms functionally provideresistance angrotectionto microbesHowever,the rise of biocide
resistance in microbgspecificallyinfectious pathogengresents challengefor the selection of
antimicrobial agents and mechanism&hich require alternatives toantimicrobial agents
Therefore while prevening the spread oinfections exhibiting superior efficiencyminimizing
toxicity, environmental problemasnd production costs aralsocurrentcriteriafor antimicrobial

material dgelopment

2.2 Mechanisns of antimicrobial activity

With the dramaticdevelopment oftlisinfectingpolymers, the mechanisms of thamtimicrobial
activity have drawmgreatattention in the researclefd. Thoughsome of thaliscoveregolymeric
s t r u disinfectengm@chanismbave not been fully understoaiyrent work haslivided them

into two types: passive actiorpelling andactive actiorkilling (as shown in Fig3).

repelling killing

N

RN
A el

exclusion  electrostatic  low surface biocide contact-active
steric repulsion repulsion energy releasing biocidal

Figure3. General categories on mechanisms of antimicrobial polyniReproduced from ref 6.
Copyright held by original authars



2.2.1Passive antimicrobial action

Due to thaypical properties of microlal membran®f beinghydrophobic andegatively charged
the surface of golymer with passive antimicrobial actiohas a property such asbeing
hydrophilic containingnegativecharges, or havng a low surface free energp preventthe
adhesionfrom surroundingsof planktonic microbesby redueng protein adsorption on .it
Neverthelesspassivaantimicrobialsurfacesio notactivelyreact withthe microbial membrane or
kill microbes thoughrepeling them™1€ Passive polymerare typically designedith one of 3
approachesthe first is a selthealing, slippery liquidnfused porous surface (SLIRShost
commonly this is made of microtexturguly(dimethyl siloxane) The secondapproach uses
uncharged polymers, such gmoly(2-methyt2-oxazoline), polypeptoid, polypoly{ninyl-
pyrrolidone), poly(ethylene glycol) (PEG), and poly(dimethyl acrylamidEjnally the third
approachconsists ofzwitterionic polymersand charged polyampholytesexamples of these
polymers includghosphobktaine, sulfobetaine, and phospholipid polyref$ PEG (Fig. 4), s
the mostgenerallyusedpassiveantimicrobial polymer, has beenwell studied and hashown
relatively widerange targets gdathogensincludingStaphylococcus aureugscherchia coliand
Pseudomonas aeruginas&#\lso it has demonstratedemarkable antimicrobial effects and
antifouling ability with the polymer brush systeéfFig. 5). This behaviour isttributed toP E G0 s
high chain mobility, large exclusion volen{Fig. 5), and steric hindrance effect tfe highly

hydratedayer® (as shown in Fig5) to preventprotein adsorption and bacterial adheion



HO/\/O\/\O/\/PO\/\EO/\/O“

poly(ethyleneglycol)

Figure4. Chemical structure of polgthylene glycol (PEG).
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Substrate

Figure5. Polymer brush system of poéthiylene glycal (PEG).

2.2.2 Active antimicrobial action

Broadly speakingactive antimicrobialactions can be classifieseither biostatic or biocidas

seen in Figo. Biostatic actiorrefers to a surface thaeeps therganisman the stationarynon
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reproducingohase This contrasts wittbiocidal actionwhich activelykills microbesin addition

to preventing growthOf the twq biocidalactivity is more desirable asdbmpletelyprevents the
microbesromgrowing after leaving the surface kijling microbes on the surfacBepending on

the situation, biostatisurface can be suitable for some applications sagtoaings on certain
medical instruments. An example of these coatings are plasma polymerized organic nitrites which
can be produced from a variety of organic monomers containing at least 1 nitrite thesg,

coatingsprevent colonizationf bacteriaon the coated surfaég

A
N (log)
Control
Bacteriostatic
agent

Bactericidal
agent

to t

Figure6. Effects ofincorporation obacteriostatic agent versus bactericidal agéiton the
number of bacterial colony forming usit

Antimicrobial polymersact differently from the passive onesas they actively interact with
microbes and kilanywhich adherefrom surrounding®nto the polymer surfac&uch plymers

normally ardunctionalized withbiocidalagentsyhich arebasicallysummarized into three types:



antibiotics, positivelyjchargedbiocides,or antimicrobial peptidesthat are able todamage the

integrity of the microbial cell leading to the death of micrabes

Differentiating frombiocidesdirectly destroyingandkilling the living organismsanotheractive
antimicrobial approach iBmiting the growth of organism by a biostatic agentFor example,
bacteriostaticagentsare known keing able tointerferewith intracellular metabolism such as
protein productionor DNA replicationof bacteriain order tokeepthe growth of bacterien a
stationary phasg@s shown in Figg). However bacteriacanregain the ability oproliferationonce
the bacteriostatic agents are remove@nce,with the applicatiors of bacteriostatic antibiotics in
clinical practice theduration oftreatmenmmust be sufficient tallow thehost defense mechanisms
of theimmune systento eradicate the bacteffaNeverthelessthere is noan absoluteistinction
betweerbacteriostatic agents abédctericidabgentsSome bacteriostatic agestsowbactericidal
activity againstsusceptiblébacteriaat high concentrationMacrolides areategorizedasone of
the most generalbacteriostatic antibiotics whereas clarithromycin erythromycin, and
azithromycinhavebeen obsaed exhibiting bactericidalpropert to Streptococcus pneumoniae
andStreptococcus pyogertége. Similarly, somebactericidal agentsacmerely bebacteriostatic
at low concentratiarFurthermorepne type of antibiotiexhibits differently to different bacteria.
Chloramphenicolis generally considered to beébactericidal againstS. pneumoniaebut is
bacteriostatido S. aureusand group BStreptococci” 3% Linezolidis known as abacteriostatic
antibioticto treatstaphylococci and enterocodafections butit showsbactericidapropertywhen
treaing infections by streptococci, includingS. pneumoni&é®2 Quinupristindalfopristin
typicaly has bactericidal activity to most strains of staphylococci and streptococci but

bacteriostati@ctionagainstEnterococcus faeciuth



The antimicrobiahctivitiesof polymersare basean their active biocidal agent&ntimicrobial
polymers functionalized with positivelgharged quaternary ammoniumave been extensively
studied andhave beenhte most widely used he positively-charged quaternary ammonium is a
biocidal agentwhichinteracts with themicrobial cell by the electrostatic interaction betwebe
polymer and the cell membranand damage the cytoplasmic membranthe rupture of the
membranes caustheleakage of intracellular componefésdng to thesubsequentell deatR.

In addition topositively-charged quaternary ammoniuather active antimicrobial polymers have
been actively studied. Two examples of thesepounds ar@olyguanidine, and Nhalamine.
PolyguanidineAs seen irFig. 7 b), N-halaminenhibits or inactivates cells through the oxidative

halogerpresent in the structure thattacks theminoor thio groups of cell receptots

NH
R )J\ R
\\N N / \\
H H
a) - —n
HsC I‘|\I CHs H:C Ill CHs
Chlorination
HsC CH, = = HsC CH;
Inactivation of bacteria
o N N

Figure7. a) Chemicail structure gfolyguanidingb) Bacterial inactivation loop of falaminé®.
Reproduced from ref 36. Copyrightlidoy original authors
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2.3 Antimicrobial polymers

Comprehensivestudies haveclassified current antimicrobial polymersinto three main types
polymeric biocides, biocidal polymers, and biocigéeasing polymefsAsthey are shown ifig.
8 a) polymeric biocidesareformed bytheinterconnection ofepeating activeiocidal unitst®-37:38
which is rot necessarily required iRig. 8 b) biocidal polymersDue to this,the antimicrobial
activity of hiocidal polymersincludes the whole macromoleculewith the biocidal group
embedded Alternatively, Fig. 8 c) biocide releasing polymersormally are loaded with biocides
andhencetheir biocidal activiy is not performediue to thgpolymeiic matrix Instead, the matrix
act as a carrier of the biocidal agentnd releasethem to contact andattack the targetd
organism3? 42, Additionally, these antimicrobial polymers can also bategorizednto surface
bound polymers or solutiebased polymersased ortheirworking principlesGenerally, biocidal
polymers are surfageound with antimicrobial actionoccurring by surface contactwhereas
biocidereleasing polymersre solutiorbased performing antimicrobial activity in solutions
Besides, plymeric biocidesan be eithesurfacebond or solutiorbased. It igletermined byhe

antimicrobial repeating groups thegntain

g«

e

l—ﬂ Tk
{J « 4
=

Figure8. General classification of antimicrobial polymers: a) Polymeric biocides; b) biocidal
polymers; c) Biocide releasing polym&rReproduced from ref 6. Copyright held by original
authors
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2.31 Polymericbiocides

Polymeric biocides are polymease composed ddctive repeatingntimicrobialunits such as
amino, carboxyl, or hydroxyl groups;ovalenly link to each othéf3"3® and the whole
macromoleculesact analogoust to the monomersAlso included in this classification are
polymers withsidegroups consisting diydrophobic quaternary ammonium functbgroups®.
Comparedo theactivemonomerstheantimicrobial effectiveness thepolymersshould bdower
dueto the steridhindrancemaintainedoy the polymematrix. The polymerization of the 4inyl-
N-benzylpyridinium chlorideantimicrobialmoleculess a respectiveexample. Tk crosslinking
procesdeads to a waterinsoluble polymewhich has no activbiocidalproperty buhasbiostatic
activity**. Another exampl®f the effect of different linkagesn the efficacycan be seen with the
antibioticsPenicillin V and CephradineThe resulting polymeof Cephradinedoes not display
antimicrobialactivity whenstably bonded to PEGysine[Fig. 9 d)]. Howeverwhen thePenicillin

V is bonded by amster linkage t®EGLysine, it still exhibitsantimicrobial behaviobecause the
linkage can be hydrolyzed to release femicillin V *°[as shown irFig. 9 b)]. Thisdemonstrates
thatthebonding method for polymeric biocides plays a major role in their activity. This behavior
must be considered when designing polymeric biocides seriously impacts the activity of the

final material.

12



H o] .
Cephradine ; g H —t
poly(PEG-Lys-OSu) __,(“\/\/X“YO—(C 2CH0)s
0 o=" 'H 0
—\
NH H
A__N
Oy
- o7 N ek, dm
(a) CO.H
poly(PEG-Lys ethanolamide) s :\/\/\"‘ IO—‘-C"zCP‘zO e
DCC/DMAP o FALE-
Oz\r.»
&
o if
N My
‘E“S CH,
Q7Y

(b)

Figure9. a) Cephradine is stably bonded to PEGine; b) Penicillin V is bonded by an ester
with permission froefi45. Copyright1993

linkage to PE@_ysine®. Reprinted (adapted)

American Chemical Society.

Other examples of polymeric biocides synthesi

methacrylate modified Norfloxacin and PE@ethacrylate® and thecopolymerization of
modified Vancomycinand PEGmethacrylate¥. Both these systems showed significant
reduction inthe efficacy of the biocidal units with activities upgdold lower than unmodified
antibiotics. This trendvhile commondoes not always hold tr@dpenicillin functionalized

polyacrylate nanoparticleshowedincreased efficacy when compared to unified biocides?®.

This indicateghatthe activity of these polymers

another mechanismay bepresent.
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2.32 Biocidal polymers

In contrast with polymeric biocides, biocidal polymeis not necessarily requirepea active
antimicrobialunits Insteadthe antimicrobiahctivity of suchpolymers isgenerally exhibitedby

the whole macromoleculeStudies on microbial cethembrans haveshownthatthe surfacs of

cell membrane of both Grampositive bacterieand Gramnegative bacterigsee Fig. 10jare
normally negativly chargedasthe cytoplasmicnembranef Grampositive bacteria@onsiss of
membrane proteingndteichoic acidsas well aphospholipidgroviding negative charges the
surface of Gramnegative bacterfd Hence, biocidal polymers containg antimicrobial
polycationshave drawrgreatattentionwith theirability to electrostaticallynteractanddisrupg the
microhial cell membranecompletinganantimicrobial actiorandleading tothe ultimate death of
microbes§®. Such functional groupsinclude tertiary sulfonium?, phosphoniurt?>3 quaternary
ammoniund*, and guanidiniumcation While significant research has studied incorporating
antimicrobial side groups oinkar polymers dendritic and hyperbranched polyméesve also
been studiedbr their antimicrobial propertie®©ne commonly used example of these structures is
quaternizechyperbranched PEI which displagsong antimicrobial propertigs Both commonly
available as a water solution aatbw costn-alkylatedmaterial,quaternizegolyethyleneimine
nanoparticleshave remarkable antimicrobiahctivity against both Grasositive bacteria and
Gramnegative bacteria based on tmemobilized quaternary ammonium compourf®AC)

embedded on the long polymeric chain andhytsrophobicity®.
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Gram-positive bacteria Gram-negative bacteria

"+ Quter membrane

“a
Cytoplasmic
membrane

Cell wall “
peptidoglycan

Figurel0. Cell wall and membrane structure of Graositive versus Gramegativebacteria.

It is observedthat if the polymer backbone is hydrophobigipactive repeating units are not
requiredin this biocidal polymerFurthermoreif the polymer backbonis hydrophilic, then this
polymer needs hydrophobic side groups parallel to the backboné form a hydroplobic
surroundingarea The mechanism ofrgimicrobial peptides (AMPhas beerdiscoveredthat
follows the statement abov&xamples includenagainin and defensith®. These two peptides
both containhighly stiff backbonesandthere areside groupglistributedin theway thatone side
of the backbones isydrophobic and the other®sitively chargedas shown irFig. 11). Sucha
structurehasa high effectivenesé antimicrobial activity byinvadingthe microbialboth outer
and cytoplasmienembranewith the wholemoleculeand destroy the structural and functional

integrity of the cell membranéeading tahe finaldeathof themicrobial celf:62
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Hydrophaobic side

5 :!‘ ! ! .:! (—- Rigid backbone

Hydrophilic side(cations)

Figurell Structure of a rigid backbone, hydrophobic side and hydrophilic side with cations in
magainin and defensih Reproducedwith permission from re63. Copyright2006
Microbiology Society

Besidesbiocidal polymerswith cationic groupsbeing organizedalong the polymer backbone
polymers withonly oneantimicrobialendcaphave also beefound showinghigh antimicrobial
efficiency. This typeof biocidalpolymerhas mainly focused ahe addition of a terminal endcap
duringring-opening polymerizatiarCommonly a cationic surfactant is used for this purpase
one example is theationof 2-alkyl-1,3-oxazolines By utilizing this techniquethe polymer is
only functionalizedon one end with another group on thstalend.Within suchapolymerization
process the introduction of specificdifferent endcag on either end of the polymergan be
controlled andraried byutilizing the suitable initiator and terminat From Waschinskiet al. it
canbe sea that when the molecular weiglof poly(2-methyt1,3-oxazolines) (PMOx) andts
ethylderivative (PEtOxyariedbetweer2k-10k g/moltherewasno change in the efficacy of the
antimicrobial endcaplimethyldodecylammonium bromide (DD®)Moreovet by changing th
polymer backbone tpolyethylene glycol (PEGa 5to 10 timesreduction inantimicrobial activity
was showrcompared to the polyoxazolindsurthermorethe antimicrobial efficiencycould be

tuned by thegroup distal to the biocideThis satellite groupdeterminesthe mol|l ecul ed s
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antimicrobialactivity within 3 orders of magnitude It is hypothesized the behaviordaused by
the amphipathicnatureof the macromoleculesNVhen in solution they can formnimolecular
micelles that oncontact with microbial cellsunfold and deliver the antimicrobial groap shown
in Fig. 1258 The satellite group plays an important role in this process as it deteth@maiselle

formation and aids in the penetration of the biocide through the membrane.

Release of liposome-entrapped fluorescence dye

R in_presence of PMOX-DDAs in solution:
1200 : e : hydrophilic polymer
dimethyldodecyl  poly(2-methyl- -backbone wound round

ammonium endgroup 1,3-oxazoline) hyrdophobic biocidal-

1000 W e | - and satellite-endgroup
Od‘ n
z 800 1 after refolding endgroups
= enter phospholipid
E variation of the f/ﬂ membrane
= 600 1 satellite group [ A1) and disturb
& P %]L | ([ imegrivy
£ o), <
£ 4001 &V
T lllltl;l;.l‘l
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Figure12. Release of liposomentrapped fluorescence dye in presence of PADOASE.

Reproduced from ref 6. Copyright held by original authors.

2.3.3Biocidereleasing polymers

Biocidereleasing polymeraregenerallycomposed dbiocides ané polymermatrix aghecarrier

for the biocidl agents. The antimicrobial activiof such polymerss embodiedy releasing the
antimicrobialcompounds. Extensive studies hawaehievedhe developnent ofbiocidereleasing
polymersthrough eithebondingtheantimicrobialmoleculego polymermatrixby polymerization

or compoundingantimicrobial moleculewith the polymer. These polymers have beenequently

17



utilized as carriers forantibiotics in clinical trials with their ability to maintaina high local

concentratiorof biocides anddelivertheir biocidesjuickly and comparablglose to theargets®

42

Rodriguez et al. desigred a type of disinfecing cementwith both sufficient antimicrobial
efficiency andcement strength retentidny incorporatingchlorhexidinanto acrylic bone cements.
The systemcontainsbrushite as calcium phosphate filleand chlorhexidine athe antimicrobial
agenf which can releasechlorhexidine cationto disrupt the microbial cell membrarfé
Incorporationof brushiteincreased the porositgnhancinghe kinetics of chlorhexidine release
from cementsleading to a higher antimicrobial effectiverfésalternatively, in other applications
a similar delayed release can be achieved by modifying polymerblvigtamne groupsttached
to the backbon&®’C This class ofunctionalizedpolymerscanrelease chlorine or hypochlorite
into the solution The active chlorinecan then oxidize the phospholipidsof the microbial

cytoplasnic membraneresulting inthe death omicrobeg!.

While significant research has focused on the release of orgatiicrobial agents from a
polymer matrixanother active area of reseatdhizes the release of metal ions for antimicrobial
purposesThe antimicrobial properties varied with thigpe ofmetal Silver has beewell studied
as the most commonly used metallic antibacterial ageith its significant antibacterial
effectiveness against bothGrampositive and Granmmegative bacteria The studies of the
antibacteriaimechanism of silveions have shown th#fhe ions interact with multiple membrane
proteins resulting in the disruption of the membrane and eventually cell ‘deathditionally, it

was also found that silver ions are capable of disrupting the DNA replication”cpclé
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interrupting the respiratory chain of bactéti® (as shown in Figl13). Lyutakov et al. has
developedight-activated antimicrobial materiaégyainst bottStaphylococcuandPseudomonas
aeruginosaby doping porphyrin and silver nanoparticléa polymethylmethacrylateUnder

illumination, porphyrinabsorbs light angroduce reactive oxygepaffecing the release of silver

ions’®,

1) Disrupt cell wall and  4) Disrupt membrane

membrane by Ag* § 4
6) Denature membrane 7'} L 2‘ by reactive oxygen species

by AgNPs ey B

4 w % 3) Interrupt s
o ATP production

2) Denature '
ribosomes I

7) Perforate membrane
by AgNPs

Figure13. The antibacterial principles of silver ions (Ag+) and silver nanoparticles (AgNPs)
Reproduced from ref7. Copyright held bypove Medical Press Limited

2.3.4Contactactive antimicrobial polymers

Within the discussion osurfacebonced and solutiorbasedantimicrobial polymersthe non
leachingpolymeric biocides obiocidal polymersanobtainantimicrobial activity on the surface
disintegratingmicrobial cellsd structureand killing themby contact.Despite claims of contact
killing surfaces, it is difficult talistingush the mechanisnrom thebiocidereleasng system just

by general antimicrobiatestswith indeterminacy ofthe bornd betweenbiocidal groupsand
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polymer matrix In addition if the concentratiorof the antimicrobial componentss over the
minimal inhibitory concentratiofMIC) within 1 micrometerof the surfacethe resultsndicate
thepossihlity of contactkilling action. Themostfrequentandwell-regardednethodto prove this
activity so far is by longterm leaching tess, constantly monitoring and comparinghe

antimicrobialperformancef theconcentratedvashingsolution with thegpolymersurface

As one of theearliesthypotheses hie polymeric spacer effect wasoposedn 2001(see Figl14)
which assumeshatwhen bacterial cedladhereon thepolymersurface the graftedantimicrobial
polymer could penetrag the cell walland break upthe phospholipid bilayer oftytoplasmic
membranekilling the microbial cellsThis mechanism wasuftherprovedin their studyby the
observatiorthat N-hexylatedpoly(4-vinylpyridine) in solutionshowed no antibacterial effean
Pseudomonas aeruginosanich wasone of the targets dhe surfacenodified withN-hexylated
poly(4-vinylpyridine)’®. Another strongevidenceof the polymeric spacer effeetas shownby
grafted quarternizedpolyethyleneiminewith a dependency oéntimicrobial efficiencyon its

molecular weigh®.

(cell wall thickness 16 to 80 nm)
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k ~
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~ 3
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Gram-positive .

bacterial cell phospholipid- peptidoglycan
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surface

Figure14. The hypothesis of polymerspacer effect on contaattive antibacterial activit.
Reproduced from re80. Copyright 208 JohnWiley and Sons.
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The second possible mechanishtontactkilling, aphospholipid sponge effeaivas proposed in
2011, claimingthatsurface that are nobiocidal groups graftedn polymeric spacenserformed
their antmicrobial activity through removabf negatively charged phospholipideom cell
membranegsee Figl5). Bieserand Tillerhavestudieda vaiety of cellulosederivative surface
modified with different quaternaryammoniumcompoundsand additional hydrophobic groups
The onclusionwas madehat the antibacterial actioof suchsurface againstS. aureusvas
mosty determinedy the cationic/hydrophobic balaneher tharby ther charge densifif. Also,
by treatingwith negatively charged phospholipjdse antibacterial performanoéall investigated
surfacesvasinhibitecf2. Both resultssupported the phospholipid sponge eff¥¢hile validity of
this hypothesis has beeapprovel by some studiesthe way waterinsoluble phospholipids

approach the antimicrobial surface throdigé cell wallhasnotbeen clear

Concept of “Phospholipid-Sponge-Effect”

hydrophobic quaternary
negatively charged ammonium group
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Figurel5. The hypothesis gihospholipid sponge effect for bacterial corfatiing
mechanisft. Reproduced from reB1. Copyright 201 JohnWiley and Sons.
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2.3.5Multifunctional antimicrobial surfaces

With only one ofthe threemechanisra being discussed aboverepelling,biocidereleasing and
contactactive activities, antimicrobial polymersan notalwayswork sufficienty for practical
applicationsas each of them has itespective inherentlefecs?. Therefore, multifunctional

antimicrobial surfaces have begevelopedo be moreeffective and practicah application.

Surface modificatiomnbothbiocidereleasingand contactactivepolymerscanrepeltheadhering
microbe corpsekilled by antimicrobial functional grups providinga self-cleaning propeyt to
the resulting polymersThis technique specifically increaséhe effectiveness andngevity of
watersolubleor hydrophilicantimicrobialpolymers For example tte antifouling paintfrequently
used on siha hydiophobic wdalingdf copperbased agiate copolymer&. While
releasingbiocidal copper ions, te movementof the ship canshear theswollen layerwith
contaminatioroff the hydrophobic coatingevealing selpolishing*. Examples ofcombination
repelling and contadtilling properties include the surface developed by Laloyaux et .al
comprising surface attached magainin grafted with oligo(ethylene glyswjhacrylate The
contactkilling action of this surfaces activatedat room temperature with thgolymerbrushes
stretchedlt switches to repel microbeshenthe PEGbrush structuresollapseby increasing the

temperaturdéo over 35°C(Tcoll)®® (Fig. 16).
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a ( brushes with antimicrobial b brush structure collapses,
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Figurel6. Antibacterial surface combines thermesponsive repellinfT above the collapse
temperature (Tcoll)and contackilling properties (T below Tcoll§. Reproduced from ref 6.
Copyright held by original authors.

The combination of biocideeleasingand contactctive approachelsas beerdemonstratedo
increase the antimicrobial efficiency ahiéétime of antimicrobialactivity of the entire system.
Liang et al.combinedN-halamine siloxansvith quaternaryammonium salt siloxan® form a
composite polyurethane coating. It was found that the codisglayed lasting antimicrobial
activity due to the addition of the quaternary ammonium camgs. These contact killing QACs
continued to provide amicrobial actionafter the hypochloriteelease system ceaseduaction,
giving the coating long term functionafify A similar behaviour could bachievedy the coating
approachLi et al. developed based oa layerby-layer assemble@dntibacterial coating with
immobilized quaternary ammonium salts and releasable silver ions on a polystyrene (asrface
seen in Fig. I). The antimicrobial efficiency of silver ionreleasingwas accompanied by the

contacikilling activity fromthe layerof quaternanammoniumcompound®”’.
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Figurel?7. Layerby-layer assembled antibacterial surface comprising both cekitirng and
releasekilling antibacterialpropertied’. Reproduced(adapted) with permission from 1&7.
Copyright2006 American Chemical Society.

2.4 Polyethyleneimine REI)

Polyethyleneimin€PEIl), alsocalledpolyaziridine isknown asa polymeic moleculecomprising
repeatingamineunits and ethylenspaces. Generally linearformedandbranchformedPElhave
beenclassified by their structurarchitecturesAll amine units idinear PEI(LPEI) aresecondary
amino groupgthe primary amio groupsat the endare neglectedince there arenly 2 of then,
butbranched PEI (BPEIs composed gbrimary, secondary, and tertiary amino grofgsshown
in Fig. 18 a) with a ratio of 1:2:38 As shown in Fig. 19 a)he generabynthesis oLPEl is
achievedhroughhydrolysis of poly(2ethyl2-oxazoline§°, while BPElis available via the open
ring polymerization of aziridir€[see Fig 19 b)]. LPEI and BPE[see Fig. 20havefundamental
differences in propertiesasindepenlent & molecular weight For exampleBPEI isa liquid at
room temperaturavhile LPEI is a solid with a melting pointaround73i 75 °CL. In addition,the
solid LPElis insoluble incold water acetone, benzene aathyl ethelbut soluble inhot water at
low pH and ethangthloroform, methanéf.
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Figure18. a) Scheme of ammonia, primary amine, secondary amine and tertiary”amine
Repoducedwith permission fromref 93 Copyright2021Course Hero In¢b) Schemes of
primary, secondary, tertiary and quaternary ammonium c&tiddsgoducedwith permission
from ref 94. Copyright2021Master Organic Chemistry
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Figure19. General synthesis approaches of (a) linear polyethyleneimine (LPEI), (b) branched
polyethyleneimine (BPEI}®. Reproduced from ref9. Copyright held by original authors.
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(A) Branched PEI (B-PEI) (B) Linear PEI (L-PEI)
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Figure20. Cationic amphiphilic structures of (A) Branched PEI (BPEI) and (B) Linear PEI
(LPEI) . Reproduced from red4. Copyright 2a2 John Wiley and Sons.

2.41 Polyethyleneimine REI) and quaternized PEI (QAPEI)

With the amino group$PEl canbe quaternized tobtainquaternized PEI (QAPEI) consistingof
quaternarynitrogencatiors®®. As a polycation with quaternary ammonium compouf@AacCs),
QA-PEI is known to hawe remarkableantimicrobial activity againsta broad spectrum of
organism$® % with selective cytotoxicitynly towardspathogen®ut notmammalian celf§% 103
QACs are salts of quaternary ammonium cations (quats). As seen irBHy.the structure of
quats is NR" with four alkyl groups or aryl group¥. Additionally, QACs permanently contain
their positive charges, whereas the charges in primary, secondary, and tertiary ammonium cations
are dependent on their solution pHhe antibacterialmechanism ofmobilizedQA-PEI molecules
includesdisrupting the lipid bilayes of the cytoplasmic membrane aratiditionaly the outer
membrane of Gramegative bacterithroughthe electrolytattraction betweepositively charged
ammonium groupwith the negatively charged bacterisiirfaceandthe replacement afivalent
cations calcium ions Ca2*) and magnesium iongMg 2*) from the cytoplasmic membrafie
Further damage of the cytoplasmic membrane oscwhen the hydrophobic alky chain
interdigitates into the hydrophobic bacterial membrigaeling tothe loss of the proton motive

force leakage of intracellular fluiind ultimate death ahe bacterial celf® 1% In addition,
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comparedto the QALPEI, theprimary aminogroups inQA-BPEI provide stronger tensile
strength andhe formedthreedimensional network oQA-BPEI whiletetheringonto polymeric
matrix has been reportetd exhibit contactactive antimicrobial activity through the polymeric
spacer effeétin addition tothe biocidereleaseantimicrobial actionThus,to approach the same
killing efficiency, lower concentration of QREI is required in the entire polyméc
macromoleculeresulting in less release of the QACseimvironment minimizing the potential

impactsof QACsto aquatic systesandmicrobial drugresistant mutatiof.

2.42 Factors impact the antimicrobial actity of PEI

Polyethyleneimine (PERs a antimicrobialpolycation has beestated with advantagef being
nonvolatileandbeng long-term antimicrobiatomparing tesmaltmolecule antimicrobial agents.
The higher chemical stabiliyeduces thgossibility of antimicrobial agents permeag through
humanskin, risking human health consequedtf!!1. Owing tothese advantages polycatiors,
the factors that impact their antimicrobial effect have also bpedificallyfocused on in relevant
studies Antimicrobial polycations are antimicrobial cationic polymersCationic groups and
hydrophobic groups are the twasentiafunctionalcomponentsn these polymerssenerally the
antimicrobial activity of polycationsstarts withelectrostaticadsorption betweenthe cationic
groups and microbial membranghen itfollows with an insertion of the microbial membrale
the hydrophobic groupdeading to thedisruption of themembrane andeath ofthe microbial

cells.

PEI derives its antimicrobial activity from tipemary,secondaryand tertiaryamine groupswithin

its chain. With protonation of the respective amingghe primary, secondary and tertiary
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ammonium groupsan beome cationicThese cationic ammonium grouge commonlysed to

make antimicrobial polycations Note that studies have shown thawvhen compared to
antimicrobial cationic polymer witlquaternary ammonium compoun@3ACSs), antimicrobial
polycations containingprimary, secondary, or tertiary ammino groups display significant
antimicrobial potency while still shang lower hemolstic activity than QACsAdditionally, when
incorporated into a copolymeguolycations withprimary and tertiary amine grougsee Fig. 21)

can be used to tune thactericidal activityvhile minimizingthe risk of hemolysi<Of the differen

amine groups present in the copolymers, it was found that primary amino groups displayed the
best biocidaperformanceompared to other amino groups while dsinghighly selective with

negligeable damage ted blood cellsit physiologically relevant concentratiotfs

'
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Figure21. Design scheme of polymethacrylate with different cationic ammonium gféups
Reprinted (adapted) with permission from &P Copyright 200 American Chemical Society.

Other than the cationic groupthe length of thehydrophobicalkyl chains also impacts the
antimicrobial  effectiveness  of antimicrobial  polycations. For instance, n-
Alkyltrimethylammonium bromides (CnTAB) have been synthesized with a serieallofirchain

lengths (G - Cz2) by Gilbert et al. to study the effect of thealkyl chain lengths on antibacterial
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performance. The results have shown a disproportional increase in inhibitory performance up to
2-3 orders of magnitude of CnTAB when thalkyl chain lengths increased fromg¢@o Cio. A
hypothesis was proposed that the antimicrobial mechanism might wiffea long alkyl chain

from with a short alkyl chain due to the presence of 2 distinct binding sites with each having an
affinity for either the long or short alkyl chai$ The other possibility is thiermation of dimers

or aggregates of the longer alkyl chains below the critical micelle concentration that then interact
with the microbial cell membrane, while this phenomenon does not occur in short alkyl chains due
to their proximity to the quaternizeutrogert'®. The correlation of the substituted alkyl chain
length and antibacterial activity has also been reported by the investigation of résirial
comprising a group of quaternary ammonium methacrylate monomers (QAM) with lengths from
C10 to C18 of the substituted alkyl chain. It was found that the copolymer with longer alkyl chain
of QAM displayed a higher antibacterial effectiven€3aM with a longer alkyl chain (h=16 and
n=18) showed optimal inhibition on both newityrmed biofilm and mature biofilm, while QAM

with alkyl chain of 11 carbons and 12 carbons could only inhibit néovimed biofilm, and neither

of these biofilms were sensitite the QAM containing 10 carbots

2.4 3 Antivirus activities of QA-PEI and PEI

As discussed abovejuaternizedPEI has many potentiaantimicrobial applicationsas a
hydrophobicQACs polycation andit is alsoadditionallyappliedas anantiviral ageninhibiting
enveloped virusessuch ashepatitis B virus (HBV), hepatitis C virus(HCV), human
immunodeficiency virusHIV), and influenza viruse®\lso disinfectants containin@ACs have
been recommendetb be employedo inactivate SARSCoV-2 (COVID-19) virus by U.S.

Environmental Protection Agen¢iPA)!'%. Haldar et alhave testedlass slides coateuth linear
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or branchedN, N-dodecyl methyjpolyethyleneiminegPEIs) and the resultshoweda 100%
inactivation efficiency of those hydrophobic PEI derivativeagainstinfluenza virus ninimal
reductionwas up to4 orders of magnitudi@ the viral titerwithin minuted*'’. Notably the reason
that QACs are effective agairsiese viruses ithatenveloped virusshavea similar membrane
structureto that of bacterial cellgonstitutingbilayers ofphospholipid due ttheir infection and

replicationapproachés® (as shown in Fig. 2.
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Figure22. Comparing the membrane structure of viral envelopes of SBB¥-2 and influenza
virus to bacterial membrané8 Reprinted (adapted) with permission from re81Copyright
2020 American Chemical Society.

Schrank et al. have reviewed and summarized a series of QACs against different coronaviruses
(envelopedpsseen in Tabld!'8, It was found that the QACs had significant differences in their
efficacy against different coronaviruses with no QAC providing comprehensive sterilization
against all members of th@oronaviridaefamily. While the QACs did provide some killing
efficacy, many were unable to significantly damage the cell monolayer alone. For example while

BAC at 1% w/v reduced the replication of SARS®V after 5min exposure, it was unable to
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eradicate traces of the SAR®V RNA on the surface afterr8in of exposuré'®. In addition to
the antiviral activiy of QACs against envelopetiruses Tuladhar et alhave also testd and

reportedno virucidal effectof QACson poliovirus?.

Tablel. Summary of QAC#nactivate different coronaviruses (envelop&d)Reprinted
(adapted) with permission from ref&1Copyright 2@0 American Chemical Society.

exposure quantified viral load reduction  effective viral load reduction

QAC conc. (% w/v) type of assay  virus tested time (log,s) (>99.9%)2 (Y/N)
BAC 0.04 QCT HCoV I min 30 N
BAC, HCI 0.04 (pH 1.0) QcT HCoV I min =30 Y
BAC, EtOH 0.04, 70 QCcT HCoV 1 min =3.0 Y
BAC 0.2 suspension  HCoV 10 min 0.0 N
BAC 1 Suspension SARS-CoV 5—30 min reduced growth; RNA still Y
detectable by RT-PCR
Mikrobac Forte (BAC) 0.5 suspension  SARS-CoV 30, 60 min >6.13 Y
Kohrsolin FF (BAC) 0.5 suspension  SARS-CoV 30, 60 min >3.75 Y
BALC 0.01 suspension TGEV 5 min =30 Y
CG 0.008 QCT HCoV 229E 5 min <30 N
CG, EtOH 0.008, 70 QCcT HCoV229E 5 min =30 Y
mix of BAC/CG 0.066 QCT HCoV 229E 10 min 4.0 Y
DDAC 0.0025 suspension CCoV 3d =4.0 Y
BAC 0.00175 suspension CCoV 3d 30 N
BAC, FtOH 0.1, 79 suspension MHV 30 s =30 Y

However,branched PEI without quaternizatidoes not contain QACStudies have been
performed oroverall protonation level diigh MW PEI(1616k D) and it was found that the PEI
acts as a proton sponge with protonation highly dependant on the solution pH. When the pH of
the solution wag the overall protonation of theelPwas found to be 20% compared to 45% at a
pH of 5.Due to thisin a neutral solution PEiith positive charges is more likely &zt asa

vector ofgenedelivery rather than antiviragent It can potentially prever®NA degradation

with its lysosomal buffering capacits? 123
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Chapter 3. Antibacterial activity of PU/PEI based on releasekilling and

contact-killing mechanisms

3.1 Synthesis opolyethyleniminépolyurethane (PUPEI) colloidal film

Polyurethaneystems are polymers containimgltiple urethaneunits in the molecular backbone
These urethane groups gemnerally obtained frotnonding ofalcoholgroup(i OH) and isocyanate
(NCO)(see Fig. 23yvith additionalactivationfrom eithercatalyss or ultraviolet light Waterborne

PUs (WPUs) ar&known asenvironmentally friendly materialsliffering fromother general types
of polyurethanethat normally consist ofa large portion of volatile organic compounds

(VOCs)2+122

O=C=N —O ——.—-N C=0 4 HO—CH,;—~CH,~OH

Di-isocyanate Polyol

2 i
C—TOCH2_OT—C_O_CH2_CH’_O
H H

Polyurethane

Figure23. General synthesis approach of polyureth@nReproduced from ref26. Copyright
2016 Royal Society of Chemistry

Polyurethane have beewidely used in a variety adipplications due to its excellent mechanical

propertiessuch as high tensile strengtbsistance adbrasiorandtearpropagationSuchexcellent
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mechanical properties are offered by #iternae linkages ofhard segments and soft segments in
the polymerTheimmobilehard segments constitus®ocyanate and chain extendexhereashe

mobile soft segmentarecomposed opolyols'?®.

In this project, heresultingPU/PEI elastomec networkscontainingthreetypes ofdynamic non
covalentinteractions As shown in Figure24, hydrogen bonds, ionic bonds and polymer
entanglement interactionare all included Note the PEI isa branched polyethyleneimine
containing primary, secondary and ternary amino group but theeegsaternary amino group as
incorrectly indicated by the schematiguring the coating procedure the water in the emulsion
slowly evaporates at room temperatcaeisinghe PU micellsto slowly approach eacbtherand
entangle togetherThese actions armain factors for the resulting PU film to reach a high
mechanical strengttrurthermorepoth hydrogen bondand ionic bondsmprove the mechanical
properties of the whole PU/PEI systdracauseboth hydrogen and ionic bonds cée simply
brokenthenrebuilt, when the elastomierPU/PEI filmis stretchedthe breaking and rebuilding
process othesebondscandissipateenergy at high stress aredhisallows for relaxation of the
polymer chains andnantains the mechanical integrity of the networtkdydrogen bondexist
betweenurethanegroupsand urea groupsard PEI groups are incorporated into PU colloidal
system througladditionalionic bonds However,whenthe amount ofPEl incorporatednto the
PU colloidal systens too high an overcrosslinked PUPEI networkcan be formed frorthe high
ion concentrationThis overcrosslinked networkends tanhibit the polymer entanglement of PU
matrix and results ina reductionof mechanical propertiesdencethe number of ionic bonds

referring to the concentration of PEI is critical to the overallFE) network*.
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Figure24. Crosslinked network in PU and PU/PEI colloidal fillReproduced from ref.

Copyright 2@0 Royal Society of Chemistry

3.11 Materials and instruments

3.11.1 Materials

All chemicalsusedwere of analytical reagent gradenless otherwise statedhe following

chemicals werg@urchased from Sigma Aligh. Isophorone diisocyanate (IPDI); polypropylene

glycol-2000  (PPG2000);

dimethylolpropanic acid (DMPA);

Ethylenediamine (EDA);

Triethylamine (TEA); branchepolyethyleneimingPEI) (average Mw ~25000); Acetone(PIc)

Ammonium hydroxide ACS reagen{28-30% solution) was purchased from ACROS Organics
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3.1.1.2Instruments

A mechanical stirrer andacuumoven wereused in thesynthesif thewaterborne polyurethane
dispersions.A Thinky Planetary mixeand environment chamberere applied in the process of
coating PU and PU/PHiolloidal films. The compounds of the polymer filmgere tested by
Fouriertransform infrared spectroscopy (FTIR) to confithat the PU/PEI compositeswere
successfully synthesizedniversal MacreTribometer (UMT) (T1377, Centre for Tribology Inc.)
was used for testing the tens#igengthof different ratie of PUPEI polymer films. The cation
concentration of the water solutiased to soathe polymer films was measured &gonductivity
meter. The morphology changef PU/PEI film after treatmentvith DI water, PBS buffer and
UV OzonePSDRUVT (benchtop UV cleandrom Novascapfor 1 h wereobserved byscanning

Electronmicroscopy §EM).

3.12 Synthesisof PU emulsiors

To synthesizehe PU emulsion (see Fig. 25PG2000 (50g) and DMPA (3.4y) were dried at

11C°C under nitrogen before they were mixed with IPDI{l6) in a 250mL threenecked flask.

The flask was set up on a hot plate witm@chanical stirrer, thermometer and nitrogen inlet. The
reaction mixture was kept at 1°for aboub h, the mixture was cooled down to%@after. Then

38 mL reagent acetone was added into the reaction while stiiviegnwhile, a110 mL acetone
solutionmixed with 5.35mL EDA and 13.95nL TEA was preparethen this mixed solution was
dropped into the reaction to adjust the viscosity of the prepolymers with high shear rate agitation
throughout the dispersion proce$be viscosity is dependent on ttegeof the abovementioned

acetone solutiobeingadded to th&U prepolymerWhen the ratef addition is too high, the PU
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prepolymercould significantly increase in viscositandclimb upthe mechanical stirreff this
occurredtheaddition rateof the acetone solutiomas reducedalong with the additioof 1 mL of
DI waterif neededDuring the process of adding the mixture of EDA and TH#s formation of
the PU emulsion can be observed by the chapigeolution from translucenbtopaque, resulting
in a creamy white emulsiorAcetone was removed iavacuum overwith no heatunder low
vacuum for 20 mintesfrom these PU dispersiommdconsequentlyhe final PU dispersions had

30% solia content.

Ammonia

PPG-2000 g
hydroxide

110°C,5h Acetone 25°C, 48h

PU
DMPA Prepolymer
EDA.TEA PEL

IPDI

Figure25. Synthesis process of waterborne polyurethd®eproduced from re§. Copyright
2020University of Waterloo.

3.13 Coating PUPEI films

PEI (10 g) was dissolved in 9oL deionized water to get solution of 10wt% concentration.
Before mixingthis PEI solution with PWispersions1 mL 30wt% ammonium hydroxide solution
(28-30%) was added to prevent the FREI colloidal solutionfrom aggregating. Sixifferent
concentratios of PU/PEI colloidal solutionwere prepareds suctPU, PU2wt% PEI, PU5wt%
PEI, PU10wt% PEI, PU15wt% PEI, PU20wt% PEI. The measurement of the water content of
PU emulsiorwas determined to bBwt%. For eaclsample in petri dis60 mm diameters), 2.5

grams of PU emulsion was added, wght ofpolyurethanen this emulsiorwas30wt% of the
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PU emulsion, whiclmeans there 8.75grams of polyurethane in each samflee weight oPEI
introduced for each concentrati@mfollowing the guation below:

6500 “'Q @R "6 00
WeLLYoome oo vl ©di

For exampleto prepare th€U/R2wt% PEI, 0.155mL of 10wt% PEI water solution was added to

2.5 mL of 30wt% PU emulsiorthat was previously mixed with Im30wt% ammonium

hydroxide
) VOO E & GETMONCE & 6 7 Wb & GO O "BHOMDE & 6 0 Qe &
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¢O® 000 . i -
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Each solution wagtenselymixedat 2000 rpm with 5 min mixing and 2min defoamingat 2200
rpmin the Thinky Planetarymixerto avoidtheappearance dfubbles during coating. The PU and
PU/PEI film samplesnvere madeby evapomting the well-mixed solution at room temperature

(20°C) with 50% humidity in petri dishes in the environment chamber.

3.14 Results and discussion

With concentrations lower than 15wt% of PEI, the PU/PEI films formed completely in the petri
dish dumg the coating process. PU film with 15wt% PEI started to partially show cracks on the

surface due to the internal stresses that form during unidirectional drying. As the top layer fully
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dried the shrinking of the material underneath pulled it apart. dmsbe mitigated through
controlled drying. Due to this phenomenon the samples were dried in a humidity chamber at 20°C
and 50% humidity. By increasing the humidity, the drying rate was reduced, and the top layer
remained more ductile. This technique reeld the likelihood of lower wt% PEI films cracking
during drying and minimized the cracking seen in the 15wt% PEI salggled-ig 26 e)]with

cracks only occurring on the exterior edge where the thickness increased due to the meniscus. It
was hypothesizk that the increased content of PEI increases the crosslinking seen in the PU
network, and this in turn makes the composite stiffer. While this property is desirable in some
cases, the increased stiffness reduces the compliance of the top layer durimgleading to

cracks forming. As shown iRig. 26 f), in films with 20wt% PEI, the cracks were exhibited all

over the surface. Pure PU does not have this issue as the linear chains interact through

entanglement and can unravel to relieve these stresses.

e) PU+15wt%

Figure26. Coatings of a) PU arfdU with b) 2wt%; c) 5wt%; d) 10wt%; e) 15wt% and f) 20wt%
PEL.

38



3.14.1 Fourier-transform infrared spectroscopy (FTIR)

In this study, the carbamate group in polyurethane was prepared by the reaction of the hydroxyl
group from dimethylolpropanic acid (DMPA) and cyanate group fremphorone diisocyanate
(IPDI). As shown in Fig27, the peak at around 3340 ¢rof DMPA showsO-H stretching and

the significant absorption peak in the range of 22250 cm? indicates N=C=0 stretching in

IPDI. The peak at 1100 crhof PPG2000, which is the polymer chain extender in the reagtion
shows GO stretchingwhile the smaller peakt 1370 cmitindicates GH. Comparingthe FTIR

specta of these three with the spectrum of PU, the disappearance of the hydroxyl bonds at 3350
cm tand cyanate bonds in 222250 cm?, the appearance of new bands at around 1200,1700
cm' 1, which were assigned the GN and C=0 of the carbamate groups respectively, confirmed
thatthe carbonate groups were completely converted into carbamate grbegsatroduction of

PEI into the polyurethanes backbone maimtgurredthrough the direct reaction of isocyanate

with amine groups of PEI forming urea bonds.s&enin Fig. 27, the voad absorption peaks at
about 28088500 cm!show the overlapped absorptions of primanglsecondary amine grosp

and amine salt. Absorbanbands due to the ester and carbamate groups/efE?\(LOwt%) were
overlapped in the spectra. Therefore, FTIR results confirmed the format@mpalyurethane

network and successful introduction of PEI.
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FTIR
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Wavelength [cm-1]

—PEl IPDI DMPA PPG-2000 —PU PU+10% PEI

Figure27. FTIR measurements of PEI, IPDI, DMPA, PG00, PU and PU/10wt% PEI.

3.14.2 Conductivity

In this project branchedpolyethyleneiminewas intodued into the PU/PEI system dke
polycationto provide anthacterial propertiesyhich has a cationitrogenin each repeatg group.
From the mechanism antibacterial activity odntimicrobialpolycation the concentration of PEI
was expected havindirect impacton the antimicrobial effectiveness tfe PU/PEI systertt’.
Therefore knowing eitherthe amountof PEI leadhed out of the PU/PEI filmor the amounteft
within the polymer matrixsignificantly helg to prove theexistence oboth ionreleasing and
contactkilling antimicrobialactionsin thissystemHowever it is difficult to directly detecteither

of theseamounts oPEI Conductivity measurements have bsamificantly studied and use
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a reliable indirect method todeterminethe ion concentration in a solutiodherefore, a
conductivity test was applied in this projectcanfirm the rate omobile and immobilecationic

PEImoleculesn the PU/PEI collalal system.

The conductivity othe PU/PEI solutiorin this projectvasmeasured by conductivitymeter As
seenin Fig. 28 a), the increase inconductivity of DI water with PU/PEI samplessoaked in
indicatal thattherewerePEI cationdeached outrom sample filmsThisindicateghat thePU/PEI
collodial films likely have iorreleasingantibacterial activity Samplesolutiors with PU/2wt%
PEI andPU/5wt% PEI soaked irshowedvery minor conductiity due to the low concertratiaof
PEL Since coductivity meters become unreliable at low conductivities, these results could either
be due teerrors within the meter or the PRileventing conductive small molecules from leaving
the PU.At concentrations bew 7wt% the PEhppears to be fully bound to the PU with little free
PEI able to leavéhe sample. This can be seen in thd% having the lowest conductivity of all
the samples, whilevia% is slightly higher with some PEI releasing into solutamal bothhaving
lower conductivities than pure PWonversely, with higer wt% PEI, the solutioshowed
significant increase in conductivitAs seen inFigure. 28 b), the conductivity results showed
highest rate of release compaired to other leaching periods in th@irsh of leachingfor
PURWt%-20wt% PEI samplesAs the soaking time was increassubvel hour,the conductivity

curves of all PU/PEI samples in thesdend toreach equilibrium
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Figure28. Conductivity of leaching solution after soaking PU/PEI composites at various time
points over 1 week. a) Conductivity vs. Time (log); b) Conductivity vs. Time (linear).

Due tothe compleiy of conductivity conversioraserieof PEI solutios were made to calibrate

the conductivity of each conateation for comparson with the conductivity of solutiongith film
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samples sdeed inthem for different time period (Fig. 29). With the equation from thehis
calibrationcurve, we were able to convert the conductivalue into concentration of PEI in each
leaching solutioras shown in Fig30. This indicates the existenad mobile PEImoleculesexist
in thewashing solutionwhichwould provideion-releaseactivity of PU/PEI colloidal filmsFrom
Fig. 30, we can get the findPEIl concentratioain each washing solutioand convert it intdhe

amount of PEleached outollowing thecalculation steps stated below

Calibration curve

y = 0.0003x" - 0.0035x +0.0334

in DI Water

PEl wt%
=

Conductivity ps/cm

Figure29. PEI Concentration (mg/mL) vs. Conductivity, Calibration curvpalyethyleneimine
concentration.
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Figure30. Converted concentration of PEI in leaching solutions vs. leaching time.

The amounof PEI in each piecef PU/PElsampl€film (1 cm* 1 cm) can be founébllowing the

eguation belowassuminghethickness otoating in petri disls even.
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And the amount of PEI in each washing solution can be fund with an equation as:
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Comparingthese two values of PE¥eight, the differencecanbe an evidencethatimmobilized
PElexisting inthis PU/PEI systensupporting thexistence o contactkilling ability. However,

the releasedEl calculated does not match the calculated PEI in the saff@eonreleasing
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measurementfor PEI contaning samplesvere normalized by subtracting thealculatedion
release of PUto account forons present in Pithat were noPEI. It wasfound that the 2wt% and
5wt% samples showed lawer ion release ratéhan PU leadhig to the calculation ohegative
concentration valuein the solution after normalizing the measurements compaired.td HéJ

was hypothesized to be duethe boundchargedPElin the PU attracting thenreacted DMP Aor
DMPA containing oligmersalready present in the Phfeventingits release into the $ation.

This behavior was inverted when tR&) contained free PEI fdi0, 15 and 28t% sampleswith

the PEI pullingunreacted DMPA or DMPA containing otimersout of the PU film as it released

The calculated release was greater than the PEI presert finth Since the ion releasing was
calculated by the conductivity, the presencemfeacted DMPA or DMPA containing oligimers
would significantly increase trenductivity ofresulting solutionFor this reason since tbvIPA
release cannot beetermined, the calibration curve generated for this data was unsuitable for
accurately measureing the releas@Bf, but it can be used to measure the relative release of each
composite relative to eachother. From the ion releasi@asurements, waan see that 2wt% and
5wt%tend to reduce the release characteristics when compaired to neat PU. This behavior reaches
a critical point at 10wt%wvhen the conductivity is greater than neat PU, thikédy indicative of

a structural chage of the compositethere above this point there is free PEI in the dried film and

emulsion
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3.14.3 Water contact angle

Contact Angle vs. PEI wt%

120

110

100 ®

90 L

Contact Angle}

80
70

60
0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00% 14.00% 16.00%

PEI wt%

Figure31 Top: Contact angle measurements of a) PU film; b) PU/2wt% PEI; ¢) PU/5wt% PEI;
d) PU/7wt% PEI; e) PU/10wt% PEI; f) PU/12wt% PEI; g) PU/15wt% PEI.
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The introduction of PEI into PU system slightly reddicke hydrophobicitycomparedto the
polyurethane filmseen inFig. 31 However, with the highest concentratiof PEI in these
experiments (15wt%), the contact anglasstill over 90, indicating a hydrophobic surfacAs

the concentration of PEI increakéhe film teneédto becomeslightly more hydrophilic As the

PEI concentration is increased significantly there is not a significant reduction in contact angle
indicatingthe PEI molecules are uniformly dispersed througtPtieand do not segregate to the
surface.These results indicate the PEI is containedinty to the bulk of the material as expected
from the hypothesized structutecan also be hypothesized from these results thaiimposites
show some degree of shielding of the PEI groups, where the hydrogiwtians of the PU
molecule are segretgal to the surface, with the charged PU sections andgRtaining below the
surface. This behavior could explain the increase in hydrophilicitytab&t% PEIthen increase

in hydrophobicity afwt-10wt% PEI and finally a decrease as the &d&ticentration increases over
12wt%. At low concentrationsthe charges present are not high enouglriee significant
segregation during drying leading to the presence of PEI on the suladke concentration
increases the ionic interactions increésading to less PEI present on the surfdoe to the
increase in the segregation phenomenon. Finalen the PEI concentration increases above a
critical point thecharged sections of the PU are saturated and can no longer baxddss PEI

leading toan increase in PEI on the surface.
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3.14.4 Scanning electron microscop€SEM)

Fig. 32 showsSEM images of PU/15%wt PEI film surfaaed surfacewith treatment of DI water

for 1 hour,0.01MPBS buffer(pH 7.4 at 28C) for 1 hourand UVOzone(PSDRUVT cleanerat

25°C for 1 hour.From these images we can seakingin DI water,soakingin PBS buffer and
exposure under UXight for 1 hour did not affect the surfaceorphologyof PU/PEI films. In the
untreatedsamples, cracks can be sebroughout the surfac@ hese cracks visible iRig. 32 a)

and b)are present inthe DI water soakd samplegFig. 32 c) and d}, the BBS buffer soaked
sampleqFig. 32 e) and f), and the UV treated samplfSg. 32 g) and h). When performing

SEM, the cracks were specifically focused on to see if thhaepropagation during the treatment.

Of the differentreatments, the UV exposure does not significantly change the surface morphology
when compared to the untreated sampleréstengly, the cracks presenttheDI water and PBS
treatel samples have reduced in magnitude compared to both the untreated and UV exposed
samples. This behavids likely related to the self healing properties seen in PU/PEI comgosites
When the water swelled the cragérts of it were able to contact and bond reducing the size of
surface cracksBased on thisPV treatmentwas choseras the sterikation methodfor both
antibacterial and antivirus t@&sg. In addition,soaking the PWEI films in DI watewasdonefor

ion leaching purposeandbacterial cellsuspensionn PBS bufferwasutilized to contact with

the PU/PEI sample films during the antibacterial itegt
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Without treatment

Figure32. SEM of PU andPU/15wt% PEI films with a, b) no treatment; c, d) treatment of DI
water; e, f) treatment of PBS buffer; and g, h) treatment of UV for 1 hour.
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3.14.5 Dynamic light scattering (DLS) & Zeta-potential

Sze(d.nm
—— Recod&:puil Recod 71: 5948 21 —— Recad72 2244H21
—— Recod73: 7% 1 —— Recod74 1041 1 —— Recad75 1226 1

—— Fecod /G 159%dHH 1

Figure33. DLS measurements of PU/PEI emulsions.

The diagram of DLYFig. 33)shows with lower concentration of PEI, as 0%, 2wt% and 5wt%,
the diameter of micremulsion patrticle is around 20n. With higher PEI concentrations the size

of micro-emulsion particles increas, as 7wt%, 10wt%, 12wt% and 15wt% showing arf@o

60nm diameter. With the data sholwpZetapotential, the results state the P8/ colloid system

is stableThese results are alsoline with the results seen in the contact amyé&asurements. At

lower concentration@-4%)the PEI is more evenly dispersed through the system and do not show
an increase in aggregation of g colloids. As the PEI concentration increases, the PU colloids
increaseo more than double in size. Thisdglen increasom 57% is hypothesised to be due to

the switch of the PU colloids from micellds liposomes These liposomelkely contain high
concentrations of PEI and would cause a change in the structure of the films produced by drying

the resultig emulsions.
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Table2. Zeta potential of the prepared PU/PEI emulsions.

Samples Zetapotential MV)
PU -41.3
PU-2wt%PEl -50.7
PU-5wt%PEI -50.9
PU-7wt%PEI -44.7
PU-10wt%PEI -59.0
PU-12wt%PEI -55.3
PU-15Wt%PEI -56.3

The zeta potential for the PU/PEI coitts shoved relatively high chargetsee Table 2)with a
general trend of increasing as tPEI wt% is increased. As seen in the DLS results the 7wt% PEI
shows a reduction in the zeta potenttiefore an increase for higher wt%. This further indicates a
change in the colloid morphology. Furthermore all the zeta potentiateearer below50 mV,

this indicates that the emulsionsisble and will not agglomerate over tftffe
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3.14.6 Tensiletest

To investigate the effect dfifferent concentration of PEI intBU system orthe mechanical
strength of PU/PEtolloidal films, tensile tests were conductedsample films oPU, PU2wt%

PEI, PU/5wt% PEI, PU7wt% PEI,PU/12wt% PEI and PU/15wt% PEFig. 34).
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Figure34. Stressstrain curves of various PU/PEI colloidal films.

When the PU/PEI composites were tedigdJMT, the ultimate tensile strengttompared to PU

was generally increasd¢drough the additionf PEI. From fig34 we can see thg, 7 and 12 wt%

PEI films all showed improved ultimate tensile strength compare@do PU. Furthermore, the
youngdéds modul us of t he dsplaydda stiffeningds the WdifiaPeERdtic c o mp
region. Interestingly, thewt% RUJ displayed significantly lower mechanical properties compared

to the PU. Tk reason for this was likely due to issues with the sample prepafatierto the

elasticity of the PU composites thensile specimens had to be cut by hémdneasure the

elongdion at breakOf thecuttingdies that were availabléhe throat regiosiof the samplewere

too long and lead to the z axis travel of the UMaxing out during elongation. It is likely that the
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2wt% specimens hadamagelong the throat region of the sample or in the neck region where the
width was reduced. This damage would likely cause the behavior thatheas in the 2wt%
sample. This hypothesis whslstered by the shape of the curve at ~200% elongation where other
samples showa reduction in the slopehile 2wt% does notWhen comparing thether PU/PEI
blends,it was found that 5wt% showed the greatest streagthstrain at breakompared to all

the other sampledhis behavior was likely due to the phenomena olest earlier in theDLS
measurements and contact angle. Since the mechanisine REE| strengtheing of PU relates to

the breaking and reforming of ionic bonds between the DMPA groups in the PBEmtoups
present in the PElt is likely that the nonbmogeneous dispersion of the PEI within kiigher

wt% PEIPU compositeseads to a reduction in overall strengthhe homogeneous dispersion of
the PEI in the 5wt% sampis likely what allowed it to have a significantly longer strain at break
compared to other PU/PEI composites as well as a measurable longer strain at break compared to
the neat PUWhile there arstrength differences between the various PU/PEI blen8s;t% and
above the strength of the film is greater tmat PUand themain goal of this research is to
optimize the antimicrobial activity dhe resultant PU/PEI film. For thieasonfrom the tensile
test,we can conclude that any filbetweerbwt% and 12%is suitable for coating dependant on
their respective antimicrobial activitgs above that point cracking during drying becomes an issue

and the strength is degraded.
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Figure35. Stressstrain curve of differenrdample preparation methods of PU/2wt% PEI
compared to PU.

With the assumptiothat thePU/2wt% PEI film showed incorrect measurements due thahéd

cut sampe, a newPU/2wt% PEI sampleut with an ASTM die was preparedDue to the
limitations in available dieghe length of the sample was too longeaach its failure strain with

the UMT reaching the end ofaxis travel before this pointhe result of tensile test is shown in

Fig. 35. From this figurdt can be seethatthedie-cut PU22wt% PEI sample rha higherstiffness

than the handut sample showing slightly higher stiffness than PUThis is expected as the
addition of charged molecules to allow for ionic crosslinking should increase the stiffness of the
sampe. It is expected that FPwt% PEI shouldshow a stresstrain curve similar to PU with a

slightly higher ultimate tensile strengthtifvas able to be fully extended.
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3.14.7 Scratch test

To investigate the strength of the PU/PEI composite as a coating comparethiethy-layer
process, a series of scratch tests were performed on each of the different formulations as seen in
Fig. 3. When comparing each of the photos of the scratght side of Fig 8. 8-g)] all of the
coatings showedpallationfailure by buckling and wedgingrhe failure point of each of the
coatings was determined the point theoefficient of friction started teshow vibrations that were
mirrored by the FzThis indicated that buckling or wedging was occurring as the tip would pass
over a raised part of the coating and move into a trdogtering both the Fx and the Fead by

the UMT. From the PU scratch test in Fi§.a83, we can see tHailure occurs ayund 1200 gvith

the characteristic oscillatiorassociated withvedgingwith total failure of the coating occurring
ataround4100g. Thisbehavior is similar to the PUA2% PEI seen in Fig.&b) with the beginning

of buckling occurring around 11¢Lwith total failure occurring arour@b00g which was lower

than the PU. This indicates thatv wt% of PEI might cause a decrease in the strength of the
coating, something that wamticed in the tensile tests, with additional measurements being
performeal to confirm the issue. Like the results found fromttdmesile strengthetest, the initial
strength of the PU/2wt% PEI coating wa® that of the PUastheoungdéds modul us of
are quite similar. At highoads the coating failed earlier than tieat PU something that was seen

in the initial tensile test measurements. Moving on to PU/5wt% PEI as seen i E)girgtial
buckling of the coating was seenaasbund 200, these results mimic those seen in the tensile
tests with 5wt% showing theregpatest tensile strength and elongation at break of all the
measurementg.he 5wt% sample also showed total failure of the coating aroundgl@the

PEI wt% was increased to 7Jkig.36 d)] we see a decrease in the strength of the coating, like the

tengsle tests withinitial failure occurring at 154§ and total failure occurring around 350Q as

55



expectedThis again was similar to tensile test results with the 7wt% showing weakening as the
loading of PEI was over the capacity the PU could ionicallydato. The sample also displayed a
delayed increase iiorce in the X and Z direction due to the meniscus that formed during drying
in the Petri dish. Since the measurement was performed too close to thihesligeting point of

the probe was at a higher level than the majority of the safftpkeledto thedelayed increase of

the values as the probél not contact the sample fibre first3 mm of travel For PU/LOwt% PEI

an initial failure of the coating was seen at 14Quith total failure occurring @000g as seen in

Fig. 36 €). For PU/12wt% PEI an initial failure of the coating was seen at §Wwith total failure
occurring at2800g as seen in Fig.63f). Finally for the PU/15wt% PEI initial failure was seen
around1500g and total failure seen atound 300@. From analysinghe data as aet,it was

found that the PEI could increase the strength of the PU composite coating significantly when
added at 5wt%but as more PEI is added the mechanical strength of the coating suffered. It was
hypothesised thdahe excess PEI wasterferingwith the bonding between the polystyrene plate
thatallowed for delamination to occur sooner tltaatings with just PU. This behaviour could be
desirable for other surfaces though that are hydrophilic astégractions between the PEI in the

PU and the charged surface could increase the strength of the coating. While this is currently

unknownit could be the subject of further research.
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PU/2wt% PEI Scratch Test
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PU/12wt% PEI Scratch Test
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Figure36. Force vsDistance on a) PU; b) PU/2wt% PEI; c) PU/5wt% PEI; d) PU/7wt% PEI; e)
PU/10wt% PEI; f) PU/12wt% PEI and g) PU/15wt% PEI coatings.

3.2lon-releasingkilling activity of PU/PEI film

The antibacterial mechanism miobile QAPEIl as polycationfias been proved previous work
including disruption of the lipid bilayers of the cytoplasmic membraielditionally the outer
membrane of Gramegative bacteriean also bérokenthrough the electrolyte attraction between
positively charged ammonium gmps with the negatively charged bacterial surface taed
replacement ofdivalent cations calcium ionsand magnesium ionsrom the cytoplasmic
membran®®, as shown in Fig37. A further damage of theacterialcytoplasmic membrangan
be caused byhe interdigitation of thehydrgphobic alkyl chainof QA-PEI molecules withthe

hydrophobic bacterial membrane leading to the loss of the proton motive force, leakage of
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intracellular fluid and ultimate death of the bacterial ‘88H°® While the mechanism of
unquaternized PEI is not knowhis known that branched PEI has a propensity to protonate under
neutral or acidic conditionso form a polycation. This behavias expected tgprovide an

antimicrobialactivity similar to that of QAPEI.
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Figure37. Antibacterial working principle of mobile QAC molecul®sRepoducedadapted)
with permission from ret27. Copyright2015American Chemical Society.

As discussed in the sectioh WPUs synthesis ithis projectthe PU/PEI system contaitisree
different dynamic nortovalent bondsThe PEI isintroduced into PU matrix through ionic bonds.
And theseionic bonds cabe eady brokenandrebuiltto distributeenergy offering the elongation
propertywhile theelastomeridilm is stretchedWhen the ionic bonds break, theJ/PElelastomer
can partially release PEI molecules into the surroundijngading tothe occurrence of an
antibacterial activity.However, an overcrosslinked PUPEI network can beachieved from
incorporation ofexcess PEI into the P&Ystembased orthe high ionicconcentrationDue to the

ionic interactionbetween the PEI and the Pde PEIremains in the film for long periods of time.
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While some can be released through the breaking of ionic bonddifurgion of unboundPElI,
the majority remains bound to the film due to the multipidaryamine groups presenttne PEI

requiring multiple ionic bonds to bre#k allow the release dfound PEI

3.21 Materials andinstruments

3.21.1 Materials

Escherichia col(E. coli) was as the main bactefi@ the antibacterial aatity tests in this project.
Lauryl sulfatebroth purchased from Sigma Aldrietas ugd as lhe altivation brothfor E. coli.
Agar plats weremade ofplate count agar from Difcd?hosphate buffered salif@.01M) from

Sigma Aldrich was useds buffer during the tests.

3.21.2 Instruments

All glassware used in this experiment veerilized in an autoclavat 121°C A mini centrifuge
(from ARgosflifuge) andAnalog Vortex Mxer (from VWR) wereusedin the preparatioof E.
coli PBS suspensiorThe concentrationof E. coli suspensiorwas determined byiode array
spectrophotometdifrom Hewlett Packard)n this test.The bacterial broth and. coli on agar
plates vere cultivated inthe Isotempincubatorfrom Fisher Scientific Sample solutions was

sterilized in an auto clave.
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3.22 Experiments of PU/PElion-releasing antibacterial activity

3.22.1 Preparation of bacteria

Cultivating E.coliin LSB (Lauryl sulfate Broth) at 3TC for 12h-24 h, centrifuge 4nL bacterial
solution and suspend it in PBS buff2f3 times ofthe suspensiom PBS bufferwasapplied to
confirm there ionly negligible amount of LSB broth left in theBS suspensio.he OD (optical
density) at 670'm was utilized to determine the camtration of biomass (§@ells/mL) in the
PBS buffer (OD670= 0.03586). Thenthe E.coli PBS suspension wadiluted 5 orders of

magnification to 18cells/mLwhich is the countable value on counting agar plates

3.22.2 Antibacterial experiment of samplesolutions

Every12 mL DI waterwith one piece oPU/PElsamplefiims (0.5inch* 0.5inch) soaked in for

1 hour, 24 hours and over a week were kept in glass A#tlsr taking out thesoaked sample
films, theleft solutionin glass vialaveresterilized in auto claveith acontrolvial of only 1 mL

DI water in Then 10QuL 10°cells/mLbacterialPBS buffersuspension wasldedinto 100pL of
eachsample solution in sterile 1AL centrifuge tubes with acute mixing théor 2-3 minutes

Then all centrifuge tubes hatiee mixed solution in were left &gt to give an adequate caut of

the bacteriand sample solutionéfter 1 hourof contacting100uL mixture was taken from each
tubeafterintense shaking by hands befagplying the mixturesndividually on agar platesince

the final volume of final mixture dbacterial PBS suspension and each sample solution was 200

ML, but only 10QuL mixture was taken to incubate, even an acute mixing was applied, the 1hour
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setting could have separated the homogenous suspefbieseplates were cultivated in the

biologicalincubatorovernight at 37C.

3.22.3 Absorption test of sample films

1cm* 1cm sample films of PU, PBwt% PEI, PU/10Wt%PEI and PU/15wWt9%El were prepared.

The thickness and weight of each sample film were recoAdtat.that,12 mL DI waterwith each

piece of the sampl@ms soaked in for 1 hour, 24 hours and over a week were kept in glass vials
at room temperaturd henthe thickness and weight aftdosaption were recordetb compare

with the values before soakinijotably, while measuring the samples a#iesorption,the left
water on surface dhe sampleseeds to bgently wiped offwithout taking moisture out of the

films, leading to a smaller changéabsorption value.

3.23 Results and discussion

3.23.1lon-releasing antibacterialactivity of PU/PEI films

From e resuls of counting agar plates, tloentrol group oflOwWt%PEI solution showdO colony
which indicateghatPEI molecules arsignificantly effectiveantibacterial agestAs stated in the
experimentalmethod of the antibacterial test, the final volume of thixture of bacterial
suspension and sample solution was [200the concentratioaf this 100uL bacterial suspension
was supposetb bediluted into a half of the initiatoncentration. Hence, tlo®lony unit number
of 50uL bacterialPBS suspensiowas assumed asmoreaccurataesult forthe bacteriatontrol
group.In addition, the DI water control groups shov@cblonies which isery closeto thecolony

numbersfrom 50 uL bacterial control group (€olonies). This alsandicatedthe result of the
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bacterial control group should Be8 colony units instead of 16 colony units shown from DO
bacterial PBS suspension.

Table3. CFUs of washing solutions with PU and PU/5wt%, 10wt% and 15wt% PEI soaked in
for 1h, 24h and 1 week.

Control groups Colonyforming units (cells)

50 L bacterialPBS suspension 7

100pL bacterialPBS suspension 16

1ml DI water 8

10wt%PEI solution 0

Samples Colony units | Samples Colony units | Samples Colonyunits
(cells) (cells) (cells)

PU 1h 5 PU 24h 15 PU 1week 6

5% 1h 4 5% 24h 8 5% lweek 7

10% 1h 4 10% 24h 7 10% 1week |11

15% 1h 2 15% 24h 11 15% l1week |9

CFUs remaining after leaching

15

CFUs
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Figure38. CFUs of washing solutions with PU and PU/5wt%, 10wt% and 15wt%&dked in
for 1h, 24h and 1 week.
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Thecolony unit numbergrom the samplesolutiong(see Tabl& and Fig. 38)theoneswith PU/PEI

films soaked in for 1bur showedthemosteffectiveness than tleeswith films soaked for longer
Relevantlythe conductivity diagrandiscusse@boveshowsthe highesslope ofconductivity of
samples with10wt%-20wt% PEI concentrationwithin the first 20 minutesof leachingwhich
indicatesthat most ion releasing occurred in theriod In addition we noticedthatwith 1hour
leaching samples wittconcentrationgrom 5wt% to 10wt% ofshowed negligiblalifference in

the resulting colony unit numbesample with 15wt% PEI shows strongatibacterial efficiency

which indicates that thielling efficiency is not linearly related to the concentration of PEhe
samplesAfter 24 hoursof soaking thesamples showed an increase in the CFUs. This behaviour
currently cannot be explained by our understanding of the system. It is likely that some compound
is released from the polyurethane that either reduces the efficacy of antimicrobial compounds
present in the solution @ids in the growth of the bacteriadlonies. Interestingly, in all samples

but 10% thecolony counts reduce after 1 week of soaking. This could either be due to the
degradation or reabsorption of the compound causing this behavior. Currently, there is no
conclusiveexplanation for thidehavour and due to the magnitude of difference it could also be
due tothe variationsof a biological systemBased on th assumptioron reabsorptiorof these
samplesan absorption testn sample films of PU, PU/SWIREI, PU/10Wt¥PEI and PU/15wt%

PEI was appliedo confirmthe amount of absorptioover 1 week of soakingAdditionally, it

should be noted that multipgets of this experiment were performed, but onlyotiewas shown

due to theO.D. measurements only being accurate to 1 order of magndfi bacterial

concentrationThis led to significant variatiorwhen a new bacterial stock was used.

64



3.23.2 Absorption test

Figure39. Visual change in PU/15wt% PEI film with soaking in DI water over 1 week.

Table4. Thickness and weight changes of PU and PU/5wt%, 10wt%, 15wt% PEI soaking in DI
water over 1 weeKN=3 replicates)

Sample films | Thickness changq Weight change | Weight loss

(%) (%) (%)

after soaking for 7days | after soaking for 7days | after drying out

PU 14.14+3.55 26.18+0.56 0.112#0.53
PU/SWt%PEI | 23.06+5.81 28.77+3.25 0.622%0.13
PU/10wt%PEI | 15.03+1.60 27.92+5.36 0.39240.06
PU/15wWt%PEI | 29.47+5.71 31.35+2.38 0.70920.50
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Fig. 39 shows the chagein morphologyof PU/15wt%PEI film after soaking in water over 1
week This film changed from translucent to opaqwéh absorption of wateifjims with other
concentration of PEand PU filmare not shown in figure but had the sgohenomenonThis is
the due to the refraction of light in the walRy matrixcaused by the differences in ttedractive

indexof water and PU

From theresults shown inrable 4 above, the sample film with5wt% PEI showsthe most
significant increase(47.09%) in thickness PU sample shows theakt change(15.53%) in
thickness From PU to PU/15Wt%EI, we can see the change in thicknessagelated to the
increase irthe concentration dPEl in the films. From the weight measuremente can see that

the PU has the greatest increase in weight. dtigd be due to the PU without PEI not having
significant ionic crosslinking allowing thehains to further extend and absorb more waténile

the PEI containind?U composites showed greater thickness increase, but not a corresponding
weight increase. This indicates the PEI containing samples are reducing in densitpamding,

but not absorbing as much water as the neat PU
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3.3 Contactkilling antibacterial activity of PU/PEI colloid films

Despite claimand hypothesisf contacikilling surfacesdiscussed in Chapter ¢urrentlythere
is not an approval test can provide a direct invest@aof contactactive antibacterial aicn. The
mostreliableand weltregarded method to prove this activity so fadsysong-term leaching test
constantly monitoring and comparing the antimicrobial performance of the concemtesteidg

solution with thepolymersurface.

In addition,due to thénigh absorption oPU/PElcolloidal films, it was determined thaigar plate
counts were unreliable. This was due to the sample absorbing varying amountbadténel
solution leading to an unknowsoncentration of the bacterisblution removed from the sample
and applied to the agar plate. Hence, atiead assay was applied in this project to more directly

investigate the killing rate of bacterial cells on the sample surfaces.

3.3.1 Materials andinstruments

3.31.1 Materials

Escherichia coli(E. coli) wasusedas the main bacteria for the antibacterial activity tests in this
project. Lauryl sulfate broth purchased from Sigma Aldrich was used as the cultivation broth for
E. coli. Agar plates were made of plate count agar from DRtmsphate buffered saline (D\))

from Sigma Aldrich was used as buffer during the tdste/deadBacLight Bacterial Viability

Kit (for microscopy & quantitative assgysom Thermo Fisher Scientifwas used affuorescent

dye in this test
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3.31.2 Instruments

All glassware used in this experiment was sterilized in an auto dlheebacterial broth was
cultivated in a biological incubator. The mini centrifuge was used in the bacterial preparation step.
The contacting steps &f coli and sample films as well as thging steps of theample films after
contact were completed in 2¢ell plate from hermoFisherSciertific. The concentration dE.

coli suspension was determinedlby-Visible spectrophotometens this testNikon Ti2 confoc

microscope was used to observelihe-dead assay d@&. coli.

3.32 Contactactiveantibacterial activity of PU/PEI colloidal films

3.32.1 Fluorescent imaging

0.5inch* 0.5inch PU/PEI filmswith a PEI concentration oD, 2, 5, 1012 and15 wt% were
soaked in DI water for O, i, 24h, 48h and overl week andPDMS film with the same sizas
the control groupwere prepareds well Each sample waglacedin a cell of 24well plate
individually with a rubber ring pressed on tp of sample filmas shown in Figd0 to ensurehat

the bacterial suspension only contact sadace (top surfac®f the sample filmandpreventthe
films fromfloating on the solution dropletsiaximizing the contact areghen100uL 10 cell/mL
bacterial PBS suspensiovas appliedo each celinto the rubber ringsA 1-hourcontact of the
bacterial suspension with the surfacesprovided after thatNext, the sample filmaeregently
rinsedwith PBS bufferto removehe exesdacterial cellsvhich were not adhered on the surfaces
to avoidthe appearance ahultilayers of cells undamicroscopic imagingln addition,sincethe

excess cedl could pile up on the cells adhered on surfgabey had no chance to contact the
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surface counting thosenumber into the killing rate couldhow asignificant error.After
contacting, aLIVE/DEAD Bacterial Viability Kit was usedfor fluorescent imaigg process
Following theinstructiors of the kit, 3uL of compound A(SYTO9 and 3uL of compound B
(Propidium lodideyerediluted in 1 nb. PBS buffer,L00uL dilution wasthenappliedonto surface
of eachsample.The 24-well platewith samplesbeing stainedn were keptin the dark with the
cover on to reduce the evaporation of solution witheplatefor around 3dminutes A rinse-off
step was appliedy PBS bufferin the end to remove the extra didotably if theimaging is not
implementedmmediately,the stained sampteneed tobe preserved at € and wrapped with

tinfoil to preventlight exposure.

Figure40. 24-well plate used in antibacterial live/dead assay.

The fluorescent imagesere taken by Nikon Ti2onfocalmicroscopewith 40X magnification.
This magnification wasleterminedvith laser off undeoptical mode of the microscopEo
capture the live fluorescent images the light source wasd@B&8nd the measured wavelength
was 520.59:m. To capture the dead fluorescent imageditig sourceused was 738m and the

measured wavelength w&e9.5nm.
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3.32.2Image analysis

The images were analysed withageJ to find the total number of pixels that belong to live cells

and the total thabelong to dead cells. To generate this table, first each live or dead fluorescent
image was filtered using the threshold function to get a black and white image where cells were
black and the background was white. Once the live and dead images for raleathing time

and PEI concentration were filtered, the 2 images were merged using the merge channel function
with the live image representing the green channel and the dead image the red channel. Then to
estimate the cells on the surface, the image wasepsed using the analyze particles function,
since cells can agglomerate and this function would only count multiple cells as 1, the summed
area of detected particles was used. This was performed twice, once with a red threshold for
detection and once i a green threshold to detect live and dead cells independently. Once the
number of pixels for the live and dead portions of the image were measdependentlythey

were plotted against each other for an estimate of the ratio of live to dead cells on the surface.
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3.33 Results and discussions
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Figure4l E. coli deadred) and alive (green) on a) PDMS surface; b)sBldace; c)
PU2wt%PEI surface; d) PBwt%PEI surface; e) PUOWt%PEI surface; f) PA2wt%PEI
surface; g) PUL5wt%PEI surface; h) Killing rate of PDMS control surface and PU surface.

From the images shown above, the original PU §lrowsmostly green spts which isa similar
result in atibacterial activity as thBDMS control surfacehows The table of killingefficiency
further provedthat bothoriginal PU film and PDMS contra$urfacehave negligible antibacterial
activity with less than 10%killing rate. Conversely the previous discussionf that the
incorporation oeven small amount d?El can showsignificantantimicrobial activitiehas been
provedin Fig. 41 c) and d) wherewith 2wt% and Wt% PEI, the PU/PEI filmbarely have green
spots on the surfacesrom the diagrams of killing rate, vean see that PU/2wtREI exhibited
over 95%killing efficiency andover 80% killing efficiency was shown from PU/5Sw®kl of E.
coli. From Fig.41 e)-g), we seeno appreciable increase in trege of redspotsover greerspots.
Thediagrams okillin g rate (as shown in Fig4-46) provided amore direcdisplayof thekilling
efficiency. Around90% killing rate offilm with 10wt% PEI, 80% killing rate ofPU/12wt% PEI
and over 95% killing efficiency shown froPU/15wt% PEI. Respectively, amparing to films

with low concentration (2wt% and 5wt%) of PElIms with high PEI concentration did not shown
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an apparent increase in bacterial killing efficien€ierefore, for freshlyprepared PU/PEI films,

the killing efficiency is relatively consisteatross the concentration range used in this work

2% 24h

2% Tdays

2% Live/Dead

%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
1h 24h 1w

Oh
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Figure42. E.coli dead(red) and alivédgreen). Killing rate of P{2wt% PEI surface with (left to
right) O, 1, 24 h and over 1 week leaching treatment.
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Figure43. E. coli deadred) and alivédgreen). Killing rate of Pbwt% PElsurface with (left to
right) O, 1, 24 h and over 1 week leaching treatment.
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Figure44. E. coli deadred) and alivégreen). Killing rate of PLOwt% PEI surface with (left to
right) 0, 1, 24 h and over 1 week leachireptment.
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Figure45. E. coli deadred) and alivégreen). Killing rate of Pl12wt% PEI surface with (left to
right) 0, 1, 24 h and over 1 week leaching treatment.
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Figure46. E. coli deadred) and alivégreen). Killing rate of PJ15wt% PEI surface with (left
to right) O, 1, 24 h and over 1 week leaching treatment.
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After comparing the bacterial killing rate with the increase on PEI in PU/PEI sample films. The
influence from leaching timeas also investigated. As seen in Hig:46, we can see the general
trends in the PU/PEI films as they are exposed to leaching for increasing periods &¥itime.
concentration of 2wt%, 5wt%nd10wt% the Killing efficiency tends to reduaeound 10%with

the washingtime goingfrom 0 hour to 24 burs Over 24hour leachingthe resultsof live/dead
ratefor 1-week leaching vaed, butwe noticed that the total amount of spots whieters tothe
number ofcells on the surfacesduced significantly comparing to the amount on sample surfaces
with less leaching tim&herefore, the images were analysed with image j to find the total number
of pixels that on each sample surface including all live cellsdaad cellsAs seen in Thle. 5,

over one week of soaking, theum of cells on the surfaces of RAdth 2wt% 10wt% PEI
dramatically decreasecbmparingto the total pixel numbers on surfaces with shorter time of
leaching the gregestreduction of each concentration wag to around 1 order of magnitude.
Based on thiswe suspected thas the leaching time increased from 0 hour to 7 dhgsadhesion

of the surface was reduced with fewpos seen in the fluorescent imagesl less xels captured

by theimage analysis prograrmmterestingly the exceptionsvere found ofPU with 12wt% and
15wt% PEI, investigation from the number of pixels in TalBethe significant decreaskd not
occurin eitherPU/12wt% PEI or PU/15wt% PEI, which indicateshe adhesion dPU films with
12wt% and 15wt% of PEdo not reducefter an extendedeaching timeThis was hypothesised

to be due to the higher PEI concentration which allowed the surface to maintain its surface charge
after extended contact with watdtr.is unlikely thatleaching times in excess of 1 week would
cause thse surfaces to lose adhesias theon-releasingesults(Fig. 28) show a tapering off of
release afte#8 hours Additionally, during themeasurementf the fluorescent imageseplicates

were performedyut due to limitations with image processing they could not be inclUdedPU
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film tended to be very absorbent, this was an issue analysing the images as ssta@atthe
fluorescent dye due to thiEoffee ring effea which were falsely identified as cells skewing
results Additionally, it appeared as though cells walesorbed into the sampés for certain
samples it was impossible to focus on all the cells visibbppeared as they resided on different
focal planes leading tblurry cells not being identified during image analysisr thisreason,

images that hathese issues were excluded as they could not provide an accurate measure of the
sur f ac e 6 sHoweveq thee ahanged cell numbers found in the performed imagesre

| arge enough to bTle tcesntcd.usi ve without a i

Table5. The sum of pixels on PU/PEI surface image.

Oh 1h 24h 1 week
PU/2Wt%PEI 22015 43928 13224 1631
PU/5Wt%PEI 11770 14191 8812 2636
PU/LOWt%PEI 26681 50322 13922 4119
PU/M2wt%PEI 6721 15484 16747 14403
PU/L5wt%PEI 26140 20860 22491 13728
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Chapter 4. Antivir al property of the PU/PEI colloidal film.

4.1 Introduction

QuaternizedPEI(QA-PEIl)as a QACs polycatidnmas been demonstratedchaveantiviral activities
againstenveloped virusessuch ashepatitis B virus KIBV), hepatitis C virus(HCV), human
immunodeficiency virus HIV), and influenza virusessince hose viruses have a similar
membrane structur® that of bacterial cellsconstituting bilayers of phospholipid due tteeir
infection and replicatiorapproachés® As seen in Figuret7, the antiviral working principle of
QACsis suppased to follow the same route as its antibacterial action, disruptinghtdspholipid

bilayer of the viral membrane

Phospholipid Bilayer QAC Perturbation = Cell Lysis and Death

Figure4d7. Concept of QACs® anti bachi®Redodutedand ant
(adapted) with permission from ref&81Copyright 2@0 American Chemical Society.

In this project,baculovirus was used as taetiviral activity testing material d?U/PEI colloidal
film becaus®f its low cytotoxicity andbiosafetyas taculovirusareinsectspecific viruseut nat
pathogenic to humat® with extra evidence provided by iiscapability ofreplicationwithin

mammalian celf§C In addition, baculoviruswas chosen in this work since ibcluded a viral
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envelopgas seen in B 48) which could betargeted by QACHoweverthebranched PEI used
in this projectwas not gaternizedWhile it does not include quatdepending on conditions the
tertiaryamino groupsn PElcan protonateFor thisreasonwe wanted to test the samples to see

if the PEI could act as a pseudo QAGainstnveloped virusswhen immobilized within PU

i : Budded
OGBIUSI?n-derWEd Envelope fusion virus
tei I
virus protein pep! omersfﬁr‘
AP AN Z 9‘ Cap structure
L2 dsDNA genome

Envelope

Capsid

:.lfww v : i 2§/j —Nucleocapsid base-—fw

Figure48. Structures of two virion phenotypes of baculoviftskepoducedwith permission
from ref131 Copyright 2@8 Microbiology Society.

4 2 Materials and instruments

4.2.1Materials

Baculovirus (Autographa californica multiple nucleopolyhedrovif#sgMNPV) vector (from
Applied Virus and Complex Biologics Bioprocessing Research) wals used as testingrus in
this work mKOa (ared fluorescent proteinyas used taneasureexpressn of thebaculovirus
Sf-9 (ATCC CRL-1711)insect cellsvereappliedasthe viral hosts inendpoint dilution assays

and the ell growth medium was S300 Ill SFMpurchased fronThermo FisheBcientific
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4.2.2Instruments

Sample srfaces were sterilizeloly UV-C irradiation. A 6-well platewas used while applying the
virus suspensionnto surfacesand a96-well plate (96 Fplate from VWR wasused for theend
point dilution assayA fluorescent microscopieom Zeiss Axiovert 200 with HBO 50 and HAL

100 was applied to observe the quantity of vasigletermined by the red fluorescent protein.

4.3 Antiviral experimens of PU/PEI colloidal films

PU and PUI5wt% PEI sample filmsvere steilized by UV-C irradiationfor 1 minutewith a dose

of approximately 10 mJ/cm

In the preliminary test a plastic contrgla control surface of PU filmand testing surface of
PU/12wt% PEMere preparedlhen25 pL of theculturedvirus suspensiofwasappliedto each
surfacein a 6well plate The viral droplets werkeft on the surface®r approximately zhours
with the plates being covered to prevent the droplets being driedftartthat, the virus droplet
wereresuspededin the inset cell growth mediu®f-900 Il SFM Notably, only one time point
was performed for the testing surface of PU/12wt%d2Edn exploratory experiment to seanf

effect was visible before the comprehensivewest performed

In the comprehensiveest a plastic control, a control surface of PU film and testing surface of
PU/15wt% PEI were prepared. Similar®s uL of the cultured vius suspensiorsame initial
concentration agsedin the preliminary testyvas appliedo each suiace To optimize the testing

method, the droplets weadlowedto dry at ambient conditiont addition, virus dropletsended
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to dry out afterapproximately 1.%ours The amples were covered up after drying and leasit
room temperature for Bours. Then250 uL of DI water was then repgéedly pipetted on to the
areawhere thevirus solutionhad driedand therdrawn back into the micropipette. Due to the 1 in
10dilution that occurrethe assay numbers found during quantification were multiplied by a factor

of 10.

In bothpreliminary and comprehensive testacblovirus verequantified byanendpoint dilution

assay on confluent monolayersSygodoptera frugipeminsect cell§Sf9 (ATCC CRL:1711) in
a96-well plate. Wells were scored as positive or negative for virus by the presence or absence of

red fluorescence when observed under a fluorescent microsdatpexcitation wavelergth

around 520hm and emissiowavelength around 570 nm

4 4 Resuls and discussion

Figure49. Preliminary engpoint dilution assay results of PU/12wt% PEI.
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