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Abstract:ȱTheȱ increasedȱresistanceȱofȱbacteriaȱagainstȱconventionalȱpharmaceuticalȱsolutions,ȱ theȱ
antibiotics,ȱhasȱraisedȱseriousȱhealthȱconcerns.ȱThisȱhasȱstimulatedȱinterestȱinȱtheȱdevelopmentȱofȱ
bioȬbasedȱtherapeuticsȱwithȱlimitedȱresistance,ȱnamely,ȱessentialȱoilsȱ(EOs)ȱorȱantimicrobialȱpeptidesȱ
(AMPs).ȱThisȱstudyȱenvisagedȱtheȱevaluationȱofȱtheȱantimicrobialȱefficacyȱofȱselectedȱbiomolecules,ȱ
namelyȱLL37,ȱpexiganan,ȱteaȱtreeȱoilȱ(TTO),ȱcinnamonȱleafȱoilȱ(CLO)ȱandȱniaouliȱoilȱ(NO),ȱagainstȱ
fourȱbacteriaȱcommonlyȱassociatedȱ toȱnosocomialȱ infections:ȱStaphylococcusȱaureus,ȱStaphylococcusȱ
epidermidis,ȱ Escherichiaȱ coliȱ andȱ Pseudomonasȱ aeruginosa.ȱ Theȱ antibioticȱ vancomycinȱ andȱ silverȱ
nanoparticlesȱ (AgNPs)ȱ wereȱ usedȱ asȱ controlȱ compoundsȱ forȱ comparisonȱ purposes.ȱ Theȱ
biomoleculesȱwereȱ initiallyȱ screenedȱ forȱ theirȱantibacterialȱefficacyȱusingȱ theȱagarȬdiffusionȱ test,ȱ
followedȱbyȱtheȱdeterminationȱofȱminimalȱinhibitoryȱconcentrationsȱ(MICs),ȱkillȬtimeȱkineticsȱandȱ
theȱevaluationȱofȱ theȱcellȱmorphologyȱuponȱ24ȱhȱexposure.ȱAllȱagentsȱwereȱeffectiveȱagainstȱ theȱ
selectedȱbacteria.ȱInterestingly,ȱtheȱAgNPsȱrequiredȱaȱhigherȱconcentrationȱ(4000Ȭ1250ȱΐg/mL)ȱtoȱ
induceȱ theȱsameȱeffectsȱasȱ theȱAMPsȱ (500Ȭ7.8ȱΐg/mL)ȱorȱEOsȱ (365.2Ȭ19.7ȱΐg/mL).ȱPexigananȱandȱ
CLOȱwereȱ theȱmostȱ effectiveȱ biomolecules,ȱ requiringȱ lowerȱ concentrationsȱ toȱ killȱ bothȱGramȬ
positiveȱandȱGramȬnegativeȱbacteriaȱ(62.5Ȭ7.8ȱΐg/mLȱandȱ39.3Ȭ19.7ȱΐg/mL,ȱrespectively),ȱwithinȱaȱ
shortȱperiodȱofȱtimeȱ(averagingȱ2ȱhȱ15ȱminȱforȱallȱbacteria).ȱMostȱbiomoleculesȱapparentlyȱdisruptedȱ
theȱbacteriaȱmembraneȱstabilityȱdueȱtoȱtheȱobservedȱcellȱmorphologyȱdeformationȱandȱbyȱeffectingȱ
onȱtheȱintracellularȱspace.ȱAMPsȱwereȱobservedȱtoȱinduceȱmorphologicalȱdeformationsȱandȱcellularȱ
contentȱ release,ȱwhileȱEOsȱwereȱseenȱ toȱ splitȱandȱcompletelyȱenvelopeȱbacteria.ȱDataȱunraveledȱ
moreȱofȱtheȱpotentialȱofȱ theseȱnewȱbiomoleculesȱasȱreplacementsȱ forȱtheȱconventionalȱantibioticsȱ
andȱallowedȱusȱtoȱtakeȱaȱstepȱforwardȱinȱtheȱunderstandingȱofȱtheirȱmechanismsȱofȱactionȱagainstȱ
infectionȬrelatedȱbacteria.ȱ
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1.ȱIntroductionȱ

Bacterialȱgrowthȱcanȱbeȱ inhibitedȱbyȱantimicrobialȱagents,ȱcausingȱdisruptionȱofȱvitalȱcellularȱ
functionsȱ resultingȱ inȱ rapidȱ cellȱ death.ȱ Typically,ȱ theseȱ agentsȱ actȱ atȱ theȱ levelȱ ofȱ theȱ bacterialȱ
membrane,ȱwhichȱisȱaȱcrucialȱstructureȱforȱcellȱsurvival.ȱTheȱarchitectureȱandȱmolecularȱcomponentsȱ
ofȱtheȱcellȱperipheralȱwallȱdifferȱbetweenȱGramȬpositiveȱandȱGramȬnegativeȱbacteria,ȱparticularlyȱinȱ
whatȱconcernsȱmembraneȱandȱcellȱwallȱstructureȱandȱdispositionȱ[1,2].ȱTheȱlatterȱisȱmoreȱcomplex,ȱ
containingȱtwoȱdistinctȱlipidȱmembranes,ȱtheȱcytoplasmicȱcellȱmembraneȱandȱtheȱouterȱmembrane,ȱ
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withȱ aȱ thinȱ layerȱ ofȱ peptidoglycansȱ inȱ between.ȱ Theȱ outerȱmembraneȱ worksȱ asȱ anȱ additionalȱ
compoundȬselectiveȱbarrierȱ[2].ȱItȱisȱhighlyȱpermeableȱandȱcontainsȱ lipopolysaccharidesȱ(LPS),ȱtheȱ
mainȱ lipidȱcomponent,ȱandȱaȱperiplasmicȱ space,ȱwhereȱenzymesȱcapableȱofȱdegradingȱmoleculesȱ
introducedȱ fromȱ theȱ extracellularȱmediumȱ areȱpresentȱ [1,2].ȱ InȱGramȬpositiveȱbacteria,ȱ cytosolȱ isȱ
envelopedȱ byȱ oneȱ bilayerȱ membrane,ȱ theȱ cytoplasmicȱ membrane,ȱ attachedȱ toȱ aȱ thickȱ layerȱ ofȱ
peptidoglycans,ȱformedȱofȱlinearȱpolysaccharideȱchainsȱcrossȬlinkedȱbyȱshortȱpeptidesȱthatȱgenerateȱ
aȱ threeȬdimensionalȱ (3D)ȱ rigidȱ structure.ȱ Inȱ thisȱ case,ȱ lipoteichoicȱ acidsȱ areȱ adheredȱ toȱ theȱ
peptidoglycanȱ layer.ȱTheseȱcomponentsȱprovideȱtheȱbacterialȱmembraneȱwithȱanȱamphiphilicȱandȱ
anionicȱcharacterȱ[2–4].ȱȱ

Antimicrobialȱagentsȱareȱgenerallyȱlipophilicȱandȱcationic,ȱallowingȱtheirȱpositivelyȱchargedȱsideȱ
chainsȱ toȱ bindȱ toȱ theȱ negativelyȱ chargedȱ surfaceȱ ofȱ theȱ bacterialȱmembranes.ȱ Subsequently,ȱ theȱ
lipophilicȱmotifsȱinteractȱwithȱtheȱlipidȱbacterialȱmembrane,ȱleadingȱtoȱinstabilityȱandȱruptureȱofȱtheȱ
membraneȱmatrixȱandȱeventuallyȱtoȱtheȱcellȱdeathȱ[1,5,6].ȱȱ

Currently,ȱthereȱisȱaȱvastȱarrayȱofȱantimicrobialȱbiomolecules.ȱForȱmanyȱyears,ȱtheȱmostȱwidelyȱ
usedȱhaveȱbeenȱtheȱantibiotics.ȱHowever,ȱtheirȱexcessiveȱconsumptionȱhasȱledȱtoȱanȱalarminglyȱhighȱ
resistanceȱdevelopmentȱbyȱbacterialȱpathogens,ȱraisingȱaȱseriousȱglobalȱpublicȬhealthȱproblemȱ[7,8].ȱ
Hence,ȱ theȱ interestȱ inȱ theȱresearchȱ forȱnovelȱalternativesȱ toȱantibioticsȱhasȱbeenȱgrowing.ȱNaturalȱ
productsȱ areȱ becomingȱ veryȱ promisingȱ asȱ antimicrobialȱ agents,ȱ beingȱ consideredȱ safeȱ andȱ
environmentallyȱfriendlyȱ[9,10].ȱAntimicrobialȱpeptidesȱ(AMPs)ȱofȱnaturalȱoriginȱhaveȱbeenȱtheȱfocusȱ
ofȱgreatȱ interestȱasȱalternativesȱ toȱconventionalȱantibiotics.ȱTheyȱplayȱanȱ importantȱ roleȱ inȱ innateȱ
immunity,ȱprotectingȱ theȱhostȱagainstȱ infectionsȱbyȱmicroorganisms.ȱAMPsȱareȱoftenȱcationicȱandȱ
amphiphilicȱmolecules,ȱwithȱlowȱmolecularȱweight,ȱandȱcanȱbeȱobtainedȱfromȱaȱvarietyȱofȱorganismsȱ
(e.g.,ȱ humans,ȱ insects,ȱ amphibian,ȱ bacteria,ȱ etc.)ȱ orȱ synthesizedȱ asȱ analogsȱ ofȱ thoseȱ naturallyȱ
occurringȱ[11–13].ȱLL37,ȱforȱinstance,ȱisȱanȱAMPȱthatȱbelongsȱtoȱtheȱcathelicidinȱfamily,ȱanȱimportantȱ
antimicrobialȱagentȱinȱhumans.ȱLL37ȱisȱessentialȱforȱnormalȱinnateȱimmuneȱresponsesȱwithinȱinfectedȱ
andȱinjuredȱtissues,ȱdisplayingȱaȱbroadȱantimicrobialȱactivityȱagainstȱbothȱGramȬpositiveȱandȱGramȬ
negativeȱbacteria.ȱThisȱAMPȱisȱalsoȱaȱpromoterȱofȱtissueȱregenerationȱ[14–16].ȱPexigananȱisȱanȱanalogȱ
ofȱtheȱmagaininȱpeptidesȱisolatedȱfromȱtheȱskinȱofȱtheȱAfricanȱclawedȱfrog.ȱLikeȱLL37,ȱpexigananȱisȱ
alsoȱ reportedȱ toȱpossessȱaȱbroadȱspectrumȱofȱantibacterialȱaction,ȱdisplayingȱactivityȱagainstȱoverȱ
3000ȱclinicalȱisolates,ȱincludingȱmethicillinȬȱandȱgentamicinȬresistantȱStaphylococcusȱaureusȱ[17,18].ȱOnȱ
theȱ otherȱ hand,ȱ essentialȱ oilsȱ (EOs)ȱ areȱ composedȱ ofȱ plantȱ secondaryȱmetabolitesȱ thatȱ possessȱ
antibacterial,ȱantiviralȱandȱantifungalȱactivity,ȱdefendingȱtheȱhostȱfromȱmicrobiologicalȱinvasionȱ[19].ȱ
Theseȱconsistȱofȱaȱcomplexȱmixtureȱofȱchemicalȱcompounds,ȱincludingȱterpenes,ȱphenols,ȱalcohols,ȱ
aldehydes,ȱethersȱandȱketonesȱ[20,21],ȱmostȱofȱwhichȱareȱhydrophobicȱorȱpartiallyȱsolubleȱinȱwater.ȱ
Usually,ȱEOsȱhaveȱstrongȱlipophilicityȱandȱvolatilityȱ[9],ȱmakingȱthemȱsuitableȱantibacterialȱagentsȱ
forȱvariousȱapplicationsȱencompassingȱantiȬinflammatoryȱandȱantioxidativeȱproperties.ȱNowadays,ȱ
EOsȱapplicationȱisȱfoundȱinȱmanyȱfields,ȱincludingȱfoodȱpreservation,ȱcosmeticsȱandȱbiomedicineȱ[22].ȱ
Cinnamonȱ(Cinnamomumȱzeylanicum)ȱisȱaȱwellȬstudiedȱEOȱwithȱvariousȱbiologicalȱproperties,ȱplayingȱ
aȱ keyȱ roleȱ inȱmaintainingȱhumanȱ healthȱ [23].ȱTheȱ cinnamonȱ leafȱ oilȱ (CLO)ȱ isȱmainlyȱ formedȱ ofȱ
eugenol,ȱwhichȱisȱreportedȱasȱtheȱmainȱcompoundȱresponsibleȱforȱitsȱantimicrobialȱpropertiesȱ[24,25].ȱ
LikeȱCLO,ȱteaȱtreeȱoilȱ(TTO)ȱisȱalsoȱknownȱforȱitsȱgoodȱantimicrobialȱproperties.ȱTTOȱcanȱbeȱobtainedȱ
fromȱMelaleucaȱ alternifolia,ȱ anȱ Australianȱ nativeȱ plant,ȱ andȱ hasȱ beenȱ incorporatedȱ asȱ anȱ activeȱ
ingredientȱinȱmanyȱtopicalȱformulationsȱtoȱtreatȱcutaneousȱinfectionsȱ[26].ȱTheȱmainȱcompoundȱofȱ
TTOȱ isȱ terpinenȬ4Ȭol,ȱbeingȱmainlyȱ responsibleȱ forȱ itsȱantimicrobialȱactivityȱ [26,27].ȱNiaouliȱoilȱ isȱ
extractedȱ fromȱMelaleucaȱ viridiflora,ȱ aȱperennialȱ treeȱnativeȱ toȱAustralia,ȱNewȱCaledoniaȱ andȱ theȱ
FrenchȱPacificȱIslands.ȱThisȱEOȱisȱofȱcommercialȱimportanceȱdueȱtoȱitsȱapplicationsȱinȱaromatherapyȱ
andȱpharmaceuticalȱpreparationsȱ[28,29].ȱItsȱantimicrobialȱactivityȱhasȱalsoȱbeenȱestablishedȱ[30,31].ȱ
Althoughȱ bothȱ AMPsȱ andȱ EOsȱ haveȱ beenȱ reportedȱ asȱ promisingȱ alternativesȱ toȱ antibiotics,ȱ
particularlyȱ forȱ theirȱ quickȱ actionȱ andȱ lowȱ tendencyȱ toȱ induceȱ resistance,ȱ thereȱ isȱ stillȱmuchȱ toȱ
understandȱaboutȱtheirȱmechanismsȱofȱactionȱagainstȱselectedȱmicroorganisms.ȱ

TheȱpresentȱstudyȱaimedȱtoȱscreenȱandȱfurtherȱdetailȱtheȱantibacterialȱpropertiesȱofȱbothȱAMPsȱ
andȱEOsȱagainstȱfourȱcommonȱnosocomialȱbacteria,ȱS.ȱaureus,ȱStaphylococcusȱepidermidis,ȱEscherichiaȱ
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coliȱandȱPseudomonasȱaeruginosa,ȱprovidingȱanȱoriginalȱandȱcriticalȱoverviewȱonȱtheȱdifferencesȱandȱ
similaritiesȱofȱtheseȱrelativelyȱnovelȱwideȬspectrumȱbactericidalȱcompounds.ȱIndeed,ȱtheȱselectedȱEOsȱ
producedȱfromȱFolhaȱd’ÁguaȱCompanyȱfromȱPortugalȱhaveȱneverȱbeenȱexaminedȱinȱsuchȱlight,ȱnorȱ
haveȱtheirȱantimicrobialȱperformanceȱorȱmechanismsȱofȱactionȱbeenȱcomparedȱwithȱAMPsȱinȱsuchȱ
detail.ȱTheirȱefficiencyȱwasȱaccessedȱinȱlightȱofȱtheirȱminimalȱinhibitoryȱconcentrationȱ(MIC)ȱandȱkillȬ
timeȱkinetics,ȱandȱalsoȱcomprisesȱaȱcriticalȱdiscussionȱofȱtheȱexertedȱeffectȱonȱtheȱbacteriaȱmorphology,ȱ
extrapolatingȱfromȱtheseȱfindingsȱtheirȱinherentȱmechanismsȱofȱactionȱagainstȱtheȱaforementionedȱ
microorganisms.ȱȱ

2.ȱMaterialsȱandȱMethodsȱ

2.1.ȱMaterialsȱ

Commercialȱnanopowderȱofȱsilverȱnanoparticlesȱ (AgNPs)ȱcoatedȱwithȱpolyvinylȱpyrrolidoneȱ
(PVP),ȱpossessingȱ20Ȭ30ȱnmȱinȱdiameter,ȱwereȱacquiredȱfromȱSkySpringȱNanomaterials,ȱInc.ȱ(USA).ȱ
TheȱantibioticȱvancomycinȱhydrochlorideȱwasȱpurchasedȱfromȱSigmaȱ(USA).ȱTheȱAMPsȱpexigananȱ
(Mwȱ 2477.17ȱ Da,ȱ GIGKFLKKAKKFGKAFVKILKK)ȱ andȱ LL37ȱ cathelicidinȱ (Mwȱ 4493.3ȱ Da,ȱ
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES)ȱwereȱprovidedȱfromȱInnovagenȱABȱ(Sweden)ȱ
andȱIscaBiochemicalsȱ(UK),ȱrespectively.ȱEOsȱTTOȱ(Uȱ=ȱ0.895ȱg/cm3,ȱextractedȱfromȱM.ȱalternifolia),ȱ
CLOȱ (Uȱ=ȱ1.049ȱg/cm3,ȱextractedȱ fromȱC.ȱzeylanicum)ȱandȱNOȱ (Uȱ=ȱ0.913ȱg/cm3,ȱextractedȱ fromȱM.ȱ
viridiflora)ȱwereȱpurchasedȱfromȱFolhaȱd’ÁguaȱCompanyȱ(Portugal).ȱTrypticaseȱsoyȱbrothȱ(TSB)ȱandȱ
trypticaseȱsoyȱagarȱ(TSA)ȱwereȱacquiredȱfromȱVWRȱ(USA),ȱwhileȱMuellerȱHintonȱbrothȱ(MHB)ȱwasȱ
obtainedȱ fromȱCondaLabȱ (Spain).ȱAllȱ testedȱbacteriaȱwereȱsuppliedȱ fromȱAmericanȱTypeȱCultureȱ
Collectionȱ (ATCC,ȱ Spain),ȱ encompassingȱ GramȬpositiveȱ bacteria,ȱ S.ȱ aureusȱ (ATCCȱ 6538)ȱ andȱ S.ȱ
epidermidisȱ(ATCCȱ35984),ȱandȱGramȬnegativeȱbacteria,ȱE.ȱcoliȱ(ATCCȱ25922)ȱandȱP.ȱaeruginosaȱ(ATCCȱ
25853).ȱȱ

2.2.ȱAntimicrobialȱSolutionsȱPreparationȱ

WaterȱdispersionsȱofȱAgNPsȱwereȱpreparedȱatȱconcentrationsȱrangingȱfromȱ5000ȱtoȱ1.95ȱΐg/mL,ȱ
byȱsonificationȱforȱ30ȱminȱinȱaȱBransonȱ3510ȱbathȱ(355ȱW,ȱ50–60ȱHz),ȱfollowedȱbyȱanotherȱ30ȱminȱinȱ
anȱOpticȱIvymenȱSytemȱCYȬ500ȱtipȱ(450ȱW,ȱ20ȱHz,ȱ80%).ȱDispersionȱofȱNPsȱwasȱassessedȱviaȱscanningȱ
transmissionȱelectronȱmicroscopyȱ(STEM),ȱusingȱanȱultrahighȬresolutionȱfieldȱemissionȱgunȱscanningȱ
electronȱmicroscopeȱ(FEGȬSEM,ȱNOVAȱ200ȱNanoȱSEM,ȱFEIȱCompany).ȱSecondaryȱelectronȱimagesȱ
wereȱobtainedȱatȱanȱ electronȱ acceleratingȱvoltageȱofȱ15ȱkV.ȱTheȱantibioticȱvancomycinȱ (2000Ȭ1.95ȱ
ΐg/mL)ȱwasȱpreparedȱinȱdistilledȱwaterȱ(dH2O).ȱLL37ȱ(1000Ȭ0.98ȱΐg/mL)ȱwasȱpreparedȱinȱphosphateȱ
bufferedȱ salineȱ solutionȱ (PBS,ȱ pHȱ 7.4),ȱ whileȱ pexigananȱ wasȱ dissolvedȱ inȱ dH2Oȱ atȱ theȱ sameȱ
concentrationȱrange.ȱEOsȱwereȱdilutedȱinȱMHBȱatȱconcentrationsȱfromȱ500ȱtoȱ0.18ȱΐg/mL.ȱMaximumȱ
andȱminimumȱconcentrationsȱwereȱdefinedȱbasedȱonȱtheȱliteratureȱforȱtheseȱorȱsimilarȱcompounds.ȱ

Beforeȱcontactȱwithȱtheȱbacteriaȱsuspensions,ȱallȱsolutionsȱwereȱvortexedȱforȱ30ȱsȱtoȱguaranteeȱ
theȱhomogeneousȱdistributionȱofȱtheȱantimicrobialȱagents.ȱ

2.3.ȱAgarȬWellȱDiffusionȱAssayȱ

TheȱantibacterialȱactivityȱofȱtheȱAgNPs,ȱantibiotic,ȱAMPsȱandȱEOsȱwasȱassessedȱagainstȱtheȱfourȱ
bacteriaȱafterȱaȱ24ȱhȱincubationȱperiod.ȱ90ȱmmȱdiameterȱPetriȱdishesȱwereȱpreparedȱwithȱ15ȱmLȱTSAȱ
andȱ leftȱ toȱsolidify.ȱBacteriaȱsuspensionsȱwereȱdilutedȱ inȱTSBȱ toȱaȱconcentrationȱofȱ2ȱ×ȱ106ȱcolonyȱ
formingȱunitsȱ(CFUs)/mL.ȱAfterwards,ȱ200ȹΐLȱofȱeachȱinoculumȱwasȱuniformlyȱspreadȱonȱtheȱsolidȱ
plates.ȱSterilizedȱpunchersȱwereȱusedȱtoȱgenerateȱ6ȱmmȱdiameterȱholesȱonȱtheȱagar.ȱ40ȱΐLȱofȱeachȱ
antimicrobialȱagent,ȱatȱtheȱhighestȱconcentrationȱstudied,ȱwereȱ introducedȱ inȱtheȱrespectiveȱholes.ȱ
Platesȱwereȱ incubatedȱ atȱ37ȱ °Cȱ forȱ24ȹȱh.ȱThereafter,ȱ theȱ zonesȱofȱ inhibitionȱ (ZoI)ȱobservedȱwereȱ
measuredȱtoȱconfirmȱtheȱantimicrobialȱagents’ȱefficacy.ȱ
� ȱ
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2.4.ȱMinimumȱInhibitoryȱConcentrationsȱ(MICs)ȱ

MICsȱwereȱdeterminedȱusingȱ theȱbrothȱmicrodilutionȱprocedureȱdescribedȱbyȱWiegandȱetȱal.ȱ
[32],ȱwhichȱ isȱ anȱ adaptationȱ ofȱ theȱ standardȱmethodȱ publishedȱ byȱ theȱClinicalȱ andȱ Laboratoryȱ
Standardsȱ Instituteȱ (CLSI)ȱ andȱ theȱEuropeanȱCommitteeȱ onȱAntimicrobialȱ SusceptibilityȱTestingȱ
(EUCAST)ȱ[33].ȱȱ

Workingȱsolutionsȱwereȱpreparedȱforȱeachȱantimicrobialȱagent,ȱasȱdescribedȱinȱSectionȱ2.2,ȱandȱ
addedȱtoȱtheȱfirstȱcolumnȱofȱ96Ȭwellȱplatesȱinȱaȱvolumeȱofȱ100ȹΐL.ȱSerialȱdilutionsȱ(1:2)ȱwereȱmadeȱ
withȱMHBȱinȱtheȱconsecutiveȱwells,ȱtoȱaȱfinalȱvolumeȱofȱ50ȹΐL.ȱThen,ȱtoȱeachȱofȱtheseȱwells,ȱ50ȹΐLȱofȱ
theȱbacteriaȱ suspensionsȱpreparedȱ atȱ 2ȱ ×ȱ 107ȱCFUs/mLȱ inȱMHBȱwereȱ added.ȱAgentȬfreeȱbacteriaȱ
suspensionsȱandȱcultureȱmediaȱwereȱusedȱasȱcontrols.ȱAbsorbanceȱreadingsȱatȱaȱwavelengthȱofȱ600ȱ
nmȱ(EZȱREADȱ2000ȱMicroplateȱReader,ȱBiochrom,ȱUK)ȱwereȱmadeȱbeforeȱandȱafterȱplateȱincubationȱ
forȱ24ȱhȱatȱ37ȱ°Cȱandȱ100ȱrpm.ȱTheȱMICȱvalueȱforȱeachȱagent/bacteriaȱcombinationȱwasȱestablishedȱasȱ
theȱconcentrationȱatȱwhichȱbacteriaȱdidȱnotȱshowȱanyȱgrowth,ȱdeterminedȱvisually,ȱandȱconfirmedȱ
byȱ theȱ differencesȱ inȱ absorbanceȱ readings.ȱ Theȱ numberȱ ofȱ viableȱ cellsȱ atȱ theȱ MICsȱ andȱ theȱ
concentrationsȱatȱitsȱvicinityȱ(concentrationȱhigherȱandȱlowerȱthanȱMICȱvalue)ȱwasȱdeterminedȱbyȱ
estimatingȱtheȱnumberȱofȱCFUȱs/mL.ȱBriefly,ȱaliquotsȱofȱ10ȱΐLȱofȱeachȱcellȱsuspension,ȱdilutedȱfromȱ
101ȱtoȱ106ȱinȱPBS,ȱwereȱculturedȱinȱTSAȱplatesȱforȱ24ȹhȱatȱ37ȱ°C,ȱandȱcoloniesȱwereȱcounted.ȱȱ

2.5.ȱKillȬTimeȱAnalysis:ȱBacteriaȱViabilityȱ

Bacteriaȱsuspensionsȱwereȱpreparedȱatȱ2ȱ×ȱ107ȱCFUs/mLȱinȱMHBȱandȱcombinedȱatȱaȱ50%ȱ(v/v)ȱ
withȱtheȱantimicrobialȱagentsȱatȱMICs.ȱControlȱgroupsȱwereȱpreparedȱwithoutȱtheȱadditionȱofȱanyȱ
agent.ȱAgent/bacteriaȱsolutionsȱwereȱincubatedȱatȱ37ȱqCȱandȱ100ȱrpm.ȱAfterȱ0ȱ(beforeȱagentȱaction),ȱ1,ȱ
2,ȱ4,ȱ6,ȱ10,ȱ14,ȱ18ȱandȱ24ȱhȱofȱincubation,ȱbacteriaȱwereȱseriallyȱdilutedȱ(101ȱtoȱ106ȱinȱPBS),ȱculturedȱonȱ
TSAȱplatesȱandȱ furtherȱ incubatedȱ forȱanotherȱ24ȱhȱatȱ37ȱ qC.ȱColoniesȱofȱ survivingȱbacteriaȱwereȱ
countedȱ andȱ reportedȱ asȱmeanȱ ±ȱ standardȱ deviationȱ (SD).ȱDataȱwasȱ collectedȱ inȱ triplicateȱ andȱ
processedȱusingȱtheȱGraphPadȱPrismȱ7.0ȱsoftware.ȱȱ

2.6.ȱCellȱWallȱDisruption:ȱScanningȱElectronȱMicroscopyȱ(SEM)ȱObservationsȱ

Toȱhaveȱanȱoverviewȱofȱtheȱantimicrobialȱagents’ȱcapacityȱtoȱinterfereȱwithȱtheȱcellȱmorphologyȱ
ofȱGramȬpositiveȱ andȱGramȬnegativeȱ bacteria,ȱ visualȱ studiesȱ resortingȱ toȱ SEMȱwereȱ conducted.ȱ
Bacteriaȱsuspensionsȱwereȱpreparedȱatȱ2ȱ×ȱ107ȱCFUs/mLȱinȱMHBȱandȱcombinedȱatȱaȱ50%ȱ(v/v)ȱwithȱ
AgNPs,ȱantibiotic,ȱAMPsȱandȱEOsȱatȱhalfȱofȱtheȱconcentrationȱofȱtheȱMICȱvalue,ȱinȱthisȱway,ȱallowingȱ
forȱliveȱandȱdeadȱcellsȱtoȱbeȱobservedȱsimultaneouslyȱandȱdifferencesȱinȱmorphologyȱbeȱidentifiedȱ
moreȱeasily.ȱ500ȱΐLȱofȱeachȱsolutionȱ(250ȱΐLȱagentȱ+ȱ250ȱΐLȱbacteria)ȱwereȱleftȱinȱdirectȱcontactȱwithȱ
12Ȭwellȱtissueȱcultureȱplatesȱ(TCPS)ȱandȱincubatedȱatȱ37ȱqCȱforȱ24ȱhȱatȱ100ȱrpm.ȱAfterwards,ȱcultureȱ
mediaȱwasȱremovedȱandȱ500ȱΐLȱofȱ2.5%ȱ(v/v)ȱglutaraldehydeȱinȱPBSȱwereȱaddedȱtoȱeachȱsampleȱforȱ
1ȱhȱatȱroomȱtemperature,ȱtoȱpromoteȱcellȱfixationȱtoȱtheȱTCPSȱwells.ȱPlatesȱwereȱgentlyȱrinsedȱwithȱ
dH2Oȱandȱsubmittedȱtoȱaȱdehydrationȱprocessȱusingȱserialȱethanolȱdilutionsȱofȱ55%,ȱ70%,ȱ80%,ȱ90%,ȱ
95%ȱandȱ100%ȱ(v/v),ȱandȱeachȱsolutionȱwasȱleftȱinȱtheȱTCPSȱforȱ30ȱminȱatȱroomȱtemperature,ȱandȱthenȱ
carefullyȱ discarded.ȱ Afterȱ theȱ lastȱ solution,ȱ theȱ remainingȱ ethanolȱ wasȱ evaporatedȱ atȱ roomȱ
temperatureȱ [34].ȱDiscsȱwereȱ cutȱ fromȱ eachȱ TCPSȱwell,ȱ containingȱ theȱ fixatedȱ andȱ dehydratedȱ
bacteria,ȱusingȱaȱhotȱpressȬonȱapparatusȱandȱcoveredȱwithȱaȱthinȱfilmȱ(10ȱnm)ȱofȱAuȬPdȱ(80Ȭ20ȱwt%)ȱ
inȱ aȱ 208HRȱ highȬresolutionȱ sputterȱ coaterȱ (Cressingtonȱ Company,ȱWatfordȱWD19ȱ 4BX,ȱ Unitedȱ
Kingdom)ȱ coupledȱ toȱ aȱMTMȬ20ȱCressingtonȱ highȬresolutionȱ thicknessȱ controller.ȱBacteriaȱ cells’ȱ
morphologyȱwasȱobservedȱviaȱFEGȬSEMȱ(NOVAȱ200ȱNanoȱSEM,ȱFEIȱCompany),ȱusingȱanȱelectronȱ
acceleratingȱvoltageȱofȱ10ȱkV.ȱ
� ȱ
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3.ȱResultsȱandȱDiscussionȱ

3.1.ȱAgarȬWellȱDiffusionȱ

Initialȱscreeningȱofȱtheȱantimicrobialȱactivityȱofȱtheȱinvestigatedȱagentsȱwasȱstudiedȱagainstȱtheȱ
fourȱmicroorganismsȱusingȱtheȱagarȬwellȱdiffusionȱtest,ȱwhichȱshowedȱtheȱpresenceȱandȱabsenceȱofȱ
ZoIȱ(Tableȱ1).ȱAllȱagentsȱrevealedȱdifferentȱdegreesȱofȱantibacterialȱactivityȱagainstȱtheȱtestedȱbacteria.ȱ
TheȱantibacterialȱactionȱwasȱclassifiedȱfollowingȱtheȱRotaȱetȱal.ȱscale,ȱwhichȱreportsȱweakȱactivityȱwithȱ
aȱZoIȱ(halo)ȱǂȱ12ȱmm,ȱmoderateȱactivityȱwithȱaȱZoIȱrangingȱbetweenȱ>12ȱandȱ<20ȱmm,ȱandȱstrongȱ
activityȱwithȱaȱZoIȱzoneȱ ǃȱ20ȱmmȱ [35,36].ȱAgNPsȱdisplayȱaȱ lowȬactivityȱZoI,ȱparticularlyȱagainstȱ
GramȬnegativeȱbacteria.ȱ Itȱhasȱbeenȱ reportedȱ thatȱmetalȱnanoparticlesȱ tendȱ toȱ formȱagglomeratesȱ
whenȱinȱcolloidalȱdispersions,ȱwhichȱreducesȱtheirȱdiffusivity,ȱlimitingȱtheȱcontactȱwithȱtheȱbacteriaȱ
[37].ȱHere,ȱtheȱpresenceȱofȱagglomeratesȱ isȱevidentȱ(Figureȱ1),ȱsupportingȱthisȱstatement.ȱTheȱagarȱ
tortuosityȱmayȱalsoȱ influenceȱ thisȱphenomenonȱbyȱhinderingȱ theȱAgNPsȱpermeationȱ throughȱ theȱ
cultureȱmedia.ȱVancomycinȱantibioticȱactionȱoccursȱatȱtheȱbacterialȱcellȱwallȱthroughȱtheȱdisruptionȱ
ofȱtheȱsynthesisȱofȱitsȱmajorȱconstituent,ȱpeptidoglycan.ȱVancomycinȱbindsȱtoȱtheȱterminalȱcarboxylȱ
groupȱofȱDȬalanylȬDȬalanineȱwithinȱnascentȱpeptidoglycansȱofȱtheȱcellȱwall,ȱpreventingȱtheȱformationȱ
ofȱlipidȱII,ȱaȱkeyȱ“shuttleȱcarrier”ȱofȱtheȱpeptidoglycanȱmonomersȱ[38,39].ȱThisȱmoleculeȱformsȱaȱseriesȱ
ofȱhydrogenȱbondsȱwithȱtheȱpeptideȱbackboneȱblockingȱitsȱprocessingȱ[40–42].ȱItȱisȱtrueȱthatȱGramȬ
negativeȱ bacteriaȱ outerȱ cellȱwallȱ isȱ fairlyȱ impermeableȱ toȱ largeȱ glycopeptideȱmoleculesȱ suchȱ asȱ
vancomycinȱ[2].ȱTherefore,ȱvancomycinȱwasȱreportedȱasȱweakȱagainstȱtheȱGramȬnegativeȱbacteriaȱbutȱ
strongȱagainstȱtheȱGramȬpositiveȱbacteria.ȱAsȱsuch,ȱtheȱabsenceȱofȱtheȱouterȱmembraneȱandȱperiplasmȱ
inȱtheȱGramȬpositiveȱbacteriaȱallowsȱaȱhigherȱpermeabilityȱofȱvancomycinȱthroughȱitsȱcellularȱwall,ȱ
whichȱpossessȱaȱhydrophilicȱporousȱstructureȱ[43–45].ȱ

ȱ
Figureȱ 1.ȱ Silverȱ nanoparticlesȱ (AgNPs)ȱ colloidalȱ dispersionȱ scanningȱ transmissionȱ electronȱ
microscopyȱ (STEM)ȱ micrographsȱ atȱ magnificationsȱ ofȱ x100,000ȱ andȱ x200,000ȱ withȱ evidenceȱ ofȱ
formationȱofȱNPsȱclusters.ȱ

AMPsȱLL37ȱandȱpexigananȱareȱwellȬknownȱeffectiveȱantimicrobialȱagents.ȱHowever,ȱdataȱfromȱ
Tableȱ1ȱrevealedȱaȱweakȱ toȱmoderateȱZoIȱagainstȱ theȱselectedȱbacteria,ȱrespectively.ȱTheȱactionȱofȱ
LL37ȱ isȱ suspectedȱ toȱ haveȱ beenȱ compromisedȱ byȱ theȱ presenceȱ ofȱ saltsȱwithinȱ theȱ solvent,ȱ PBSȱ
(recommendedȱ byȱ theȱmanufacturer),ȱ asȱ theȱ LL37ȱ structureȱ variesȱwithȱ theȱ ionicȱ chargeȱ ofȱ theȱ
solvents,ȱ possiblyȱ reducingȱ itsȱ agarȱ diffusionȱ capacityȱ [46].ȱ Onȱ itsȱ turn,ȱ pexigananȱ actionȱwasȱ
considerablyȱ superiorȱ toȱ thatȱofȱLL37,ȱparticularlyȱ againstȱS.ȱ epidermidisȱ andȱP.ȱ aeruginosa.ȱTheseȱ
findingsȱareȱconsistentȱwithȱtheȱliteratureȱ[18].ȱȱ

Theȱ EOsȱ displayedȱ aȱ variableȱ degreeȱ ofȱ antibacterialȱ activityȱ againstȱ theȱ testedȱ bacteria.ȱ
Interestingly,ȱtheyȱwereȱallȱfoundȱtoȱbeȱmoreȱeffectiveȱagainstȱtheȱS.ȱaureusȱbacteria,ȱwithȱaȱmoderateȱ
(NO)ȱtoȱstrongȱ(TTOȱandȱCLO)ȱactivity.ȱTheseȱresultsȱwereȱcloselyȱfollowedȱbyȱtheȱS.ȱepidermidisȱandȱ
E.ȱcoliȱbacteria.ȱP.ȱaeruginosaȱwasȱtheȱleastȱsusceptibleȱtoȱtheȱEOsȱaction,ȱwithȱweakȱ(NO)ȱtoȱmoderateȱ
(TTOȱandȱCLO)ȱZoIsȱbeingȱformed.ȱOnceȱagain,ȱthisȱcanȱbeȱexplainedȱbyȱtheȱdifferencesȱinȱcellȱwallȱ
structureȱ betweenȱ GramȬpositiveȱ andȱ GramȬnegativeȱ bacteria,ȱ withȱ theȱ latterȱ beingȱ capableȱ ofȱ
restrictingȱ diffusionȱ ofȱ hydrophobicȱ compoundsȱ throughȱ itsȱ LPSȱ envelopeȱ [36].ȱ Fromȱ theȱ threeȱ
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examinedȱ oils,ȱ NOȱ wasȱ theȱ leastȱ effectiveȱ (ƿ1.6Ȭfoldȱ lowerȱ thanȱ theȱ remainderȱ oils).ȱ Theȱ EOsȱ
antimicrobialȱactivityȱisȱattributedȱtoȱtheȱpresenceȱofȱseveralȱlowȱmolecularȱweightȱphenols,ȱterpenesȱ
andȱaldoketonesȱwithinȱtheirȱcompositionȱ[47].ȱHence,ȱtheȱhigherȱZoIȱformedȱbyȱTTOȱorȱCLOȱcouldȱ
beȱ explainedȱ byȱ theȱ presenceȱ ofȱ volatileȱ compounds.ȱ TTOȱ encompassesȱ terpinenȬ4Ȭolȱ (40%),ȱ ·Ȭ
terpineneȱ(20%),ȱ΅Ȭterpineneȱ (10%),ȱ1,8Ȭcineoleȱ(3%),ȱ΅Ȭpineneȱ (3%)ȱandȱ limoneneȱ (1%)ȱ(v/v).ȱTTOȱ
comprisesȱ inȱ itsȱ formulationȱ eugenolȱ (80%),ȱ ΆȬcaryophylleneȱ (4%),ȱ benzylȱ benzoateȱ (4%),ȱ
cinnamaldehydeȱ(3%),ȱlinaloolȱ(2%)ȱandȱ΅Ȭterpineneȱ(1%)ȱ(v/v).ȱAllȱtheseȱcompoundsȱareȱknownȱtoȱ
contributeȱ significantlyȱ forȱ theȱ EOsȱ antimicrobialȱ activityȱ [26,47,48].ȱ NOȱ isȱ knownȱ toȱ possessȱ
terpinenȬ4Ȭol,ȱ ·Ȭterpinene,ȱ ΅Ȭterpinene,ȱ 1,8Ȭcineole,ȱ ΅Ȭpinene,ȱ limonene,ȱ ΆȬcaryophylleneȱ andȱ
linalool,ȱbutȱwithȱaȱmajorȱ contributionȱofȱ1,8Ȭcineoleȱ (60%)ȱ (v/v)ȱ toȱ itsȱantimicrobialȱactivity.ȱ1,8Ȭ
cineoleȱisȱknownȱtoȱexertȱlowerȱantimicrobialȱactionȱthanȱterpinenȬ4Ȭolȱorȱeugenolȱ[28,49–52].ȱȱ

Tableȱ1.ȱZonesȱofȱinhibitionȱ(ZoI)ȱofȱselectedȱantimicrobialȱagentsȱagainstȱGramȬpositiveȱandȱGramȬ
negativeȱbacteriaȱ(nȱ=ȱ3,ȱmeanȱ±ȱstandardȱdeviationȱ(SD)).ȱTheȱdiameterȱofȱtheȱholesȱ(Øȱ=ȱ6ȱmm)ȱwasȱ
included.ȱ Imagesȱ wereȱ collectedȱ withoutȱ regardȱ forȱ sizeȱ proportionality,ȱ onlyȱ beingȱ usedȱ asȱ
representationsȱofȱtheȱhalosȱformed.ȱ

AntimicrobialȱAgentsȱ ZoIȱdiameterȱ(mm)ȱ
S.ȱaureusȱȱ S.ȱepidermidisȱȱ E.ȱcoliȱȱ P.ȱaeruginosaȱ

AgNPsȱ

11.5ȱ±ȱ1.7ȱ

ȱ

10.6ȱ±ȱ0.6ȱ

ȱ

8.8ȱ±ȱ0.5ȱ

ȱ

8.8ȱ±ȱ3.0ȱ

ȱ

Vancomycinȱ

22.5ȱ±ȱ0.5ȱ

ȱ

22.5ȱ±ȱ0.5ȱ

ȱ

8.0ȱ±ȱ0.1ȱ

ȱ

8.0ȱ±ȱ0.2ȱ

ȱ

LL37ȱ

6.5ȱ±ȱ0.1ȱ

ȱ

6.5ȱ±ȱ0.5ȱ

ȱ

6.3ȱ±ȱ0.1ȱ

ȱ

6.2ȱ±ȱ0.1ȱ

ȱ

Pexigananȱ

9.0ȱ±ȱ0.5ȱ

ȱ

12.2ȱ±ȱ0.6ȱ

ȱ

8.0ȱ±ȱ1.5ȱ

ȱ

12.0ȱ±ȱ0.1ȱ

ȱ

TTOȱ

20.2ȱ±ȱ0.1ȱ

ȱ

15.0ȱ±ȱ0.5ȱ

ȱ

15.5ȱ±ȱ0.5ȱ

ȱ

13.3ȱ±ȱ0.3ȱ

ȱ

CLOȱ

21.5ȱ±ȱ0.5ȱ

ȱ

15.0ȱ±ȱ1.0ȱ

ȱ

15.0ȱ±ȱ1.9ȱ

ȱ

15.0ȱ±ȱ0.6ȱ

ȱ
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NOȱ

14.7ȱ±ȱ0.4ȱ

ȱ

10.0ȱ±ȱ0.5ȱ

ȱ

11.5ȱ±ȱ0.5ȱ

ȱ

6.8ȱ±ȱ0.5ȱ

ȱ

3.2.ȱMICsȱ

TheȱobtainedȱMICsȱofȱtheȱselectedȱantimicrobialȱagentsȱforȱeachȱbacteriumȱareȱshownȱinȱTableȱ2.ȱ
MICsȱevaluationȱshowedȱthatȱtheȱselectedȱantimicrobialȱagentsȱwereȱactiveȱagainstȱallȱtestedȱbacteria,ȱ
whichȱfairlyȱagreesȱwithȱtheȱdataȱobtainedȱfromȱtheȱagarȬwellȱdiffusionȱstudiesȱ

Fromȱtheȱentireȱlistȱofȱtestedȱagents,ȱtheȱMICsȱofȱtheȱAgNPsȱwereȱtheȱhighestȱ(4000Ȭ1250ȱΐg/mL).ȱ
TheȱmainȱmechanismȱofȱactionȱofȱAgNPsȱagainstȱbacteriaȱrequiresȱtheȱattachmentȱandȱinteractionȱofȱ
multipleȱNPsȱtoȱtheȱcellȱsurfaceȱ[53].ȱThisȱinducesȱtheȱdisruptionȱofȱtheȱbacteriaȱmembraneȱfunctionsȱ
andȱdissipationȱofȱtheȱprotonȱmotiveȱforce.ȱDueȱtoȱtheirȱhighȱsurfaceȬtoȬvolumeȱratio,ȱsmallȱAgNPsȱ
ofȱfewȱnanometersȱmayȱevenȱalterȱtheȱmorphologyȱofȱtheȱcellȱwall,ȱincreasingȱtheirȱdiffusionȱtowardsȱ
theȱintracellularȱspace,ȱultimatelyȱleadingȱtoȱtheȱcellȱdeathȱ[54].ȱHere,ȱevenȱthoughȱPVPȱwasȱusedȱasȱ
aȱdispersantȱ agentȱ toȱproduceȱAgNPs,ȱ thereȱwasȱ stillȱ aȱ largeȱ tendencyȱ toȱ formȱ agglomeratesȱ inȱ
colloidalȱdispersionsȱ(Figureȱ1).ȱConsequently,ȱaȱlargeȱnumberȱofȱNPsȱwereȱexpectedȱtoȱbeȱattractedȱ
andȱimmobilizedȱalongȱtheȱmembraneȱofȱeachȱbacteriumȱtoȱinduceȱaȱbactericidalȱeffect.ȱBetweenȱtheȱ
testedȱorganisms,ȱP.ȱaeruginosaȱwasȱtheȱmostȱsusceptibleȱtoȱtheȱAgNPsȱaction.ȱItȱhasȱbeenȱpostulatedȱ
thatȱGramȬnegativeȱbacteriaȱareȱmoreȱsusceptibleȱtoȱAgNPsȱbecauseȱAgNPsȱpositiveȱchargesȱinteractȱ
withȱ theȱouterȱLPSȱmembraneȱwithȱmoreȱaffinityȱ thanȱwithȱ theȱGramȬpositiveȱcellȱwall,ȱwhichȱ isȱ
thoughtȱtoȱhaveȱfewerȱinteractionȱsitesȱ[55].ȱThisȱeffect,ȱhowever,ȱwasȱnotȱverifiedȱonȱtheȱE.ȱcoli,ȱwhichȱ
MICȱwasȱequalȱtoȱS.ȱaureusȱandȱS.ȱepidermidis.ȱȱ

Asȱ expected,ȱ vancomycinȱ wasȱ moreȱ effectiveȱ againstȱ GramȬpositiveȱ thanȱ GramȬnegativeȱ
bacteria,ȱwithȱMICsȱbeingȱ120Ȭfoldȱlowerȱ[2].ȱTheȱpexigananȱMICsȱwereȱalsoȱconsistentȱwithȱtheȱZoIȱ
findings,ȱbeingȱinȱaȱrangeȱcloseȱtoȱthatȱreportedȱinȱtheȱliteratureȱ[17,18].ȱOnȱtheȱcontrary,ȱtheȱLL37ȱ
actionȱwasȱfoundȱtoȱbeȱsuperiorȱagainstȱGramȬnegativeȱbacteria,ȱevenȱthoughȱtheȱZoIsȱwereȱmoreȱ
evidentȱagainstȱ theȱGramȬpositiveȱonesȱ (Tableȱ1).ȱAgain,ȱ theseȱ resultsȱ implyȱ theȱdifficultyȱofȱ theȱ
peptideȱinȱdiffusingȱthroughȱtheȱsolidȱmediaȱ[46].ȱRegardingȱtheȱtestedȱbacteria,ȱtheȱLL37ȱabilityȱtoȱ
actȱmoreȱeffectivelyȱagainstȱtheȱE.ȱcoliȱandȱP.ȱaeruginosaȱbacteriaȱisȱrelatedȱtoȱitsȱelectrostaticȱinteractionȱ
andȱitsȱstructure.ȱItȱhasȱbeenȱreportedȱthatȱLL37sȱfirstȱinteractionȱstepȱisȱpromotedȱbyȱitsȱelectrostaticȱ
attractionȱtoȱlipidȱAȱandȱtoȱphosphateȱgroupsȱlinkedȱtoȱsugarȱresiduesȱofȱLPSȱ[56].ȱSubsequently,ȱ΅Ȭ
helixȱpeptides,ȱ suchȱasȱLL37,ȱgenerallyȱactȱviaȱaȱmembranolyticȱmechanism.ȱTheȱhelixȱ formationȱ
allowsȱanȱoptimalȱspatialȱarrangementȱofȱtheȱaliphaticȱsideȱchainsȱforȱmembraneȱinsertion.ȱStrongȱ
hydrophobicȱ interactionsȱ areȱ formedȱbetweenȱ theseȱ chainsȱ andȱ theȱ lipidȱ layerȱofȱGramȬnegativeȱ
bacteria,ȱstabilizingȱ theȱAMPȱhelicalȱconformation,ȱ thusȱreducingȱmainȬchainȱhydrophobicityȱandȱ
allowingȱforȱaȱdeeperȱandȱeasierȱinsertionȱintoȱtheȱbilayerȱ[57,58].ȱ

AsȱshownȱinȱTableȱ2,ȱtheȱEOsȱdisplayedȱvariableȱlevelsȱofȱMICsȱforȱeachȱtestedȱmicroorganism.ȱ
CLOȱhadȱtheȱlowestȱMICsȱ(19.7Ȭ39.3ȱΐg/mL)ȱfromȱtheȱgroup,ȱwhileȱNOȱhadȱtheȱhighestȱ(137.0Ȭ365.2ȱ
ΐg/mL).ȱTheseȱfindingsȱcorroborateȱtheȱZoIȱexaminationsȱ(Tableȱ1).ȱTheȱEOsȱdifferencesȱinȱchemicalȱ
compositionȱandȱpresenceȱofȱmoreȱeffectiveȱlowȱmolecularȱweightȱantibacterialȱcompoundsȱonȱCLOȱ
thanȱonȱNO,ȱ exertsȱaȱmajorȱ roleȱ inȱ theirȱantibacterialȱactivityȱ efficacyȱ [47–49].ȱToȱ theȱbestȱofȱ theȱ
authors’ȱknowledge,ȱNOȱhasȱnotȱyetȱbeenȱtestedȱagainstȱtheseȱspecificȱstrains.ȱStill,ȱ inȱotherȱcases,ȱ
MICsȱhaveȱbeenȱreportedȱaroundȱ300ȱandȱ500ȱΐg/mLȱ[28].ȱRegardingȱtheȱTTOȱMICs,ȱevenȱthoughȱ
theyȱareȱ slightlyȱ superiorȱ toȱ thoseȱ reportedȱ inȱ theȱ literature,ȱ theȱpatternȱofȱefficiencyȱ remains:ȱP.ȱ
aeruginosaȱ<ȱS.ȱepidermidisȱ<ȱS.ȱaureusȱ<ȱE.ȱcoliȱ[26].ȱȱ
� ȱ
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Tableȱ2.ȱMinimalȱ inhibitoryȱconcentrationsȱ (MICs)ȱofȱselectedȱantimicrobialȱagentsȱagainstȱGramȬ
positiveȱandȱGramȬnegativeȱbacteriaȱ(nȱ=ȱ3,ȱSDȱ<ȱ±5.0).ȱ

AntimicrobialȱAgentsȱ MICsȱ(ΐg/mL)ȱ
S.ȱaureusȱȱ S.ȱepidermidisȱȱ E.ȱcoliȱȱ P.ȱaeruginosaȱ

AgNPsȱ 4000.0ȱ 4000.0ȱ 4000.0ȱ 1250.0ȱ
Vancomycinȱ 7.8ȱ 7.8ȱ 1000.0ȱ 1000.0ȱ
LL37ȱ 500.0ȱ 500.0ȱ 125.0ȱ 250.0ȱ
Pexigananȱ 31.3ȱ 7.8ȱ 62.5ȱ 31.3ȱ
TTOȱ 67.1ȱ 179.0ȱ 33.6ȱ 268.5ȱ
CLOȱ 26.2ȱ 26.2ȱ 19.7ȱ 39.3ȱ
NOȱ 137.0ȱ 182.6ȱ 137.0ȱ 365.2ȱ

3.3.ȱKillȬTimeȱAnalysisȱȱ

TheȱkillȬtimeȱkineticsȱforȱeachȱagentȱwasȱdeterminedȱbyȱtheȱnumberȱofȱremainingȱviableȱcellsȱatȱ
specificȱtimeȱpoints,ȱnamelyȱ1,ȱ2,ȱ4,ȱ6,ȱ10,ȱ14,ȱ18,ȱ22ȱandȱ24ȱhȱ(Figureȱ2).ȱAlthoughȱMICȱvaluesȱareȱ
commonlyȱusedȱ toȱpredictȱ theȱantibacterialȱactionȱofȱanyȱagent,ȱ suchȱdataȱdoesȱnotȱ considerȱ theȱ
exposureȱandȱactionȱtimeȱofȱtheȱagentȱagainstȱeachȱbacterium.ȱAsȱsuch,ȱtheȱkillȬtimeȱkineticsȱwasȱusedȱ
toȱunravelȱtheȱantibacterialȱpotencyȱofȱtheȱtestedȱcompoundsȱoverȱtime.ȱȱ

Forȱ allȱ bacteria/agentȱ combinations,ȱ bactericidalȱ actionȱwasȱ observedȱ fromȱ theȱ firstȱ hourȱ ofȱ
contact.ȱInȱfact,ȱtheȱactionȱofȱtheȱpexiganan,ȱTTO,ȱCLOȱandȱNOȱwasȱsoȱimmediateȱthatȱafterȱ2ȱhȱofȱ
contact,ȱveryȱlittleȱbacteriaȱremainedȱ(ƿ3ȱ×ȱ104ȱCFUs/mLȱofȱS.ȱaureusȱwithȱTTO,ȱƿ2ȱ×ȱ104ȱCFUs/mLȱofȱ
P.ȱaeruginosaȱwithȱCLO,ȱandȱƿ3ȱ×ȱ104ȱCFUs/mLȱofȱS.ȱaureusȱwithȱNO;ȱtheȱremainderȱwereȱallȱkilledȱatȱ
thisȱpoint).ȱTheȱmainȱbactericidalȱactionȱofȱtheȱAMPȱpexigananȱresultsȱfromȱirreversibleȱmembraneȬ
disruptiveȱdamage,ȱwhichȱbasedȱonȱtheȱmechanismȱofȱactionȱofȱmagaininȱ(precursor),ȱisȱexpectedȱtoȱ
exertȱitsȱantimicrobialȱactionȱveryȱquickly,ȱwithinȱtheȱfirstȱmomentsȱofȱinteractionȱ[59].ȱOurȱdataȱisȱ
consistentȱwithȱthisȱinformationȱandȱwithȱpreviousȱreportsȱ[17].ȱInȱfact,ȱallȱbacteriaȱwereȱdeadȱafterȱ1ȱ
hȱ ofȱ contact,ȱwithȱ noȱ regrowthȱ beingȱ observedȱwithinȱ theȱ 24ȱ hȱ tested.ȱ Regardingȱ theȱ EOs,ȱ theȱ
susceptibilityȱpatternȱforȱeachȱbacteriumȱdidȱnotȱappearȱtoȱpredictȱtheȱactivityȱofȱtheȱEO.ȱForȱinstance,ȱ
evenȱthoughȱTTOȱrequiredȱaȱveryȱsmallȱconcentrationȱtoȱkillȱS.ȱaureus,ȱitȱtookȱ6ȱhȱforȱthisȱbacteriumȱ
toȱbeȱeliminated,ȱwhereasȱTTOȱonlyȱrequiredȱ1ȱhȱtoȱeradicateȱtheȱotherȱbacteria.ȱTheȱsameȱoccurredȱ
withȱNO.ȱOnȱitsȱturn,ȱCLOȱfollowedȱtheȱpatternȱofȱMICȱconcentrations,ȱrequiringȱ6ȱhȱtoȱkillȱtheȱP.ȱ
aeruginosaȱ andȱ lessȱ thanȱ 1ȱhȱ forȱ theȱotherȱbacteria.ȱTheȱEOsȱmechanismȱofȱ actionȱ reliesȱonȱ theirȱ
inherentȱhydrophobicity,ȱwhichȱenablesȱ themȱ toȱaccumulateȱ inȱ theȱ cellȱmembrane,ȱdisturbingȱ itsȱ
structureȱandȱfunctionality,ȱandȱcausingȱanȱincreaseȱofȱpermeabilityȱ[36,60].ȱDespiteȱsharingȱaȱsimilarȱ
membraneȱandȱcellȱwallȱstructureȱandȱdisposition,ȱitȱisȱknownȱthatȱE.ȱcoliȱandȱP.ȱaeruginosaȱpossessȱ
distinctȱlipidȱandȱproteinȱcompositionȱandȱconcentrationȱ[61].ȱThisȱmostȱlikelyȱisȱtheȱmainȱfactorȱforȱ
theȱobservedȱMICȱdifferencesȱbetweenȱtheseȱbacteria.ȱEvenȱthoughȱitȱisȱnotȱyetȱclearȱatȱwhichȱstageȱ
ofȱbacteriaȱdevelopmentȱtheȱEOsȱareȱtheȱmostȱeffective,ȱitȱisȱgenerallyȱacceptedȱthatȱtheyȱstimulateȱ
cellȱ autolysisȱ inȱ exponentialȱ andȱ stationaryȱ cellȱ phasesȱ [62].ȱ Ourȱ findingsȱ demonstrateȱ thatȱ
exponentiallyȱgrowingȱcellsȱareȱveryȱsusceptibleȱtoȱtheȱEOsȇȱaction.ȱȱ

InȱcaseȱofȱtheȱLL37,ȱtheȱactionȱwasȱquickerȱagainstȱGramȬnegativeȱbacteriaȱcomparedȱtoȱGramȬ
positiveȱ ones.ȱ Itȱ hasȱ beenȱ shownȱ thatȱ permeabilizationȱ ofȱ theȱ cytoplasmicȱmembraneȱ ofȱGramȬ
positiveȱbacteriaȱbyȱLL37ȱisȱconsiderablyȱslowerȱthanȱagainstȱGramȬnegativeȱ[57,58].ȱInterestingly,ȱ
vancomycinȱalsoȱhadȱaȱfasterȱactionȱagainstȱGramȬnegativeȱbacteriaȱthanȱagainstȱGramȬpositive,ȱevenȱ
thoughȱallȱavailableȱdataȱupȱuntilȱnowȱhasȱrevealedȱitsȱhigherȱeffectivenessȱtowardsȱtheȱformer.ȱThisȱ
mayȱhaveȱhappenedȱdueȱtoȱtheȱdifferencesȱinȱMICȱvalues.ȱWhileȱS.ȱaureus’ȱandȱS.ȱepidermidis’ȱMICȱ
wasȱonlyȱ7.8ȱΐg/mL,ȱ1000ȱΐg/mLȱofȱtheȱantibioticȱwasȱnecessaryȱtoȱkillȱE.ȱcoliȱandȱP.ȱaeruginosa.ȱSeveralȱ
studiesȱhaveȱshownȱthatȱtheȱbactericidalȱaction,ȱnamelyȱkillȬtimeȱkinetics,ȱofȱaȱgivenȱantimicrobialȱ
agentȱisȱdependentȱonȱtheȱconcentrationȱtoȱwhichȱtheȱmicroorganismsȱareȱexposedȱ[17,63].ȱForȱtheȱ
fourȱbacteria,ȱAgNPsȱwasȱtheȱagentȱthatȱtookȱtheȱlongestȱtimeȱtoȱeliminateȱtheȱentiretyȱofȱCFUs.ȱAsȱ
seenȱinȱFigureȱ1,ȱAgNPsȱclustersȱpreventedȱitsȱhomogenousȱdispersionȱwithinȱtheȱsolution,ȱwhichȱ
impliesȱthatȱAgNPsȱwereȱnotȱevenlyȱavailableȱtoȱbindȱtoȱsitesȱatȱtheȱbacteriaȱmembrane.ȱAsȱAgNPsȱ
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areȱ onlyȱ capableȱ ofȱ disruptingȱ theȱ bacteriaȱ cellȱ membraneȱ afterȱ properȱ binding,ȱ subsequentlyȱ
infiltratingȱtheȱcytosolȱtoȱinduceȱcellȱdeathȱ[54],ȱthisȱlimitedȱdistributionȱmayȱhaveȱrequiredȱadditionalȱ
timeȱthanȱtheȱfreeȬstate,ȱnonȬclusteredȱmolecules,ȱcharacteristicȱofȱtheȱotherȱtestedȱagents.ȱ

ȱ
Figureȱ2.ȱKillȬtimeȱcurvesȱofȱAgNPs,ȱvancomycin,ȱLL37,ȱpexiganan,ȱTTO,ȱCLOȱandȱNO,ȱatȱtheȱMICsȱ
concentrations,ȱagainstȱ(a)ȱS.ȱaureus,ȱ(b)ȱS.ȱepidermidis,ȱ(c)ȱE.ȱcoliȱandȱ(d)ȱP.ȱaeruginosa,ȱupȱtoȱ24ȱhȱculture.ȱ
Dataȱderivedȱfromȱthreeȱrepetitions.ȱPositiveȱcontrolsȱforȱeachȱbacteriumȱ(growthȱwithoutȱagent)ȱwereȱ
alsoȱconducted,ȱreachingȱmaximumȱvaluesȱofȱƿ8.0ȱ×ȱ108ȱcolonyȱformingȱunitsȱ(CFUs)/mLȱforȱS.ȱaureus,ȱ
ƿ1.6ȱ×ȱ109ȱCFUs/mLȱforȱS.ȱepidermidis,ȱƿ1.4ȱ×ȱ109ȱCFUs/mLȱforȱE.ȱcoliȱandȱƿ8.7ȱ×ȱ108ȱCFUs/mLȱforȱP.ȱ
aeruginosaȱafterȱ24ȱhȱcultureȱ(dataȱnotȱshown).ȱ

3.4.ȱCellȬWallȱDisruption:ȱMechanismsȱofȱActionȱ

Possibleȱmechanismsȱofȱmembraneȱinteractionȱandȱdisruptionȱofȱtheȱtestedȱbacteriaȱhaveȱbeenȱ
observedȱ viaȱ SEMȱ imagingȱ throughȱ expositionȱ toȱ theȱ selectedȱ agentsȱ atȱ halfȱ ofȱ theȱ MICsȱ
concentrations,ȱforȱ24ȱh.ȱFigureȱ3ȱshowsȱ theȱmorphologyȱofȱtheȱbacteriaȱwithȱandȱwithoutȱcontactȱ
withȱAgNPs,ȱvancomycinȱandȱselectedȱAMPsȱandȱEOs.ȱAsȱexpected,ȱtheȱcontrolȱ(withoutȱagent)ȱofȱ
theȱS.ȱaureusȱandȱS.ȱepidermidisȱbacteriaȱrevealedȱaȱcoccoidȬshapedȱconformationȱwithȱaȱsmoothȱandȱ
uninterruptedȱ surface.ȱ Bothȱ cellȱ typesȱ tendedȱ toȱ beȱ arrangedȱ inȱ grapeȬlikeȱ clustersȱ andȱ cellȱ
propagationȱwasȱrecurrentlyȱobservedȱ[64,65].ȱTheȱmorphologyȱofȱtheȱE.ȱcoliȱandȱP.ȱaeruginosaȱbacteriaȱ
wasȱalsoȱveryȱsimilar,ȱwithȱbothȱdisplayingȱaȱrodȬshapedȱarchitecture.ȱE.ȱcoliȱcellsȱareȱtypicallyȱ2.0ȱ
ΐmȱlongȱandȱ0.25–1.0ȱΐmȱinȱdiameter.ȱP.ȱaeruginosaȱcellsȱpresentȱsimilarȱdimensionsȱand,ȱinȱmanyȱ
cases,ȱpolarȱ flagella,ȱwhichȱendowsȱ theȱbacteriaȱwithȱmotility,ȱmayȱalsoȱbeȱevidentȱ [66–68].ȱHere,ȱ
however,ȱ thatȱ wasȱ notȱ theȱ case.ȱ GramȬnegativeȱ controlȱ cellsȱ presentedȱ anȱ evenȱ distribution,ȱ
displayingȱmultipleȱcellsȱundergoingȱpolarȱbinaryȱfission.ȱ
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ThereȱareȱtwoȱmechanismsȱofȱactionȱwidelyȱacceptedȱforȱAgNPs,ȱtheȱcontactȱkillingȱandȱtheȱionȬ
mediatedȱkilling.ȱContactȱkillingȱisȱclearlyȱevidencedȱinȱallȱtestedȱmicroorganismsȱ(Figureȱ3b).ȱTheȱ
positivelyȱ chargedȱAgNPsȱ areȱ attractedȱ toȱ theȱ negativelyȱ chargedȱ bacteriaȱ surface,ȱ enablingȱNPȱ
attachmentȱalongȱtheȱcellȱsurface.ȱThisȱactionȱinducesȱphysicalȱchangesȱinȱtheȱbacterialȱmembrane,ȱ
compromisingȱitsȱintegrityȱandȱinducingȱtheȱdiffusionȱofȱNPsȱtowardsȱtheȱintracellularȱspace.ȱHere,ȱ
AgNPsȱspecies,ȱsuchȱasȱAg+ȱions,ȱareȱreleasedȱandȱinteractȱeffectivelyȱwithȱspecificȱfunctionalȱgroupsȱ
inȱ proteins,ȱ consequentlyȱ inhibitingȱ intracellularȱ metabolicȱ functionsȱ andȱ causingȱ proteinȱ
denaturation.ȱAtȱthisȱpoint,ȱtheȱcellularȱcontentȱwillȱleak,ȱultimatelyȱleadingȱtoȱtheȱcellȱdeathȱ[69,70].ȱ
ThisȱeffectȱisȱparticularlyȱevidentȱagainstȱtheȱP.ȱaeruginosaȱbacteria,ȱasȱtheȱrodȬshapedȱmorphologyȱisȱ
barelyȱ evidentȱ inȱ mostȱ cellsȱ andȱ theȱ cellȱ contentȱ isȱ alreadyȱ fusedȱ withȱ theȱ AgNPsȱ clusters.ȱ
Additionally,ȱAgNPsȱareȱalsoȱcapableȱofȱproducingȱhighȱlevelsȱofȱreactiveȱoxygenȱspeciesȱ(ROS)ȱandȱ
freeȱradicalȱspeciesȱthatȱmayȱinteractȱelectrostaticallyȱwithȱtheȱcellȱwall,ȱgeneratingȱaȱchargeȱsuperiorȱ
toȱitsȱtensileȱstrength,ȱthereforeȱalsoȱcompromisingȱitsȱintegrityȱ[71].ȱȱ

DirectȱinhibitionȱofȱtheȱAtlȱamidaseȱdomainȱ(majorȱdomainȱinȱstaphylococcusȱbacteriaȱcellȱwall),ȱ
dueȱtoȱvancomycinȬinducedȱinhibitionȱofȱcellȱwallȱsynthesis,ȱcausesȱdefectsȱinȱtheȱcellȱmorphologyȱ
andȱ altersȱ cellȱmembraneȱ permeabilityȱ (S.ȱ aureusȱ inȱ Figureȱ 3c),ȱ ultimatelyȱ leadingȱ toȱ autolysinȬ
triggeredȱcellȱ rupture,ȱreleaseȱofȱcellȱcontentȱandȱdeathȱ (S.ȱ epidermidisȱ inȱFigureȱ3c)ȱ [40–42].ȱEvenȱ
thoughȱ theȱmodeȱofȱ actionȱ againstȱS.ȱ aureusȱ andȱS.ȱ epidermidisȱ isȱ similar,ȱFigureȱ 3cȱ recordedȱ theȱ
alterationsȱinducedȱbyȱvancomycinȱatȱtwoȱstages,ȱanȱearlierȱforȱS.ȱaureusȱandȱaȱmoreȱadvancedȱforȱS.ȱ
epidermidis.ȱThisȱoccursȱbecauseȱvancomycinȱ requiresȱmoreȱ timeȱ toȱkillȱ theȱ firstȱbacteriaȱ thanȱ theȱ
secondȱ (Figureȱ 2),ȱ thusȱ allowingȱ forȱ theȱ extrusionȱ andȱ reductionȱ ofȱ cellȱ contentȱ toȱ occurȱmoreȱ
intensivelyȱ inȱ theȱS.ȱ epidermidisȱuponȱ24ȱhȱexposure.ȱTheȱ sameȱexplanationȱcanȱbeȱappliedȱ toȱ theȱ
GramȬnegativeȱ bacteria.ȱ Theȱ largeȱ sizeȱ ofȱ thisȱ glycopeptideȱ precludesȱ itȱ fromȱ beingȱ capableȱ ofȱ
penetratingȱtheȱouterȱmembraneȱofȱGramȬnegativeȱbacteriaȱandȱinducingȱmorphologyȱchangesȱandȱ
autolysinȬtriggeredȱ cellȱ rupture,ȱasȱhappensȱ inȱGramȬpositiveȱbacteriaȱ [43–45].ȱWeȱpostulateȱ thatȱ
becauseȱofȱtheȱsuperiorȱconcentrationȱofȱvancomycinȱ(1000ȱΐg/mL)ȱrequiredȱtoȱkillȱtheseȱbacteriaȱandȱ
itsȱfastȱaction,ȱtheseȱmoleculesȱaccumulateȱalongȱtheȱsurfaceȱofȱtheȱbacterium,ȱisolatingȱitȱfromȱtheȱ
mediaȱandȱrespectiveȱnutrients,ȱandȱprovidingȱenoughȱstericȱhindranceȱ toȱpreventȱpeptidoglycanȱ
synthesis.ȱHence,ȱ starvingȱ theȱ bacteriaȱmayȱ triggerȱ aȱ setȱ ofȱ eventsȱ somewhatȱ similarȱ toȱ thoseȱ
characteristicsȱofȱtheȱGramȬpositiveȱbacteriaȱthatȱculminateȱinȱcellȱrupture,ȱreleaseȱofȱcellȱcontentȱandȱ
death.ȱAsȱtheȱkillȬtimeȱkineticsȱisȱsoȱfast,ȱafterȱ24ȱhȱexposure,ȱitȱwasȱonlyȱpossibleȱtoȱcaptureȱfragmentsȱ
ofȱindividualȱcellȱmembranesȱandȱresiduesȱofȱcellȱcontentȱforȱE.ȱcoliȱandȱaȱveryȱadvancedȱdeformedȱ
morphologyȱforȱP.ȱaeruginosa.ȱȱ

AMPsȱ areȱ uniqueȱ biomoleculesȱ whichȱmodeȱ ofȱ actionȱmayȱ beȱ dividedȱ intoȱ directȱ killingȱ
(membraneȱandȱnonȬmembraneȱtarget)ȱandȱimmuneȱmodulation.ȱLL37ȬtreatedȱS.ȱaureusȱdisplayedȱ
clearȱ irregularȱ protrudingȱ structures,ȱ toȱ anȱ extentȱ thatȱ atȱ leastȱ someȱ bacteriaȱ appearedȱ toȱ haveȱ
extrudedȱcytoplasmȱandȱbecomeȱembeddedȱbyȱexudate.ȱInȱtheȱcaseȱofȱS.ȱepidermidis,ȱmorphologicalȱ
changesȱwereȱeasilyȱdistinguished,ȱwithȱaȱsmallȱleakageȱofȱcytoplasmȱcontentȱalsoȱbeingȱperceivedȱ
withinȱtheȱbacteriaȱcluster.ȱLL37ȱperformsȱitsȱbactericidalȱactionȱbyȱelectrostaticȱbindingȱofȱitsȱcationicȱ
moleculesȱtoȱtheȱouterȱsurfaceȱofȱtheȱbacterialȱcell.ȱThisȱpeptideȱusesȱtheȱcarpetȬlikeȱmechanism,ȱinȱ
whichȱ theȱAMPȱ coatȱ theȱmicrobialȱmembraneȱupȱ toȱ saturation,ȱafterȱwhichȱpointȱwormholesȱareȱ
formed,ȱorȱtheȱtoroidalȱmechanismȱofȱaction,ȱinȱwhichȱafterȱbindingȱtoȱtheȱphospholipidȱheadȱgroups,ȱ
theȱAMPȱalignsȱandȱinsertsȱintoȱtheȱmembraneȱandȱclusterȱintoȱunstructuredȱbundlesȱthatȱspanȱtheȱ
membraneȱ andȱ generateȱ channelsȱ fromȱ eachȱ ofȱ theȱ intracellularȱ contentȱ leaksȱ [12,14].ȱ LL37ȱ isȱ
amphiphilicȱinȱnatureȱwithȱhydrophobicȱandȱhydrophilicȱresiduesȱalignedȱonȱoppositeȱsidesȱofȱtheȱ
peptide.ȱThisȱfacilitatesȱtheirȱpenetrationȱthroughȱtheȱcellȱmembraneȱ[72],ȱwhichȱresultsȱinȱinhibitionȱ
ofȱ nucleicȱ acidȱ andȱ proteinȱ biosynthesis,ȱ followedȱ byȱ leakageȱ ofȱ theȱ cellȱ cytoplasmȱ intoȱ theȱ
extracellularȱspace,ȱcausingȱbacteriaȱdeathȱ[73].ȱAlthoughȱtheȱactionȱofȱLL37ȱagainstȱGramȬnegativeȱ
bacteriaȱisȱveryȱsimilarȱtoȱthatȱdescribedȱagainstȱGramȬpositiveȱbacteria,ȱtheȱrateȱatȱwhichȱcytoplasmicȱ
permeabilizationȱ occursȱ isȱ superior.ȱ Theȱ peptideȱ ΅Ȭhelixȱ structureȱ formsȱ strongȱ hydrophobicȱ
interactionsȱwithȱ theȱ outerȱmembraneȱ andȱ itsȱ LPSȱ andȱ OȬantigenȱ layersȱ ofȱ theȱ GramȬnegativeȱ
bacteria,ȱwhichȱquicklyȱsaturates,ȱ thusȱallowingȱ forȱaȱdeeperȱandȱ fasterȱ insertionȱ intoȱ theȱbilayerȱ



Antibioticsȱ2020,ȱ9,ȱ314ȱ 11ȱofȱ16ȱ

[57,58].ȱ Theȱ haltingȱ ofȱ growthȱ occursȱ shortlyȱ afterȱ theȱ translocationȱ ofȱ LL37ȱ acrossȱ theȱ outerȱ
membraneȱintoȱtheȱperiplasmicȱspace,ȱandȱisȱfollowedȱbyȱtheȱrapidȱinterferenceȱwithȱtheȱsynthesisȱofȱ
theȱnascentȱcurvedȱcellȱenvelopeȱ(theȱouterȱmembrane,ȱcytoplasmicȱmembrane,ȱpeptidoglycanȱlayerȱ
andȱLPSȱlayer)ȱandȱitsȱintracellularȱorganellesȱ[74].ȱTheseȱphenomenaȱmayȱexplainȱtheȱmoreȱadvancedȱ
stateȱofȱdeformation/decompositionȱ registeredȱbyȱ theȱE.ȱ coliȱ andȱP.ȱ aeruginosaȱbacteriaȱ afterȱ 24ȱhȱ
exposureȱtoȱtheȱLL37ȱ(Figureȱ3d).ȱHere,ȱaȱsubstantialȱdecreaseȱinȱsignalȱintensityȱcorrelatesȱtoȱcellsȱ
beingȱdepletedȱofȱintracellularȱorganelles,ȱinȱaȱbedȱofȱorganicȱmatterȱ(veryȱeasilyȱidentifiedȱforȱE.ȱcoli).ȱ
JustȱasȱLL37,ȱpexigananȱalsoȱexertȱitsȱantibacterialȱeffectȱbyȱformingȱtoroidalȱporesȱinȱtheȱbacterialȱ
membraneȱ[75].ȱTheȱcationicȱAMPȱwithȱdivalentȱcationȱbindingȱsitesȱdisruptsȱtheȱarrangementȱofȱtheȱ
hydrophobicȱandȱhydrophilicȱ sectionsȱofȱ theȱbilayer,ȱ inducingȱaȱ localȱ curvatureȱwhichȱaltersȱ theȱ
morphologicalȱ appearanceȱ ofȱ theȱ cellȱ (evidentȱ inȱ allȱ bacteriaȱ fromȱ Figureȱ 3e).ȱAsȱ theȱ poresȱ areȱ
transientȱuponȱdisintegration,ȱpexigananȱcanȱtranslocateȱtoȱtheȱinnerȱcytoplasmicȱleafletȱenteringȱtheȱ
cytoplasmȱandȱpotentiallyȱtargetingȱintracellularȱcomponentsȱ[17,76].ȱAsȱtheȱantimicrobialȱactionȱofȱ
AMPs,ȱincludingȱpexiganan,ȱisȱrelatedȱtoȱitsȱavailability,ȱbacteriaȱexposedȱtoȱaȱhigherȱconcentrationȱ
ofȱpexigananȱwereȱmoreȱproneȱ toȱdisintegrateȱ andȱ releaseȱ theirȱ cellularȱ contentȱduringȱ theȱ 24ȱhȱ
contact.ȱThisȱwasȱparticularlyȱclearȱonȱtheȱE.ȱcoli,ȱforȱwhichȱMICȱwasȱtheȱhighestȱ(62.5ȱΐg/mL).ȱAsȱ
observed,ȱAMPȱkillsȱbacteriaȱveryȱquickly,ȱwithinȱtheȱfirstȱ2ȱhȱofȱexposureȱ(Figureȱ2),ȱbyȱphysicallyȱ
disruptingȱ theȱ cellȱmembrane,ȱwhichȱ isȱ aȱ highlyȱ conservedȱ structure,ȱ thusȱ theȱ developmentȱ ofȱ
resistanceȱmayȱ notȱ beȱ anȱ immediateȱ concern,ȱwhichȱ potentiatesȱ furtherȱ researchȱ intoȱ itsȱ clinicalȱ
applicationȱ[77,78].ȱInȱfact,ȱallȱmutagenesisȱattemptsȱtoȱinduceȱpexigananȱresistanceȱinȱE.ȱcoliȱandȱS.ȱ
aureusȱfailedȱ[79].ȱ

Itȱ isȱgenerallyȱacceptedȱ thatȱEOsȱactȱprimarilyȱagainstȱ theȱcellȱcytoplasmicȱmembraneȱofȱ theȱ
microorganism.ȱTheirȱ inherentȱhydrophobicityȱ isȱanȱ importantȱcharacteristicȱ thatȱenablesȱ themȱ toȱ
accumulateȱwithinȱ theȱ cellȱmembrane,ȱdisturbingȱ itsȱ structureȱ andȱ functionality,ȱ andȱ causingȱ anȱ
increaseȱofȱpermeability.ȱLeakageȱofȱintracellularȱcomponentsȱandȱimpairmentȱofȱmicrobialȱfunctionsȱ
canȱ thenȱoccur,ȱultimatelyȱ causingȱcellȱdeathȱ [36,60].ȱEvenȱ thoughȱ inȱS.ȱaureusȱ theȱactionȱofȱTTOȱ
appearedȱ toȱ haveȱ onlyȱ compromisedȱ theȱ cellȱwallȱwithȱ littleȱ cellȱ contentȱ beingȱ released,ȱ inȱ S.ȱ
epidermidis,ȱitsȱeffectȱisȱveryȱpronouncedȱwithȱtheȱcompleteȱdisintegrationȱofȱtheȱcellȱmembraneȱandȱ
substantialȱ leakageȱ toȱ theȱextracellularȱ space.ȱHere,ȱcellȱ lysisȱ isȱ clear.ȱThisȱdifferenceȱ inȱbehaviorȱ
betweenȱstaphylococcusȱbacteriaȱmayȱbeȱcorrelatedȱwithȱ theȱkillȬtimeȱkineticsȱofȱ theȱEO.ȱWhileȱS.ȱ
aureusȱwithstandsȱviableȱcellsȱforȱ6ȱh,ȱtheȱotherȱtestedȱmicroorganismsȱwereȱallȱeliminatedȱwithinȱ1ȱ
h.ȱ Inȱ fact,ȱ disintegrationȱ ofȱ theȱ cellȱwall,ȱ leakageȱ ofȱ intracellularȱ componentsȱ andȱ cellȱ lysisȱ areȱ
especiallyȱnoticeableȱinȱE.ȱcoliȱandȱP.ȱaeruginosaȱ(Figureȱ3f).ȱAnotherȱexplanationȱreliesȱonȱtheȱTTOȱ
actionȱmodeȱ againstȱ S.ȱ aureus.ȱDataȱ suggestsȱ thatȱ theȱ primaryȱmechanismȱ ofȱ actionȱ againstȱ thisȱ
bacteriumȱmayȱnotȱbeȱjustȱgrossȱcellȱwallȱdamage,ȱasȱitȱhappensȱwithȱtheȱotherȱbacteria,ȱbutȱratherȱaȱ
combinationȱofȱtheȱweakeningȱofȱtheȱcellȱwallȱandȱsubsequentȱruptureȱofȱtheȱcytoplasmicȱmembraneȱ
dueȱ toȱ osmoticȱ pressureȱ withȱ theȱ impairmentȱ ofȱ microbialȱ autolyticȱ enzymeȱ systems,ȱ whichȱ
eventuallyȱ induceȱ aȱ delayedȱ deathȱ [50,51].ȱ Obviousȱ detrimentalȱ effectsȱ onȱ theȱ cellȱ membraneȱ
morphologyȱwereȱ alsoȱ shownȱwhenȱ bacteriaȱwereȱ treatedȱwithȱ CLOȱ andȱNO.ȱMicrostructuralȱ
observationsȱ demonstratedȱ theseȱ EOs’ȱ capacityȱ toȱ increaseȱ cellȱ permeability,ȱ distortingȱ theȱ cellȱ
membraneȱintegrityȱandȱgeneratingȱholesȱorȱwrinkles.ȱTheȱlatterȱwereȱparticularlyȱclearȱonȱtheȱGramȬ
negativeȱ bacteria,ȱ possiblyȱ dueȱ toȱ theirȱ outerȱ cellȱmembraneȱ andȱ thinȱ peptidoglycanȱwall.ȱ Anȱ
incompleteȱ andȱ deformedȱ shapeȱ wasȱ observedȱ inȱ someȱ S.ȱ aureusȱ andȱ S.ȱ epidermidisȱ cells.ȱ Cellȱ
shrinkageȱ andȱ blebbingȬlikeȱ architecturesȱ wereȱ alsoȱ detectedȱ amongȱ theseȱ microorganisms.ȱ
Interestingly,ȱintracellularȱleakageȱwasȱonlyȱobservedȱonȱS.ȱaureus,ȱevenȱthoughȱruptureȱandȱlysisȱofȱ
membranesȱwithȱaȱ“breakingȬinȬhalf”Ȭlikeȱdeformationȱwasȱpredominantȱ inȱS.ȱepidermidis.ȱCLOȱ isȱ
composedȱofȱ80%ȱeugenol,ȱandȱitsȱantibacterialȱactionȱcanȱbeȱattributedȱtoȱaȱdoubleȱbondȱinȱtheȱ΅,Άȱ
positionsȱofȱtheȱsideȱchainȱandȱaȱmethylȱgroupȱlocatedȱinȱtheȱ·ȱposition.ȱTypically,ȱeugenolȱexhibitsȱ
higherȱactivityȱagainstȱGramȬnegativeȱbacteriaȱthanȱGramȬpositiveȱbacteriaȱ[50].ȱDeformationȱofȱtheȱ
bacterialȱcellȱwallȱofȱGramȬnegativeȱbacteriaȱisȱevidentȱuponȱexposureȱtoȱCLO.ȱItȱappearsȱthatȱtheȱEOȱ
surroundsȱtheȱcells,ȱisolatingȱthem,ȱforȱanȱeffectiveȱpermeabilizationȱofȱtheȱmembrane.ȱIndeed,ȱsinceȱ
theseȱ bacteriaȱ areȱ relativelyȱ moreȱ resistantȱ toȱ hydrophobicȱ biomolecules,ȱ toȱ overcomeȱ theirȱ
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impermeability,ȱEOsȱrelyȱonȱtheȱorganismsȱisolationȱtoȱslowlyȱtraverseȱthroughȱtheȱouterȱwallȱporinsȱ
[50,80].ȱThisȱphenomenonȱisȱalsoȱevidentȱonȱtheȱGramȬnegativeȱbacteriaȱtreatedȱwithȱNO.ȱStill,ȱtheȱ
differencesȱinȱconcentrationȱbetweenȱCLOȱandȱNOȱnecessaryȱtoȱaccomplishȱsuchȱaȱtaskȱ(Tableȱ2)ȱmayȱ
beȱaccompaniedȱbyȱaȱdifferentȱmechanismȱofȱactionȱagainstȱtheseȱbacteria.ȱAsȱtheȱconcentrationȱofȱ
phenolicȱcompoundsȱinȱNOȱisȱsmallerȱthanȱonȱCLOȱ[47–49],ȱtheȱfirstȱmayȱrelyȱonȱtheȱinterferenceȱ
withȱ enzymesȱ involvedȱ inȱ theȱ productionȱ ofȱ energyȱ toȱ induceȱ cellȱ lysis,ȱwhileȱ theȱ secondȱmayȱ
denatureȱproteinsȱpresentȱatȱtheȱintracellularȱspace.ȱ

ȱ
Figureȱ3.ȱMicrographsȱofȱS.ȱaureusȱ(Sa),ȱS.ȱepidermidisȱ(Se),ȱE.ȱcoliȱ(Ec)ȱandȱP.ȱaeruginosaȱ(Pa)ȱbacteriaȱ
untreatedȱ (control)ȱ andȱ treatedȱ withȱ theȱ selectedȱ antibacterialȱ agents,ȱ atȱ theȱ smallestȱ testedȱ
concentrationȱjustȱbeforeȱestablishingȱtheȱMICȱvalue.ȱConcentrationsȱwereȱdefinedȱatȱ2000ȱΐg/mLȱinȱ
Sa,ȱSeȱandȱEcȱandȱ625ȱΐg/mLȱinȱPaȱforȱAgNPs;ȱ3.9ȱΐg/mLȱinȱSaȱandȱSeȱandȱ500ȱΐg/mLȱinȱEcȱandȱPaȱ
forȱvancomycin;ȱ250ȱΐg/mLȱinȱSaȱandȱSe,ȱ62.5ȱΐg/mLȱinȱEcȱandȱ125ȱΐg/mLȱinȱPaȱforȱLL37;ȱ15.7ȱΐg/mLȱ
inȱSaȱandȱPa,ȱ3.9ȱΐg/mLȱinȱSeȱandȱ31.3ȱΐg/mLȱinȱPaȱforȱpexiganan;ȱ33.6ȱΐg/mLȱinȱSa,ȱ89.5ȱΐg/mLȱinȱ
Se,ȱ16.8ȱΐg/mLȱinȱEcȱandȱ134.3ȱΐg/mLȱinȱPaȱforȱTTO;ȱ15.7ȱΐg/mLȱinȱSaȱandȱSe,ȱ9.9ȱΐg/mLȱinȱEcȱandȱ
19.7ȱΐg/mLȱinȱPaȱforȱCLO,ȱandȱ68.5ȱΐg/mLȱinȱSaȱandȱEc,ȱ91.3ȱΐg/mLȱinȱSeȱandȱ182.6ȱΐg/mLȱinȱPaȱforȱ
NO.ȱ Theseȱ concentrationsȱ allowedȱ forȱ liveȱ andȱ deadȱ cellsȱ toȱ beȱ observedȱ simultaneously,ȱwithȱ
morphologicalȱdifferencesȱbeingȱmoreȱeasilyȱidentified.4.ȱConclusionsȱ

TheȱwideȬspectrumȱantibacterialȱefficacyȱofȱAMPsȱandȱEOsȱwasȱfurtherȱthoroughlyȱanalyzedȱinȱ
thisȱwork.ȱTheȱ testedȱAMPs,ȱLL37ȱ andȱpexigananȱdisplayedȱ efficacyȱ againstȱ theȱ testedȱ bacteria.ȱ
Nevertheless,ȱ inȱ comparisonȱ toȱ LL37,ȱ pexigananȱ exhibitedȱ aȱ considerablyȱ lowerȱMICȱ (rangingȱ
betweenȱ 2Ȭȱ andȱ 64Ȭfoldȱ lower),ȱ inȱ additionȱ toȱ itsȱ impressiveȱ killȬtimeȱ againstȱ allȱ bacteriaȱ (ǂ1ȱ h),ȱ
whereasȱLL37ȱonlyȱexhibitedȱsuchȱkillingȱrateȱagainstȱGramȬnegativeȱbacteria.ȱInterestingly,ȱtheȱLL37ȱ
antimicrobialȱactionȱwasȱapparentlyȱhinderedȱbyȱtheȱagarȱtortuosity,ȱthusȱdisplayingȱaȱlimitationȱinȱ
itsȱapplication.ȱTheȱmostȱeffectiveȱEOȱwasȱCLO,ȱexhibitingȱaȱlowerȱMICȱthanȱTTOȱ(betweenȱ1.7Ȭȱandȱ
6.8Ȭfold)ȱandȱNOȱ(betweenȱ5.2Ȭȱandȱ9.3Ȭfold)ȱandȱaȱfastȱkillȬtime,ȱ1ȱhȱforȱGramȬpositiveȱbacteriaȱandȱ
E.ȱ coli,ȱandȱ6ȱhȱ forȱP.ȱaeruginosa.ȱTheȱmainȱ targetȱofȱmostȱofȱ theȱ testedȱagentsȱwasȱcellȱenvelope,ȱ
highlightingȱ bothȱ theirȱwideȬspectrumȱ potentialȱ andȱ thatȱ theyȱ areȱ notȱ proneȱ toȱ rapidlyȱ induceȱ
bacterialȱresistance.ȱTheseȱpropertiesȱmakeȱthemȱhighlyȱvaluableȱbiomoleculesȱforȱtheȱurgentȱ“biocideȱ
transition”ȱtoȱreduceȱtheȱneedȱandȱuseȱofȱnonȬeffectiveȱconventionalȱantibiotics.ȱThisȱisȱaȱfirstȱstepȱinȱ
aȱlargerȱinvestigationȱinȱwhichȱtheȱcompetitiveȱandȱsynergisticȱbehaviorȱofȱtheseȱbiomoleculesȱandȱ
theirȱaffinityȱ towardsȱbiodegradableȱ fibrousȱconstructsȱwillȱbeȱ theȱenvisagedȱgoals.ȱResearchȱwillȱ
soonȱbeȱpublishedȱonȱtheseȱsubjects.ȱ
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