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Abstract:ȱOralȱdiseaseȱgreatlyȱaffectsȱqualityȱofȱ life,ȱasȱtheȱmouthȱisȱrequiredȱforȱaȱwideȱrangeȱofȱ
activitiesȱ includingȱ speech,ȱ foodȱ andȱ liquidȱ consumption.ȱ Treatmentȱ ofȱ oralȱ diseaseȱ isȱ greatlyȱ
limitedȱbyȱtheȱdoseȱformsȱthatȱareȱcurrentlyȱavailable,ȱwhichȱsufferȱfromȱshortȱcontactȱtimes,ȱpoorȱ
siteȱspecificity,ȱandȱsensitivityȱ toȱmechanicalȱstimulation.ȱMucoadhesiveȱdevicesȱpreparedȱusingȱ
electrospinningȱ offerȱ theȱ potentialȱ toȱ addressȱ theseȱ challengesȱ byȱ allowingȱ unidirectionalȱ siteȬ
specificȱdrugȱdeliveryȱ throughȱ intimateȱcontactȱwithȱ theȱmucosaȱandȱwithȱhighȱsurfaceȱareasȱ toȱ
facilitateȱdrugȱrelease.ȱThisȱreviewȱwillȱdiscussȱtheȱrangeȱofȱelectrospunȱmucoadhesiveȱdevicesȱthatȱ
haveȱrecentlyȱbeenȱreportedȱtoȱaddressȱoralȱinflammatoryȱdiseases,ȱpainȱrelief,ȱandȱ infections,ȱasȱ
wellȱasȱnewȱtreatmentsȱthatȱareȱlikelyȱtoȱbeȱenabledȱbyȱthisȱtechnologyȱinȱtheȱfuture.ȱ

Keywords:ȱ bioadhesion;ȱ mucosa;ȱ localȱ therapy;ȱ electrospinning;ȱ oralȱ cavity;ȱ drugȱ delivery;ȱ
inflammation;ȱinfections;ȱpainȱreliefȱ

ȱ

1.ȱIntroductionȱ

Theȱ oralȱ cavityȱ playsȱ aȱ vitalȱ roleȱ inȱ dayȬtoȬdayȱ life,ȱ includingȱ speech,ȱmastication,ȱ eating,ȱ
drinkingȱasȱwellȱasȱotherȱ sensoryȱ functions.ȱTheseȱ functionsȱareȱallȱunderpinnedȱbyȱhealthyȱoralȱ
tissues�theȱimpairmentȱofȱwhichȱdueȱtoȱdiseaseȱcanȱvastlyȱreduceȱqualityȱofȱlifeȱ[1,2].ȱTreatmentȱofȱ
oralȱdiseasesȱcanȱbeȱdifficult,ȱwhereȱfrequentȱhighȱtopicalȱdosesȱappliedȱacrossȱtheȱwholeȱofȱtheȱoralȱ
cavity,ȱorȱdrugsȱdeliveredȱsystemically,ȱareȱtheȱmainȱtreatmentȱoptionsȱforȱoften,ȱsmallȱaffectedȱareasȱ
ofȱtheȱoralȱmucosa.ȱSomeȱlocalisedȱtopicalȱtreatmentȱmethodsȱusingȱgelsȱorȱcreamsȱareȱcurrentlyȱonȱ
theȱmarket;ȱhowever,ȱmanyȱofȱ theseȱonlyȱhaveȱaȱ transientȱ therapeuticȱeffectȱdueȱ toȱ limitedȱdrugȱ
retentionȱonȱtheȱaffectedȱmucosa.ȱ

Theȱ fieldȱ ofȱ oralȱmedicineȱ facesȱ severalȱ challengesȱ inȱ findingȱ anȱ appropriateȱdrugȱdeliveryȱ
systemȱthatȱoffersȱsustainedȱdrugȱreleaseȱtoȱdirectlyȱtargetȱtheȱdiseaseȱsiteȱorȱlesion,ȱnotȱleastȱbecauseȱ
theȱmoistȱenvironmentȱinȱtheȱmouthȱandȱflexibilityȱofȱtheȱmucosalȱtissueȱsurfacesȱmakesȱadhesionȱ
difficult.ȱThisȱrepresentsȱaȱmajorȱunmetȱclinicalȱneedȱasȱthereȱareȱcurrentlyȱnoȱeffectiveȱcommerciallyȱ
availableȱ drugȱ deliveryȱ systemsȱ thatȱ fullyȱ addressȱ theseȱ problems.ȱ Electrospinningȱ thinȱ fibrousȱ
patchesȱ forȱ localȱ oralȱ drugȱ deliveryȱ mayȱ beȱ idealȱ toȱ overcomeȱ theseȱ challenges,ȱ whereȱ theȱ
manufacturedȱ fibresȱhaveȱaȱhighȱsurfaceȱareaȱtoȱsimultaneouslyȱallowȱ increasedȱdrugȱreleaseȱandȱ
mucoadhesiveȱinteractionȱwithȱtheȱtissue.ȱInȱrecentȱdecades,ȱnumerousȱscientificȱstudiesȱhaveȱshownȱ
thatȱ electrospunȱ systemsȱ canȱ actȱ asȱ drugȱ deliveryȱ vehiclesȱ [3,4].ȱ Moreȱ recently,ȱ electrospunȱ
oromucosalȱdrugȱdeliveryȱ systemsȱareȱbeingȱdevelopedȱ forȱ localȱ treatmentȱofȱoralȱdiseases.ȱThisȱ
reviewȱintroducesȱtheȱrequirements,ȱmanufacture,ȱandȱcharacterisationȱofȱelectrospunȱmucoadhesiveȱ
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systemsȱsuitableȱforȱapplicationȱtoȱtheȱoralȱmucosaȱandȱdiscussesȱmaterialsȱcurrentlyȱinȱdevelopmentȱ
forȱuseȱinȱoralȱmedicine.ȱResearchȱsoȱfarȱhasȱalmostȱexclusivelyȱbeenȱaimedȱatȱprovidingȱpainȱreliefȱ
orȱ treatingȱ infectionsȱ andȱ inflammatoryȱ diseases.ȱ Thisȱ reviewȱ alsoȱ discussesȱ howȱ electrospunȱ
mucoadhesivesȱ couldȱ beȱ furtherȱdevelopedȱ forȱ theseȱ applicationsȱ andȱ identifiesȱpotentialȱ futureȱ
treatmentsȱthatȱcouldȱbeȱenabledȱbyȱthisȱtechnology.ȱ

2.ȱOralȱMucosaȱ

2.1.ȱStructureȱ

Theȱoralȱmucosaȱ isȱ theȱmucousȱmembraneȱ liningȱ theȱoralȱ cavityȱ andȱ consistsȱofȱ aȱ stratifiedȱ
squamousȱ epithelium,ȱ basementȱmembrane,ȱ laminaȱ propriaȱ andȱ submucosaȱ (Figureȱ 1)ȱ [5].ȱ Theȱ
epitheliumȱtypicallyȱconsistsȱofȱfiveȱlayersȱ(stratumȱbasale,ȱstratumȱspinosum,ȱstratumȱgranulosumȱ
andȱ stratumȱ corneum)ȱdependingȱ onȱ levelȱ ofȱ keratinisation.ȱTheȱ epitheliumȱ isȱmadeȱ upȱ ofȱ oralȱ
keratinocytesȱthatȱoriginateȱinȱtheȱstratumȱbasaleȱ(basalȱlayer),ȱwhereȱtheyȱdivideȱbyȱunevenȱmitosis.ȱ
Inȱ thisȱ process,ȱ oneȱ daughterȱ cellȱ remainsȱ inȱ theȱ basalȱ layerȱ andȱ isȱ attachedȱ toȱ theȱ basementȱ
membrane,ȱwhereȱitȱcanȱundergoȱfurtherȱroundsȱofȱcellȱdivision.ȱTheȱotherȱdaughterȱcellȱmigratesȱ
apicallyȱintoȱtheȱstratumȱspinosum;ȱmoreȱcommonlyȱtermedȱtheȱspinousȱlayer.ȱOnceȱinȱtheȱspinousȱ
layer,ȱtheȱkeratinocytesȱloseȱtheȱabilityȱtoȱdivideȱandȱbeginȱaȱprogrammeȱofȱterminalȱdifferentiationȱ
asȱ theyȱprogressȱ intoȱ theȱstratumȱgranulosum.ȱHere,ȱ theȱkeratinocytesȱcontainȱmembraneȱcoatingȱ
granulesȱ thatȱ extrudeȱ lipidsȱ andȱ these,ȱ alongȱwithȱ theȱ lowȱ intracellularȱ volume,ȱ actȱ asȱ aȱhighlyȱ
efficientȱpermeabilityȱbarrierȱagainstȱhydrophilicȱmaterialsȱ [6].ȱTheȱkeratinocytesȱ finallyȱenterȱ theȱ
stratumȱcorneum,ȱwhereȱtheyȱcanȱeitherȱshedȱtheirȱnucleiȱandȱincreaseȱkeratinȱproductionȱtoȱbecomeȱ
keratinisedȱorȱretainȱtheirȱnucleiȱandȱbecomeȱnonȬkeratinised,ȱbeforeȱeventuallyȱbeingȱlostȱtoȱtheȱoralȱ
cavityȱbyȱdesquamation.ȱTheȱhardȱpalate,ȱdorsumȱofȱ theȱ tongueȱ andȱ theȱgingivaȱ areȱ coveredȱ inȱ
masticatory,ȱkeratinisedȱstratifiedȱsquamousȱepitheliumȱwhilstȱtheȱinnerȱlipsȱ(labialȱmucosa),ȱcheekȱ
(buccal)ȱmucosa,ȱsoftȱpalateȱandȱfloorȱofȱtheȱmouthȱareȱcoveredȱinȱliningȱmucosaȱthatȱconsistsȱorȱaȱ
nonȬkeratinisedȱstratifiedȱsquamousȱepithelium.ȱAlthoughȱoralȱkeratinocytesȱmakeȱupȱ95%ȱofȱ theȱ
totalȱcellȱnumberȱinȱtheȱoralȱepithelium,ȱotherȱimportantȱcellsȱareȱpresentȱincludingȱdendriticȱcellsȱ
thatȱ performȱ importantȱ immunosurveillanceȱ rolesȱ andȱ sensoryȱMerkelȱ cells.ȱ Theȱ surfaceȱ ofȱ theȱ
epitheliumȱ isȱ bathedȱ inȱmucinsȱ (highlyȱ glycosylatedȱ proteins)ȱ andȱ inorganicȱ saltsȱ areȱ primarilyȱ
secretedȱbyȱsublingualȱsalivaryȱglands.ȱTheseȱcauseȱtheȱgelationȱofȱtheȱouterȱlayerȱintoȱaȱprotectiveȱ
andȱ lubricatingȱ layerȱofȱmucousȱwithȱaȱ thicknessȱofȱ40�300ȱΐm,ȱ followedȱbyȱanȱadditionalȱ70ȱΐmȱ
coatingȱofȱsalivaȱ[5].ȱ ȱ

Basolateralȱtoȱtheȱoralȱepitheliumȱisȱtheȱlaminaȱpropria,ȱaȱfibrousȱconnectiveȱtissueȱlayerȱwhereȱ
oralȱfibroblastsȱproduceȱelastinȱandȱtypeȱIȱandȱIIIȱcollagenȱfibresȱtoȱformȱtheȱextracellularȱmatrix.ȱTheȱ
laminaȱpropriaȱalsoȱcontainsȱbloodȱvessels,ȱglandsȱandȱnerves.ȱTheȱsubmucosaȱbeneathȱtheȱlaminaȱ
propria,ȱwhichȱmayȱorȱmayȱnotȱbeȱpresentȱdependingȱonȱtheȱregionȱofȱtheȱoralȱcavity,ȱconsistsȱofȱ
looseȱconnectiveȱtissueȱthatȱconnectsȱtheȱoralȱmucosaȱtoȱtheȱunderlyingȱmuscles.ȱHealthyȱoralȱliningȱ
mucosa,ȱsuchȱasȱthatȱofȱtheȱbuccalȱmucosa,ȱconsistsȱofȱapproximatelyȱ40ȱtoȱ50ȱcellȱlayersȱ[7],ȱwithȱanȱ
averageȱthicknessȱofȱ294ȱ±ȱ68ȱΐmȱ[8].ȱHowever,ȱepithelialȱthicknessȱvariesȱatȱdifferentȱmucosalȱsites,ȱ
withȱtheȱfloorȱofȱtheȱmouthȱhavingȱtheȱthinnestȱmucosa.ȱ ȱ

Diseasedȱoralȱtissueȱusuallyȱoriginatesȱinȱtheȱepithelium.ȱForȱexample,ȱmalignancyȱoccursȱdueȱ
toȱgeneticȱdefectsȱinȱtheȱbasalȱkeratinocytesȱleadingȱtoȱuncontrolledȱcellȱdivision.ȱAutoȬinflammatoryȱ
diseasesȱsuchȱasȱoralȱlichenȱplanusȱoccurȱasȱaȱresultȱofȱimmuneȱcellȬmediatedȱdamageȱofȱtheȱstratumȱ
basale,ȱwhilstȱ fungiȱ suchȱ asȱ Candidaȱ albicansȱ canȱ infectȱ theȱ upperȱ epithelialȱ layersȱ causingȱ oralȱ
candidiasisȱorȱdentureȱstomatitis.ȱTherefore,ȱtheȱepitheliumȱisȱtheȱmainȱdrugȱdeliveryȱtargetȱforȱtheȱ
treatmentȱofȱmostȱoromucosalȱdiseasesȱ[9].ȱ
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ȱ
Figureȱ1.ȱHistologicalȱ(left)ȱandȱschematicȱ(right)ȱimageȱofȱtheȱbuccalȱoralȱmucosaȱ(histologicalȱimageȱ
courtesyȱofȱProf.ȱKeithȱHunter,ȱUnitȱofȱOralȱPathology,ȱUniversityȱofȱSheffield).ȱScaleȱbarȱ=ȱ100ȱΐm.ȱ

2.2.ȱPermeationȱ

Theȱ permeabilityȱ ofȱ theȱ oralȱ epitheliumȱ isȱ dependentȱ onȱ itsȱ thickness,ȱ lipidȱ contentȱ inȱ theȱ
granularȱlayerȱandȱdegreeȱofȱkeratinisation.ȱInȱgeneral,ȱtheȱhigherȱlipidȱcontentȱinȱkeratinisedȱregionsȱ
lowersȱtheȱpermeabilityȱ[7].ȱOralȱmucosalȱpermeabilityȱisȱlowerȱthanȱinȱtheȱintestineȱdueȱtoȱincreasedȱ
thicknessȱandȱreducedȱsurfaceȱareaȱofȱtheȱepithelium.ȱThereȱareȱmultipleȱroutesȱforȱaȱdrugȱtoȱpassȱ
throughȱtheȱoralȱmucosaȱandȱtheȱpredominantȱrouteȱdependsȱonȱtheȱphysicochemicalȱpropertiesȱofȱ
theȱ drugȱ [10].ȱ SmallȬmoleculeȱ lipophilicȱ drugsȱ suchȱ asȱ fentanylȱ [11]ȱ oftenȱ partitionȱ intoȱ cellȱ
membranes,ȱandȱsoȱdiffuseȱpredominantlyȱthroughȱtheȱepithelialȱcellsȱ(transcellularȱroute)ȱandȱoftenȱ
crossȱtheȱoralȱmucosaȱefficientlyȱwithoutȱanyȱpermeationȱenhancers.ȱInȱtheȱcaseȱofȱionisableȱsmallȬ
moleculeȱdrugs,ȱsuchȱasȱlamotrigine,ȱtheȱpHȱofȱtheȱdeliveryȱsystemȱmayȱbeȱadjustedȱtoȱfavourȱtheȱ
nonȬionisedȱformȱtoȱpromoteȱtranscellularȱdiffusionȱ[12].ȱLargerȱandȱmoreȱhydrophilicȱcompounds,ȱ
includingȱ peptides,ȱ tendȱ toȱ favourȱ transportȱ aroundȱ keratinocytesȱ (paracellularȱ route)ȱ andȱ areȱ
usuallyȱlessȱwellȱabsorbedȱ[10].ȱForȱcertainȱdrugs,ȱtranscellularȱtransportȱacrossȱtheȱoralȱmucosaȱmayȱ
occurȱviaȱcarrierȬmediatedȱtransport.ȱForȱexample,ȱthereȱisȱevidenceȱthatȱmonocarboxylateȱ[13]ȱandȱ
glucoseȱ [14]ȱ transportersȱareȱ expressedȱonȱ theȱkeratinocyteȱ cellȱ surface;ȱ therefore,ȱdrugsȱ thatȱareȱ
substratesȱforȱtheseȱtransportersȱmayȱhaveȱincreasedȱepithelialȱuptake.ȱ

2.3.ȱCurrentȱOromucosalȱDrugȱDeliveryȱSystemsȱ

Aȱvarietyȱofȱcommerciallyȱavailableȱformulationȱtypesȱtargetȱtheȱoralȱcavityȱandȱtheseȱhaveȱbeenȱ
reviewedȱinȱdetailȱbyȱHearndenȱetȱal.ȱ[15].ȱMouthwashesȱareȱcommonlyȱusedȱforȱtheȱlocalȱdeliveryȱofȱ
antimicrobialsȱ[16].ȱMucoadhesiveȱgels,ȱpastes,ȱandȱhydrogelȬformingȱfilmsȱareȱalsoȱmostlyȱusedȱforȱ
localȱtopicalȱdeliveryȱorȱtoȱformȱprotectiveȱlayersȱoverȱwounds,ȱforȱexampleȱtoȱtreatȱulcersȱandȱsoresȱ
[17].ȱGelsȱhaveȱalsoȱbeenȱtrialledȱforȱtheȱsystemicȱdeliveryȱofȱanalgesicsȱ[18]ȱandȱantiȬhypertensivesȱ
[19].ȱBuccalȱtabletsȱandȱ lozengesȱareȱusedȱforȱbothȱtopicalȱandȱsystemicȱdeliveryȱandȱmayȱincludeȱ
mucoadhesives.ȱHere,ȱdrugsȱareȱreleasedȱasȱtheȱtabletȱdissolves,ȱofferingȱexposureȱtimesȱofȱupȱtoȱ30ȱ
minȱ [20].ȱ Buccalȱ tabletsȱ haveȱ beenȱ usedȱ forȱ severalȱ drugsȱ includingȱ opioidȱ painkillersȱ [20],ȱ
nitroglycerin,ȱ andȱ steroidȱ hormonesȱ forȱ hormoneȱ replacementȱ therapyȱ [15].ȱ Theseȱ requireȱ theȱ
hormoneȱ toȱpermeateȱ throughȱ theȱ oralȱmucosa.ȱBuccalȱ tabletsȱhaveȱ alsoȱbeenȱusedȱ forȱ theȱ localȱ
deliveryȱofȱantifungalsȱtoȱtreatȱoralȱcandidiasisȱ[21].ȱ

TheseȱexistingȱdoseȱformsȱofferȱrelativelyȱshortȱexposureȱtimesȱandȱtendȱtoȱdeliverȱtheȱdrugȱnonȬ
specificallyȱacrossȱtheȱwholeȱoralȱcavity.ȱMucoadhesiveȱgelsȱandȱtabletsȱofferȱimprovedȱretentionȱoverȱ
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rinsesȱbutȱareȱproneȱtoȱbecomingȱdislodgedȱbyȱmechanicalȱstimulationȱandȱareȱlikelyȱtoȱinterfereȱwithȱ
speech.ȱDrugȱdosesȱtendȱtoȱbeȱinconsistentȱdueȱtoȱvariationsȱinȱsalivaȱflowȱandȱswallowingȱ[20].ȱTheȱ
oralȱmucosaȱisȱaȱhighlyȱchallengingȱsiteȱforȱtheȱdevelopmentȱofȱaȱmucoadhesiveȱdoseȱformȱdueȱtoȱ
constantȱsalivaȱflowȱandȱmechanicalȱforces.ȱThereȱ isȱaȱclearȱneedȱ forȱnewȱformulationsȱ thatȱallowȱ
specificȱ deliveryȱ ofȱ aȱwellȬdefinedȱ drugȱ doseȱ toȱ theȱ oralȱmucosa.ȱ Electrospunȱmaterialsȱ areȱ anȱ
interestingȱ emergingȱ technologyȱ forȱ thisȱ application,ȱ dueȱ toȱ theirȱ flexibilityȱ andȱ thinnessȱ inȱ
comparisonȱ toȱ tablets,ȱwhichȱ isȱexpectedȱ toȱ resultȱ inȱ improvedȱcomfortȱandȱ retention.ȱTheirȱhighȱ
surfaceȱareaȱandȱporosityȱallowsȱforȱrapidȱswellingȱenablingȱcontrolledȱdrugȱreleaseȱandȱanȱincreasedȱ
numberȱofȱmucoadhesiveȱinteractionsȱwithȱtheȱmucosa.ȱ

3.ȱElectrospunȱMucoadhesiveȱMaterialsȱ

3.1.ȱElectrospinningȱ

Electrospinningȱusesȱaȱhighȱvoltageȱ(5�30ȱkV)ȱtoȱproduceȱpolymerȱfibres,ȱwithȱdiametersȱrangingȱ
fromȱtwoȱnanometresȱupȱtoȱseveralȱmicrometresȱfromȱaȱpolymerȱsolutionȱorȱmeltȱ[22].ȱSoȱfar,ȱatȱleastȱ
12ȱelectrospunȱmedicalȱdevicesȱareȱinȱlateȱstagesȱofȱregulatoryȱorȱmarketȱapproval,ȱwithȱtheȱmajorityȱ
beingȱ usedȱ asȱ surgicalȱ graftsȱ orȱ forȱ tissueȱ regenerationȱ [23�34].ȱ Theȱ techniqueȱ isȱ particularlyȱ
promisingȱ forȱdrugȱdeliveryȱ becauseȱ ofȱ itsȱ versatilityȱ andȱ theȱ highȱ surfaceȱ areaȱ ofȱ theȱ resultingȱ
nanofibreȱmesh,ȱwhichȱallowsȱanȱactiveȱcompoundȱtoȱbeȱincorporatedȱandȱreleasedȱatȱaȱcontrolledȱ
rateȱbyȱeitherȱdiffusionȱorȱdegradationȱofȱtheȱnanofibresȱ[3].ȱAȱtypicalȱelectrospinningȱsetȬupȱconsistsȱ
ofȱaȱspinneretȱneedleȱloadedȱwithȱpolymerȱsolution,ȱaȱhighȱvoltageȱpowerȱsupply,ȱandȱaȱgroundedȱ
collectorȱplateȱ (Figureȱ 2).ȱTheȱpowerȱ supplyȱ injectsȱ chargeȱ intoȱ theȱ solutionȱ causingȱ aȱ streamȱ toȱ
accelerateȱawayȱfromȱtheȱtipȱdueȱtoȱtheȱelectricalȱrepulsionȱexceedingȱsurfaceȱtension.ȱTheȱpointȱofȱ
eruptionȱisȱcalledȱtheȱTaylorȱcone.ȱAȱsyringeȱpumpȱdrivesȱtheȱsyringeȱatȱaȱcontrolledȱflowȱrateȱtoȱkeepȱ
theȱ spinneretȱ tipȱ filled.ȱ Polymerȱ entanglementsȱ increaseȱ viscosityȱ leadingȱ toȱ theȱ formationȱ ofȱ aȱ
continuousȱ fibreȱ ratherȱ thanȱ droplets.ȱ Theȱ polymerȱ streamȱ drawnȱ awayȱ fromȱ theȱ needleȱ tipȱ
undergoesȱwhippingȱmotionsȱcausedȱbyȱelectrostaticȱrepulsionsȱwithinȱtheȱstreamȱ[35].ȱTheȱsolventȱ
evaporatesȱ rapidlyȱduringȱ theȱ flight,ȱ leavingȱ aȱmatȱofȱpolymerȱnanofibresȱ onȱ theȱ collectorȱplateȱ
(Figureȱ3).ȱ

Severalȱdifferentȱtypesȱofȱcollectorȱcanȱbeȱused,ȱmostȱcommonlyȱaȱstaticȱplateȱorȱaȱrotatingȱdrum.ȱ
Rotatingȱdrumsȱallowȱaȱmoreȱuniformȱmembraneȱthicknessȱorȱtheȱcollectionȱofȱalignedȱfibres,ȱwhichȱ
areȱtypicallyȱlessȱporousȱandȱhaveȱdifferentȱreleaseȱandȱmechanicalȱpropertiesȱ[22,36].ȱTemplatesȱmayȱ
alsoȱbeȱusedȱtoȱproduceȱmembranesȱwithȱaȱthreeȬdimensionalȱpatternedȱsurfaceȱ[37].ȱSolutionȱandȱ
processingȱparametersȱ affectȱ fibreȱmorphology,ȱ includingȱdiameterȱ andȱ theȱ incidenceȱofȱdefects.ȱ
Theseȱeffectsȱareȱreviewedȱinȱdetailȱelsewhereȱ[22].ȱInȱgeneral,ȱhigherȱsolutionȱconductivityȱandȱlowerȱ
solutionȱviscosityȱareȱassociatedȱwithȱnarrowerȱfibresȱwhileȱviscosityȱmustȱbeȱsuitableȱtoȱcounteractȱ
solutionȱsurfaceȱtensionȱeffectsȱandȱallowȱaȱcontinuousȱstreamȱtoȱflow.ȱ

Modificationsȱtoȱtheȱelectrospinningȱtechniqueȱincludeȱtheȱproductionȱofȱfibresȱwithȱmultipleȱ
polymerȱdomainsȱusingȱcoaxial,ȱemulsion,ȱorȱsideȬbyȬsideȱelectrospinningȱ(Tableȱ1)ȱ[38�40].ȱForȱdrugȱ
delivery,ȱtheseȱcanȱbeȱusedȱtoȱimproveȱtheȱprocessabilityȱofȱaȱdrugȬcontainingȱphaseȱusingȱaȱsecondȱ
polymerȱphaseȱorȱtoȱinfluenceȱreleaseȱrateȱorȱadhesionȱstrengthȱbyȱencapsulatingȱtheȱdrugȱwithinȱaȱ
sheath.ȱRecently,ȱ thereȱhasȱbeenȱ interestȱ inȱhighȬthroughputȱnanofibreȱproductionȱ toȱallowȱmoreȱ
economicalȱmassȱproduction.ȱNeedlelessȱelectrospinningȱinvolvesȱinjectingȱchargeȱintoȱaȱtroughȱorȱ
surfaceȱ containingȱpolymerȱ solution,ȱ causingȱmanyȱpolymerȱ jetsȱ toȱ beȱproducedȱ simultaneouslyȱ
[41,42].ȱCentrifugalȱelectrospinningȱinvolvesȱaȱheatedȱrotatingȱcylinderȱasȱtheȱspinneret,ȱwhichȱejectsȱ
moltenȱpolymerȱthroughȱnarrowȱoutletsȱunderȱaȱcombinationȱofȱelectrostaticȱandȱcentrifugalȱforce.ȱ
ThisȱpotentiallyȱenablesȱhighȬthroughputȱsolventȬfreeȱproductionȱbutȱisȱchallengingȱtoȱoptimiseȱ[43].ȱ
Currently,ȱarraysȱofȱuniaxialȱneedlesȱareȱoftenȱusedȱtoȱincreaseȱscaleȱinȱindustrialȱsettings.ȱ
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ȱ
Figureȱ2.ȱ(A)ȱSchematicȱdiagramȱofȱtypicalȱelectrospinningȱapparatus.ȱAȱhighȱvoltageȱpowerȱsupplyȱ
injectsȱchargeȱintoȱtheȱmetallicȱsyringeȱtip,ȱcausingȱaȱpolymerȱjetȱtoȱbeȱejectedȱtowardsȱtheȱgroundedȱ
collectorȱplate.ȱTheȱjetȱdriesȱduringȱflight,ȱdepositingȱaȱnanofibreȱmesh.ȱ(B)ȱStaticȱcollectorsȱresultȱinȱ
aȱrandomȱmeshȱofȱfibres;ȱmovingȱcollectorsȱcanȱbeȱusedȱtoȱproduceȱalignedȱfibres;ȱpatternedȱcollectorsȱ
resultȱ inȱ texturedȱmembranes.ȱ (C)ȱMultipleȱneedlesȱ inȱcombinationȱwithȱaȱmovingȱcollectorȱallowȱ
increasedȱoutputȱorȱtheȱproductionȱofȱmixedȱfibreȱtypes;ȱcoaxialȱneedlesȱallowȱtheȱproductionȱofȱcoreȬ
sheathȱfibresȱwithȱmultipleȱpolymerȱdomains;ȱneedlelessȱspinneretsȱallowȱmanyȱpolymerȱ jetsȱtoȱbeȱ
producedȱsimultaneousȱtoȱgiveȱincreasedȱoutput.ȱ

ȱ

Figureȱ3.ȱ(A)ȱScanningȱelectronȱmicroscopyȱimageȱofȱfibresȱelectrospunȱfromȱaȱsolutionȱofȱEudragit®ȱ
RS100ȱandȱpoly(vinylpyrrolidone)ȱinȱethanol/waterȱusingȱaȱstaticȱcollector.ȱScaleȱbarȱ=ȱ100ȱΐm.ȱ(B)ȱ
Alignedȱpolyhydroxyalkanoateȱblendȱfibresȱelectrospunȱfromȱchloroformȱusingȱaȱrotatingȱcylinderȱ
collector.ȱScaleȱbarȱ=ȱ100ȱΐm.ȱReproducedȱfromȱJ.ȱTissueȱEng.ȱRegen.ȱMed.ȱ2019,ȱ13,ȱ1581�1594.ȱ(C)ȱPolyȱ
(3ȬhydroxybutyrateȬcoȬ3Ȭhydroxyvalerate)ȱ fibrousȱ membranesȱ withȱ rectangularȱ micropatternsȱ
electrospunȱfromȱdichloromethane/methanolȱusingȱaȱmicropatternedȱstaticȱcollector.ȱImageȱcourtesyȱ
ofȱDrȱÍlidaȱOrtegaȱAsencio,ȱUniversityȱofȱSheffield.ȱScaleȱbarȱ=ȱ1ȱmm.ȱ

 ȱ
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Tableȱ1.ȱVariationsȱandȱmodificationsȱtoȱtheȱelectrospinningȱtechnique.ȱ

Modificationȱ Typeȱ Applicationȱ Referenceȱ
Focusingȱringȱ Attachmentȱ Improvedȱperformanceȱ [44]ȱ

Rotatingȱmandrelȱ
collectorȱ

Collectorȱ
Alignedȱfibres,ȱmoreȱuniformȱ

membraneȱthicknessȱ
[45]ȱ

Beltȱcollectorȱ Collectorȱ Increasedȱoutputȱ [46]ȱ
Patternedȱcollectorȱ Collectorȱ Patternedȱmembranesȱ [37]ȱ

Coaxialȱ Spinneretȱ Multipleȱdomainȱfibresȱ [47]ȱ
SideȬbyȬsideȱ Spinneretȱ Multipleȱdomainȱfibresȱ [48]ȱ
Simultaneousȱ
electrospinningȱ

Spinneretȱ
andȱcollectorȱ MixedȬfibreȱmembranesȱ [49]ȱ

MultiȬneedleȱ Spinneretȱ Increasedȱoutputȱ [49]ȱ
Needlelessȱ Spinneretȱ Increasedȱoutputȱ [42]ȱ
Centrifugalȱ Spinneretȱ Increasedȱoutputȱ [43]ȱ
Emulsionȱ Feedstockȱ Multipleȱdomainȱfibresȱ [39]ȱ
Sequentialȱ

electrospinningȱ Feedstockȱ MultipleȬlayeredȱmembranesȱ [49]ȱ

Meltȱ Feedstockȱ SolventȬfreeȱmanufactureȱ [50]ȱ
InȱSituȱmixingȱ Feedstockȱ Porousȱfibresȱ [51]ȱ

3.2.ȱBiocompatibleȱPolymersȱ

ItȱisȱimportantȱthatȱtheȱdeviceȱandȱitsȱcomponentsȱbeȱnonȬirritantȱandȱnonȬtoxicȱbothȱinȱtheȱoralȱ
cavityȱandȱinȱtheȱgastrointestinalȱtract,ȱinȱcaseȱitȱisȱaccidentallyȱswallowed.ȱBothȱnaturalȱandȱsyntheticȱ
polymersȱcanȱbeȱelectrospunȱintoȱbiocompatibleȱdrugȱdeliveryȱmembranes.ȱTheȱmostȱcommonlyȱusedȱ
syntheticȱpolymersȱareȱbiodegradableȱpolyestersȱsuchȱasȱpoly(lacticȱacid)ȱ(PLA),ȱpoly(glycolicȱacid)ȱ
(PGA),ȱpoly(lacticȬcoȬglycolicȱacid)ȱ(PLGA),ȱandȱpolycaprolactoneȱ(PCL)ȱ[52].ȱTheseȱpolymers,ȱwhichȱ
haveȱ beenȱ extensivelyȱ studiedȱ forȱ useȱ inȱ orthopaedicȱ devicesȱ whereȱ biodegradabilityȱ isȱ oftenȱ
desirableȱ [53],ȱ areȱ typicallyȱ solubleȱ inȱ organicȱ andȱ halogenatedȱ solventsȱ suchȱ asȱ chloroform,ȱ
dichloromethaneȱ(DCM),ȱdimethylformamideȱ(DMF),ȱandȱtetrahydrofuranȱ[54]ȱandȱhaveȱhighȱtensileȱ
strengths.ȱBiodegradableȱpolyestersȱareȱalsoȱsuitableȱforȱoromucosalȱdevices,ȱasȱtheyȱareȱoftenȱnonȬ
inflammatoryȱoverȱtheȱrelevantȱtimescales,ȱeasilyȱprocessed,ȱeasilyȱsterilised,ȱandȱhaveȱgoodȱshelfȱ
lives.ȱTheseȱpolymersȱareȱnotȱtypicallyȱadhesiveȱbutȱcanȱbeȱblendedȱwithȱaȱmucoadhesiveȱorȱusedȱasȱ
partȱ ofȱ aȱ compositeȱ systemȱ toȱ improveȱ residenceȱ time.ȱ Poly(ethyleneȱ glycol)ȱ (PEG),ȱ poly(vinylȱ
alcohol)ȱ(PVA)ȱandȱpoly(vinylpyrrolidone)ȱ(PVP)ȱareȱcommonlyȱusedȱwaterȬsolubleȱpolymers.ȱTheseȱ
haveȱ beenȱ includedȱ inȱ aȱwideȱ varietyȱ ofȱ pharmaceuticalȱ productsȱ andȱ areȱ generallyȱ consideredȱ
biologicallyȱinertȱ[55,56],ȱwhichȱmakesȱthemȱaȱgoodȱoptionȱforȱrapidlyȱdissolvingȱmembranesȱorȱforȱ
increasingȱ hydrophilicityȱ inȱ combinationȱ withȱ anȱ insolubleȱ polymer.ȱ Theȱ highȱ surfaceȱ areaȱ ofȱ
electrospunȱsystemsȱinȱcomparisonȱtoȱtraditionalȱdosageȱformsȱmeansȱthatȱacceptableȱdosesȱcanȱoftenȱ
beȱdeliveredȱwithoutȱdisintegrantsȱorȱsolubilityȱenhancers.ȱHowever,ȱreleaseȱfromȱhydrophobicȱfibresȱ
isȱoftenȱbimodal,ȱwithȱanȱinitialȱburstȱreleaseȱcausedȱbyȱtheȱdissolutionȱofȱdrugȱatȱtheȱfibreȱsurface,ȱ
followedȱbyȱslowȱreleaseȱoverȱtheȱcourseȱofȱdaysȱorȱweeksȱlimitedȱbyȱdiffusionȱofȱdrugsȱwithinȱtheȱ
polymerȱ[52].ȱThisȱmayȱnotȱbeȱaȱproblemȱforȱinexpensiveȱlowȱtoxicityȱdrugs,ȱwhereȱthisȱpartialȱreleaseȱ
isȱsufficientȱtoȱprovideȱaȱtherapeuticȱdose.ȱSlowȱreleaseȱisȱoftenȱdesirableȱforȱotherȱapplicationsȱsuchȱ
asȱdrugȬelutingȱimplantsȱ[57].ȱ

3.3.ȱBioadhesiveȱPolymersȱ

Theȱ moistnessȱ ofȱ theȱ oralȱ mucosaȱ makesȱ itȱ aȱ challengingȱ siteȱ forȱ adhesion;ȱ therefore,ȱ
mucoadhesivesȱareȱoftenȱrequiredȱtoȱachieveȱacceptableȱresidenceȱtimes.ȱDependingȱonȱtheȱnatureȱofȱ
theȱpolymer,ȱ severalȱdifferentȱmechanismsȱmayȱbeȱ involvedȱ inȱmucoadhesion.ȱTheseȱ includeȱ theȱ
effectsȱofȱsurfaceȱtension,ȱdehydration,ȱdiffusion,ȱelectrostaticȱinteractions,ȱandȱchemicalȱadsorptionȱ
(e.g.,ȱthroughȱtheȱformationȱofȱcovalentȱbonds).ȱWaterȬsolubleȱpolymersȱsuchȱasȱPVPȱswellȱrapidly,ȱ
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causingȱtheȱdehydrationȱofȱtheȱmucusȱlayerȱ[58].ȱTheȱswellingȱresultsȱinȱintimateȱcontactȱbetweenȱtheȱ
polymerȱandȱmucusȱglycoproteinsȱandȱhydratesȱtheȱpolymers,ȱfurtherȱincreasingȱtheȱrateȱofȱdiffusionȱ
intoȱ theȱsubstrate.ȱProlongedȱadhesionȱarisesȱdueȱ toȱhydrogenȱbondingȱorȱ ionicȱ interactions,ȱandȱ
entanglement,ȱ betweenȱ theȱ interpenetratingȱ polymersȱ andȱ glycoproteins.ȱ Inȱ general,ȱ higherȱ
molecularȱ weightȱ waterȬsolubleȱ polymersȱ resultȱ inȱ improvedȱ residenceȱ timesȱ dueȱ toȱ slowerȱ
dissolutionȱandȱincreasedȱchainȱlengthȱforȱinterpenetration/chainȱentanglementȱ[59].ȱMoreȱflexibleȱ
polymersȱwithȱ linearȬchainȱ configurationsȱ tendȱ toȱ diffuseȱmoreȱ easilyȱ intoȱ theȱ biologicalȱ tissue,ȱ
resultingȱ inȱ anȱ increasedȱ numberȱ ofȱ interactionsȱ andȱ improvedȱ adhesionȱ [60].ȱ Highlyȱ coiledȱ
polymers,ȱsuchȱasȱdextrans,ȱareȱmoreȱbulkyȱandȱlessȱableȱtoȱinterpenetrateȱwithȱtheȱtissue.ȱPolymersȱ
withȱsimilarȱsurfaceȱchemistryȱtoȱtheȱglycoproteinsȱareȱlikelyȱtoȱbeȱmiscibleȱandȱableȱtoȱdiffuseȱintoȱ
theȱmucusȱ[61].ȱNaturalȱcarbohydratesȱandȱproteinȱpolymersȱthatȱhaveȱbeenȱwidelyȱreportedȱtoȱhaveȱ
mucoadhesiveȱpropertiesȱincludeȱchitosanȱ[62],ȱgelatinȱ[63],ȱhyaluronicȱacidȱ[64],ȱandȱalginatesȱ[65],ȱ
TheseȱpolymersȱareȱchargedȱatȱphysiologicalȱpH;ȱtherefore,ȱelectrostaticȱinteractionsȱinȱcombinationȱ
withȱhydrogenȱbondingȱareȱlikelyȱinvolvedȱinȱtheȱadhesionȱmechanism.ȱSyntheticȱpolyionicȱpolymersȱ
suchȱ asȱpoly(acrylicȱ acids),ȱ includingȱCarbopol®ȱ [66],ȱ andȱ theȱEvonikȱEudragit®ȱ seriesȱhaveȱ alsoȱ
shownȱmucoadhesiveȱpropertiesȱ [34,67].ȱThiolatedȱpolymers,ȱ suchȱ asȱ thiolatedȱ chitosanȱ [68]ȱ andȱ
thiolatedȱhyaluronicȱacidȱ[69],ȱadhereȱbyȱformingȱdisulfideȱbridgesȱwithȱcysteineȱdomainsȱinȱmucins,ȱ
resultingȱinȱadhesionȱthroughȱchemicalȱadsorption.ȱ

3.4.ȱMaterialȱCharacterisationȱ

Noȱ oneȱ methodȱ hasȱ beenȱ identifiedȱ toȱ measureȱ mucoadhesionȱ andȱ thereȱ isȱ noȱ obviousȱ
correlationȱ inȱ resultsȱbetweenȱmethods,ȱespeciallyȱwhenȱcomparedȱ toȱ inȱvivoȱ findings.ȱTheȱmostȱ
commonȱtestsȱinvolveȱuseȱofȱaȱtextureȱanalyserȱtoȱmeasureȱmucoadhesiveȱstrength,ȱtheȱperpendicularȱ
forceȱrequiredȱtoȱbreak,ȱpullȱorȱpeelȱawayȱtheȱsampleȱfromȱaȱmodelȱmembraneȱ[70�72].ȱAlternatively,ȱ
inȱvitroȱresidenceȱtimeȱtestsȱmayȱbeȱusedȱtoȱmeasureȱtimeȱuntilȱdetachment,ȱforȱexampleȱfromȱexȱvivoȱ
animalȱmucosaȱinȱaȱsimulatedȱsalivaȱmediumȱ[34].ȱ

Differentȱexperimentalȱ inȱvitroȱsetȬupsȱhaveȱbeenȱusedȱtoȱquantifyȱdrugȱreleaseȱkinetics.ȱOneȱ
suchȱsetȬupȱ isȱ theȱpaddleȬoverȬdiscȱmethod,ȱwhichȱ isȱspecificȱ forȱ transdermalȱpatches,ȱmeasuringȱ
oneȬsidedȱpatchȱdissolutionȱinȱaȱbufferȱatȱaȱpaddleȱspeedȱofȱ50�100ȱrpm.ȱAtȱtheȱpreȬdeterminedȱtimeȱ
points,ȱanȱaliquotȱisȱremovedȱfromȱtheȱtestȱsolutionȱandȱreplacedȱwithȱanȱequivalentȱvolumeȱofȱfreshȱ
bufferȱsolution.ȱTheȱsamplesȱareȱthenȱanalysedȱbyȱspectrophotometryȱtechniquesȱ[73]ȱorȱHPLCȱ[74]ȱ
toȱobtainȱaȱgraphȱofȱtheȱdrugȱreleaseȱoverȱtime.ȱSimplifiedȱversionsȱofȱthisȱmayȱalsoȱbeȱperformedȱbyȱ
immersingȱtheȱpatchȱfreelyȱinȱtheȱreleaseȱmediumȱ[73]ȱorȱadheredȱtoȱaȱglassȱslideȱ[75]ȱandȱstirringȱtheȱ
mediumȱwithȱaȱmagneticȱstirrerȱbarȱorȱlaboratoryȱshaker.ȱ

InȱvitroȱcellȬbasedȱassaysȱareȱimportantȱatȱtheȱpreȬclinicalȱstageȱforȱevaluatingȱirritationȱpotentialȱ
orȱ sideȱeffectsȱcausedȱbyȱ theȱdeliveryȱ system.ȱAtȱpresent,ȱ thereȱareȱnoȱ internationallyȱ recognisedȱ
standardisedȱtoxicityȱtestesȱspecificallyȱforȱtheȱoralȱmucosa.ȱCellȱmetabolicȱassaysȱareȱoftenȱusedȱtoȱ
giveȱanȱindirectȱmeasureȱofȱcytotoxicity,ȱforȱexampleȱtheȱmethylthiazoletetrazoliumȱ(MTT)ȱassayȱthatȱ
isȱrecommendedȱbyȱtheȱOrganisationȱforȱEconomicȱCoȬoperationȱandȱDevelopmentȱ(OECD)ȱtoȱassessȱ
potentialȱforȱskinȱirritationȱ[76].ȱAlthoughȱvalidatedȱforȱtissueȬengineeredȱskinȱequivalents,ȱtheseȱtestsȱ
areȱ alsoȱusefulȱ forȱ oralȱmucosalȱ studiesȱdueȱ toȱ theȱ similaritiesȱ inȱ tissueȱ structure.ȱ Similarly,ȱ theȱ
recentlyȱdevelopedȱmolecularȱtestȱforȱskinȱirritation/sensitivityȱbasedȱonȱaȱvalidatedȱgeneȱsignatureȱ
profileȱ(SENSȬIS)ȱ[77,78]ȱmayȱalsoȱbeȱofȱuseȱinȱoralȱmucosalȱstudiesȱifȱthisȱtechnologyȱcanȱbeȱtranslatedȱ
toȱoralȱtissue.ȱMonolayersȱofȱculturedȱoralȱkeratinocytesȱisolatedȱfromȱhealthyȱtissueȱorȱkeratinocyteȱ
cellȱlinesȱcanȱbeȱusedȱasȱinȱvitroȱmodelsȱtoȱtestȱoromucosalȱmaterialsȱ[79,80].ȱThreeȬdimensionalȱoralȱ
mucosalȱ equivalentsȱ areȱ increasinglyȱ preferred,ȱ beingȱ moreȱ physiologicallyȱ representativeȱ andȱ
offeringȱmoreȱaccurateȱpredictionsȱofȱcellȬtoxicityȱwhileȱavoidingȱtheȱuseȱofȱanimalȱmodelsȱ[81,82].ȱ

Drugȱdiffusionȱacrossȱexȱvivoȱoralȱmucosaȱmayȱbeȱmeasuredȱusingȱdrugȱpermeationȱchambers,ȱ
suchȱasȱtheȱFranzȱdiffusionȱcell.ȱInȱsuchȱchambers,ȱtheȱtissueȱisȱplacedȱbetweenȱdonorȱandȱreceptorȱ
chambers,ȱwhereȱ theȱ donorȱ chamberȱ containsȱ theȱ doseȱ formȱ andȱ theȱ receptorȱ chamberȱ holdsȱ aȱ
temperatureȱ controlledȱ physiologicallyȱ relevantȱ bufferȱ solution.ȱ Inȱ someȱ instances,ȱ syntheticȱ
membranesȱmayȱ beȱ usedȱ toȱ eliminateȱ someȱ variabilityȱ causedȱ byȱ animalȱ tissueȱ [83].ȱ Forȱ theseȱ
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methods,ȱ theȱ solutionȱ isȱ removedȱ fromȱ theȱ receptorȱ chamberȱ atȱ preȬdeterminedȱ timeȱ pointsȱ toȱ
measureȱtheȱdrugȱpermeationȱoverȱtimeȱusingȱaȱUVȱspectrophotometerȱorȱHPLC.ȱMoreȱrecently,ȱtheȱ
localisationȱofȱpermeantsȱwithinȱ theȱoralȱmucosaȱ itselfȱhasȱbeenȱvisualisedȱdownȱ toȱaȱmicrometreȱ
scaleȱ resolutionȱ usingȱ matrixȬassistedȱ laserȱ desorptionȱ ionisationȬmassȱ spectrometryȱ imagingȱ
(MALDIȬMSI)ȱonȱsectionedȱtissueȱ[84].ȱ

3.5.ȱExcipientsȱandȱOtherȱConsiderationsȱ

Whereȱpermeabilityȱ isȱaȱ limitingȱ factor,ȱpermeationȱenhancersȱmayȱbeȱ incorporatedȱ intoȱ theȱ
deliveryȱsystem.ȱThereȱareȱaȱvarietyȱofȱclassesȱofȱpermeationȱenhancersȱwithȱdifferentȱmodesȱofȱactionȱ
thatȱareȱoutlinedȱinȱaȱreviewȱbyȱSudhakarȱetȱal.ȱ[10].ȱInȱgeneral,ȱlipophilicȱunchargedȱdrugsȱareȱmoreȱ
stronglyȱaffectedȱbyȱenhancersȱthatȱincreaseȱmembraneȱfluidity,ȱsuchȱasȱfattyȱacidsȱorȱlaurocapramȱ
[85].ȱTheȱmechanismȱofȱactionȱofȱtheseȱclassesȱisȱtheorisedȱtoȱbeȱaȱresultȱofȱimprovedȱsolubilityȱofȱtheȱ
drugȱ inȱ cellȱmembranes,ȱ leadingȱ toȱ fasterȱ uptake.ȱ Supportingȱ evidenceȱ forȱ thisȱmechanismȱ hasȱ
recentlyȱ beenȱ producedȱ usingȱ permeationȱ kineticȱ experimentsȱ andȱmassȱ spectrometryȱ imaging,ȱ
showingȱcoȬlocalisationȱofȱ theȱdrugȱwithȱ theȱenhancerȱandȱ increasedȱcapacityȱ forȱ theȱdrugȱ inȱ theȱ
mucosaȱ[86].ȱHydrophilicȱdrugsȱareȱgenerallyȱmoreȱaffectedȱbyȱsurfactants,ȱincludingȱbileȱsalts,ȱwhichȱ
areȱbelievedȱtoȱextractȱlipidsȱfromȱtheȱepitheliumȱandȱformȱaqueousȱreverseȬmicelleȱchannelsȱwithinȱ
theȱtissueȱ[85].ȱThisȱincreasesȱtheȱintracellularȱspaceȱavailableȱforȱparacellularȱtransportationȱandȱthusȱ
increasesȱtheȱrateȱofȱpermeation.ȱAtȱthisȱstage,ȱthereȱhasȱbeenȱlittleȱresearchȱinvolvingȱelectrospunȱ
systemsȱ containingȱpermeationȱenhancers;ȱhowever,ȱmanyȱmucoadhesiveȱpolymers,ȱ inȱparticularȱ
chitosan,ȱcanȱthemselvesȱenhanceȱpermeationȱbyȱdisruptingȱtheȱstructureȱofȱmucinsȱandȱlipidsȱatȱtheȱ
mucosalȱsurfaceȱ[85].ȱ

Inȱsomeȱcases,ȱexcipientsȱhaveȱbeenȱincludedȱinȱelectrospunȱsystemsȱtoȱfurtherȱenhanceȱdrugȱ
solubility,ȱforȱexampleȱemulsifiersȱorȱcomplexingȱagentsȱ[87,88].ȱNanoparticleȱdrugȱdeliveryȱvectors,ȱ
suchȱasȱliposomesȱandȱpolymersomes,ȱhaveȱpreviouslyȱbeenȱincorporatedȱintoȱelectrospunȱmaterialsȱ
forȱ aȱ varietyȱ ofȱ nonȬoromucosalȱ applicationsȱ [89�91].ȱ Researchȱ onȱ oromucosalȱ filmsȱ containingȱ
nanoparticlesȱhasȱshownȱimprovementsȱtoȱabsorptionȱandȱdrugȱsolubilityȱandȱmayȱprotectȱcertainȱ
drugsȱfromȱenzymaticȱdegradationȱ[92].ȱHowever,ȱdueȱtheȱadditionalȱmanufacturingȱandȱregulatoryȱ
complexity,ȱtheseȱmaterialsȱrarelyȱmakeȱitȱtoȱlateȱstageȱclinicalȱdevelopment.ȱ

Otherȱ considerationsȱ forȱ aȱ topicalȱ dosageȱ formȱ thatȱ adheresȱ toȱ theȱ oralȱ mucosaȱ includeȱ
disturbancesȱtoȱtaste,ȱspeech,ȱeatingȱandȱdrinkingȱ[15].ȱItȱmay,ȱtherefore,ȱbeȱdesirableȱtoȱavoidȱfoulȬ
tastingȱ drugsȱ andȱ excipientsȱ orȱ deliverȱ themȱ unidirectionallyȱ intoȱ theȱmucosa.ȱLowȱ profileȱ andȱ
flexibleȱdosageȱformsȱmayȱreduceȱ theȱ likelihoodȱofȱtheȱdeviceȱbecomingȱdislodgedȱbyȱmechanicalȱ
forcesȱ inȱ theȱmouth;ȱ therefore,ȱ flexibleȱ polymericȱ filmsȱ orȱ patchesȱmayȱ beȱ preferableȱ toȱmoreȱ
traditionalȱtabletsȱinȱthisȱregard.ȱ

4.ȱTherapeuticȱApplicationsȱCurrentlyȱinȱDevelopmentȱ

4.1.ȱAntiȬInflammatoryȱ

Chronicȱinflammatoryȱdiseasesȱinȱtheȱoralȱcavityȱareȱoftenȱmediatedȱbyȱdysregulatedȱimmuneȱ
responsesȱ initiatedȱ byȱ pathogens,ȱ foreignȱ bodies,ȱ ionisingȱ radiation,ȱ orȱ autoimmuneȱ disorders.ȱ
Commonȱchronicȱ inflammatoryȱdiseasesȱ includeȱoralȱ lichenȱplanusȱ (OLP),ȱwhichȱproducesȱwhiteȱ
lesionsȱ affectingȱ 1�3%ȱ ofȱ theȱworld�sȱ population,ȱ andȱ recurrentȱ aphthousȱ stomatitisȱ (RAS),ȱ alsoȱ
knownȱasȱaphthousȱulcersȱorȱcankerȱsoresȱ[93,94].ȱTheȱaetiologyȱofȱmanyȱchronicȱoralȱinflammatoryȱ
diseasesȱisȱpoorlyȱunderstoodȱandȱnoȱprophylacticȱtreatmentsȱareȱavailable.ȱInstead,ȱcorticosteroidsȱ
orȱotherȱantiȬinflammatoryȱagentsȱareȱcommonlyȱusedȱtoȱmanageȱtheȱseverityȱofȱulcersȱandȱlesions.ȱ
Systemicȱcorticosteroidȱdeliveryȱoftenȱresultsȱinȱunacceptableȱsideȱeffects,ȱwhereasȱexistingȱtopicalȱ
formulations,ȱsuchȱasȱrinses,ȱlozenges,ȱandȱointments,ȱmustȱbeȱreappliedȱseveralȱtimesȱperȱdayȱandȱ
resultȱinȱinconsistentȱdosing.ȱTopicalȱcorticosteroidsȱareȱalsoȱassociatedȱwithȱsomeȱseriousȱadverseȱ
effects,ȱincludingȱadrenalȱsuppressionȱandȱsecondaryȱcandidiasisȱ[95];ȱtherefore,ȱformulationsȱthatȱ
allowȱtheȱspecificȱdeliveryȱofȱwellȬdefinedȱdosesȱareȱdesirable.ȱUlcersȱandȱ lesionsȱareȱoftenȱhighlyȱ
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sensitive;ȱtherefore,ȱmucoadhesives,ȱonceȱcarefullyȱapplied,ȱmayȱalsoȱpreventȱpainȱbyȱprovidingȱaȱ
protectiveȱbarrierȱagainstȱmechanicalȱstimulation.ȱ

Severalȱ researchȱ groups,ȱ includingȱ us,ȱ haveȱ beenȱ atȱ theȱ forefrontȱ inȱ theȱ developmentȱ ofȱ
electrospunȱmucoadhesiveȱpatchesȱ(Tableȱ2).ȱIndeed,ȱourȱcloseȱindustrialȱcollaborationȱwithȱAFYXȱ
Therapeuticsȱ hasȱ enabledȱusȱ toȱpushȱ thisȱ technologyȱ closerȱ towardsȱpatientȱuse.ȱAsȱpartȱ ofȱ ourȱ
portfolioȱofȱstudies,ȱColleyȱetȱal.ȱconductedȱaȱpreȬclinicalȱstudyȱonȱelectrospunȱpatchesȱloadedȱwithȱ
theȱcorticosteroidȱclobetasolȬ17Ȭpropionateȱtoȱtreatȱchronicȱoralȱinflammatoryȱdiseases.ȱTheȱpatchesȱ
consistedȱofȱaȱdrugȬloadedȱ(upȱtoȱ20ȱΐgȱperȱpatch)ȱlayerȱofȱmucoadhesiveȱfibresȱconsistingȱofȱPVPȱ
andȱEudragit®ȱRS100ȱwithȱpoly(ethyleneȱoxide)ȱ(PEO)ȱparticlesȱelectrospunȱfromȱ97%ȱethanolȱ[34].ȱ
Theseȱ polymersȱ areȱ allȱ knownȱ toȱ haveȱmucoadhesiveȱ properties.ȱWaterȬsolubleȱ PVPȱ allowsȱ theȱ
patchesȱtoȱswellȱrapidlyȱandȱinsolubleȱRS100ȱallowsȱtheȱpatchesȱtoȱmaintainȱtheirȱstructuralȱintegrity,ȱ
improvingȱresidenceȱtime.ȱAȱhydrophobicȱbackingȱlayerȱwasȱintroducedȱtoȱpromoteȱunidirectionalȱ
deliveryȱandȱimproveȱmechanicalȱpropertiesȱbyȱelectrospinningȱaȱsecondȱlayerȱofȱpolyȱ(caprolactone)ȱ
fromȱ 9:1ȱ DCM/DMFȱ andȱmeltingȱ inȱ anȱ ovenȱ toȱ produceȱ aȱ continuousȱ film.ȱ DrugȬfreeȱ patchesȱ
displayedȱbuccalȱresidenceȱtimesȱofȱ96ȱ±ȱ26ȱmin.ȱinȱhumanȱvolunteersȱwithȱgoodȱpatientȱacceptabilityȱ
(Figureȱ4).ȱDrugȬloadedȱpatchesȱreleasedȱ80%ȱofȱ theȱdrugȱoverȱaȱ6ȱh.ȱperiod.ȱ Inȱvitroȱcytotoxicityȱ
testingȱwithȱtissueȬengineeredȱoralȱmucosalȱequivalentsȱsuggestedȱthatȱtheȱpatchesȱwereȱnonȬirritantȱ
[82].ȱThisȱformulationȱisȱnowȱaȱproprietaryȱtechnologyȱofȱAFYXȱTherapeuticsȱwithȱtheȱbrandȱnameȱ
Rivelin®ȱ andȱ recentlyȱ successfullyȱ metȱ theȱ primaryȱ endȱ pointȱ inȱ phaseȱ 2bȱ clinicalȱ trialsȱ
(ClinicalTrials.govȱ identifier:ȱ NCT03592342)ȱ forȱ theȱ treatmentȱ ofȱ OLP,ȱ showingȱ aȱ significantȱ
reductionȱ inȱulcerȱarea,ȱandȱ isȱonȱtrackȱtoȱbecomeȱtheȱfirstȱsuchȱelectrospunȱmucoadhesiveȱonȱtheȱ
market.ȱ

Tableȱ2.ȱElectrospunȱmucoadhesivesȱunderȱdevelopmentȱforȱuseȱinȱoralȱhealth.ȱ

Indicationȱ Polymerȱ Drugȱ Solventȱ Processingȱ Ref.ȱ

Oralȱlichenȱ
planusȱ

Adhesive/drugȱrelease:ȱ
PVP,ȱEudragit®ȱRS100ȱ

Backingȱlayer:ȱPCLȱ

ClobetasolȬ17Ȭ
propionateȱ

97:3ȱethanol/waterȱ
9:1ȱDCM/DMFȱ

Sequentialȱ
electrospinning,ȱheatȱ

treatmentȱ
[82]ȱ

Recurrentȱ
aphthousȱ
stomatitisȱ ȱ

Lowerȱlayer:ȱPEOȱ
Upperȱlayer:ȱPLLAȱ

Diclofenacȱ
sodiumȱ

Curcuminȱ

Waterȱ
HFPȱ

DoubleȬringȱslitȱ
needlelessȱspinneretȱ

[41]ȱ

Painȱreliefȱ
Adhesive/drugȱrelease:ȱ
PVP,ȱEudragit®ȱRS100ȱ
Backingȱlayer:ȱPCLȱ

Lidocaineȱ
97:3ȱethanol/waterȱ
9:1ȱDCM/DMFȱ

MultipleȬlayerȱ
electrospinning,ȱheatȱ

treatmentȱ
[96]ȱ

Oralȱ
candidiasisȱ

PVPȱ

Clotrimazoleȱ ȱ
Excipient:ȱ

hydroxypropylȬ
ΆȬcyclodextrinȱ

7:2:1ȱethanol/water/ȱ
benzylȱalcoholȱ

Conventionalȱ
electrospinningȱ

[87]ȱ

PVPȱ
Backingȱlayer:ȱ

PVA/thiolatedȱchitosanȱ

Clotrimazoleȱ ȱ
Excipient:ȱ

hydroxypropylȬ
ΆȬcyclodextrinȱ

7:2:1ȱethanol/water/ȱ
benzylȱalcoholȱ

Sequentialȱ
electrospinningȱ

[79]ȱ

PVA/chitosanȱ
Terbinafineȱ

hydrochlorideȱ
Waterȱ

Conventionalȱ
electrospinningȱ

[88]ȱ

gelatinȱ Nystatinȱ HFPȱ
Electrospinning,ȱUVȱ

crossȬlinkingȱ
[97]ȱ

Adhesive/drugȱrelease:ȱ
PVP,ȱEudragit®ȱRS100ȱ
Backingȱlayer:ȱPCLȱ

Dodecanoicȱacidȱ
97:3ȱethanol/waterȱ
9:1ȱDCM/DMFȱ

Sequentialȱ
electrospinning,ȱheatȱ

treatmentȱ
[98]ȱ

Antibacterialȱ
Adhesive/drugȱrelease:ȱ
PVP,ȱEudragit®ȱRS100ȱ
Backingȱlayer:ȱPCLȱ

Lysozymeȱ
97:3ȱethanol/waterȱ
9:1ȱDCM/DMFȱ

Sequentialȱ
electrospinning,ȱheatȱ

treatmentȱ
[99]ȱ
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ȱ
Figureȱ4.ȱMucoadhesiveȱRivelin®ȱpatchesȱplacedȱonȱ theȱ (A)ȱgingiva,ȱ (B)ȱ lateralȱ tongue,ȱ (C)ȱbuccalȱ
mucosaȱofȱaȱhealthyȱhumanȱvolunteer.ȱReproducedȱfromȱBiomaterialsȱ2018,ȱ178,ȱ134�146.ȱ

Weiȱetȱal.ȱusedȱneedlelessȱelectrospinningȱwithȱaȱdoubleȱ ringȬshapedȱspinneretȱ forȱ theȱrapidȱ
productionȱ ofȱ 3Ȭlayerȱ compositeȱmeshesȱ consistingȱ ofȱ aȱ layerȱ ofȱmucoadhesiveȱ PEOȱ nanofibresȱ
electrospunȱfromȱwaterȱcontainingȱ30%ȱw/wȱdiclofenacȱsodium,ȱandȱaȱlayerȱofȱhydrophobicȱpolyȱ(LȬ
lacticȱacid)ȱ(PLLA)ȱnanofibresȱelectrospunȱfromȱ1,1,1,3,3,3ȬhexafluoroȬ2Ȭpropanolȱ(HFP)ȱcontainingȱ
curcuminȱatȱupȱtoȱ4%ȱw/wȱ(Figureȱ5).ȱCurcuminȱwasȱusedȱasȱaȱmodelȱantiȬinflammatoryȱagentȱthatȱ
mayȱbeȱbeneficialȱ forȱ theȱ treatmentȱofȱRASȱandȱdiclofenacȱsodium,ȱanȱantimicrobialȱanalgesic,ȱ toȱ
reduceȱtheȱriskȱofȱinfectionȱandȱrelieveȱpain.ȱTheȱfibresȱwereȱthenȱplacedȱontoȱaȱhypromelloseȬbasedȱ
gelȱ inȱaȱmouldȱandȱallowedȱ toȱdryȱ toȱproduceȱanȱadhesiveȱbackingȱ layer.ȱDiclofenacȱsodiumȱwasȱ
shownȱ toȱ inhibitȱ theȱgrowthȱofȱStaphylococcusȱaureusȱbyȱplacingȱ theȱpatchesȱontoȱaȱbacterialȱ lawnȱ
grownȱonȱaȱbloodȱagarȱplate.ȱCurcuminȱwasȱshownȱtoȱmaintainȱitsȱantiȬinflammatoryȱpropertiesȱbyȱ
measuringȱreducedȱproȬinflammatoryȱgeneȱexpressionȱbyȱactivatedȱhumanȱmonocytes.ȱTheȱreleaseȱ
ofȱcurcuminȱfromȱtheȱfibresȱwasȱsustainedȱoverȱaȱperiodȱofȱtwoȱweeksȱ[41].ȱAȱrelativelyȱslowȱrelease,ȱ
whichȱ isȱ typicalȱofȱhydrophobicȱ fibresȱ loadedȱwithȱaȱhydrophobicȱdrugȱandȱwouldȱpotentiallyȱbeȱ
disadvantageousȱforȱmoreȱexpensiveȱdrugs,ȱgivenȱthatȱshorterȱresidenceȱtimesȱareȱmoreȱappropriateȱ
forȱRASȱulcers.ȱTheȱmultipleȱlayersȱofȱfibresȱmakeȱtheȱsystemȱsuitableȱforȱtheȱcoȬadministrationȱofȱ
waterȬsolubleȱandȱinsolubleȱdrugs,ȱwhichȱisȱusefulȱforȱinflammatoryȱdiseases,ȱwhereȱaȱcombinationȱ
ofȱdifferentȱtherapeuticȱagentsȱmayȱbeȱbeneficialȱ(forȱexampleȱcorticosteroids,ȱantimicrobialȱagents,ȱ
andȱanalgesics).ȱ

ȱ

Figureȱ5.ȱFabricationȱofȱmultiȬdrugȬloadedȱbilayerȱcompositeȱmeshesȱusingȱdoubleȬringȱslitȱneedlelessȱ
spinneret.ȱ Yellowȱ layer:ȱ curcuminȬloadedȱ PLLAȱ nanofibreȱmesh;ȱ blueȱ layer:ȱ diclofenacȱ sodiumȬ
loadedȱPEOȱnanofibreȱmesh.ȱReprintedȱwithȱpermissionȱ fromȱACSȱAppl.ȱMater.ȱ Interfacesȱ2019,ȱ11,ȱ
28740�28751.ȱCopyrightȱ(2019)ȱAmericanȱChemicalȱSociety.ȱ

Althoughȱ thereȱ haveȱ beenȱ relativelyȱ fewȱ studiesȱ onȱ electrospunȱ mucoadhesivesȱ forȱ
inflammatoryȱconditions,ȱtheyȱhaveȱgreatȱtherapeuticȱpotentialȱdueȱtoȱtheȱlargeȱnumberȱofȱpatientsȱ
affected.ȱElectrospunȱpatchesȱofferȱimprovedȱresidenceȱtimesȱoverȱtopicalȱointmentsȱandȱrinsesȱand,ȱ
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unlikeȱbuccalȱ tablets,ȱareȱ flexibleȱand,ȱ therefore,ȱ lessȱ likelyȱ toȱplaceȱmechanicalȱstressȱonȱsensitiveȱ
lesionsȱandȱulcers.ȱThereȱisȱpotentialȱforȱfurtherȱresearchȱinȱthisȱareaȱtoȱdevelopȱformulationsȱandȱforȱ
theȱcoȬadministrationȱofȱantifungalȱagentsȱtoȱcounteractȱsecondaryȱoralȱcandidiasisȱoftenȱobservedȱ
withȱcorticosteroidȱtreatments.ȱ

4.2.ȱLocalȱAnaesthesiaȱandȱAnalgesicsȱ

Chronicȱ oralȱmucosalȱ painȱ isȱ aȱ commonȱ complaintȱ thatȱ canȱ haveȱ aȱwideȱ varietyȱ ofȱ causesȱ
includingȱ infections,ȱ inflammation,ȱ chemotherapy,ȱ orȱ surgeryȱ [100].ȱ OverȬtheȬcounterȱ oralȱ nonȬ
steroidalȱ antiȬinflammatoryȱ agentsȱ (NSAIDs)ȱ andȱ paracetamolȱ areȱ effectiveȱ forȱ oralȱ painȱ
management,ȱbutȱwithȱsomeȱsideȱeffectsȱassociatedȱwithȱlongȬtermȱuse.ȱTopicalȱanaesthetics,ȱsuchȱasȱ
lidocaine,ȱareȱalsoȱhighlyȱeffectiveȱforȱlocalȱpainȱreliefȱandȱareȱcommonlyȱappliedȱasȱgelsȱorȱlozenges.ȱ
NSAIDsȱcanȱcauseȱorȱdelayȱtheȱhealingȱofȱoralȱulcers,ȱandȱsoȱmayȱnotȱbeȱappropriateȱforȱallȱkindsȱofȱ
oralȱpainȱ[101].ȱOverȱ50%ȱofȱpatientsȱundergoingȱtreatmentȱforȱheadȱandȱneckȱcancerȱsufferȱfromȱoralȱ
mucositisȱ[102],ȱaȱdisruptionȱinȱtheȱoralȱepithelium,ȱleadingȱtoȱpainfulȱinflammationȱandȱulceration.ȱ
Magicȱmouthwashesȱareȱaȱcommonlyȱusedȱpalliativeȱtreatment,ȱtypicallyȱcontainingȱcombinationsȱofȱ
localȱ anaestheticsȱ (lidocaine)ȱorȱ antihistamines,ȱ antimicrobialȱ agents,ȱ corticosteroids,ȱ andȱ coatingȱ
agents.ȱTheseȱhaveȱunclearȱeffectivenessȱandȱoftenȱresultȱinȱsideȱeffectsȱ[103].ȱSomeȱstudiesȱsuggestȱ
thatȱ morphineȱ mouthwashesȱ provideȱ superiorȱ painȱ reliefȱ withȱ reducedȱ sideȱ effectsȱ [104,105].ȱ
Anaestheticȱinjectionsȱareȱusedȱforȱsomeȱdentalȱprocedures;ȱhowever,ȱdentalȱinjectionsȱareȱtheȱcauseȱ
ofȱdentalȱanxietyȱ forȱmanyȱpatientsȱ[106].ȱAlcoholȬbasedȱtopicalȱsolutionsȱmayȱbeȱappliedȱusingȱaȱ
cottonȱswabȱasȱanȱalternative.ȱTheseȱhaveȱanȱunpleasantȱtasteȱandȱcanȱspreadȱacrossȱtheȱoralȱmucosaȱ
uncontrollablyȱ[107].ȱElectrospunȱmucoadhesiveȱpatchesȱmayȱofferȱanotherȱusefulȱdeliveryȱmethodȱ
forȱdentalȱanaesthesiaȱorȱtheȱtreatmentȱofȱchronicȱpainȱwithȱimprovedȱsiteȬspecificityȱandȱprolongedȱ
deliveryȱ inȱcomparisonȱtoȱrinsesȱandȱointmentsȱandȱwithȱaȱ lowerȱprofileȱandȱ improvedȱ flexibilityȱ
overȱadhesiveȱtablets.ȱ

Rapidlyȱdissolvingȱelectrospunȱmembranesȱwereȱpreviouslyȱdevelopedȱasȱaȱpotentialȱdeliveryȱ
methodȱforȱdentalȱanaesthetic.ȱIllangkoonȱetȱal.ȱsuccessfullyȱfabricatedȱelectrospunȱPVPȱfibresȱloadedȱ
withȱmebeverineȱ (upȱ toȱ 30%ȱw/w),ȱ aȱdrugȱwithȱ severalȱ applicationsȱ includingȱ asȱ aȱ localȱdentalȱ
anaesthetic.ȱAsȱwouldȱbeȱexpectedȱofȱhighȱsurfaceȱareaȱfibresȱofȱaȱwaterȬsolubleȱpolymer,ȱdissolutionȱ
studiesȱshowedȱveryȱrapidȱrelease,ȱwithȱtheȱfibresȱdissolvingȱwithinȱ10ȱs,ȱallowingȱforȱaȱconvenientȱ
applicationȱmethodȱwithȱimprovedȱdissolutionȱoverȱtheȱneatȱdrugȱ[73].ȱ

Clitherowȱ etȱ al.ȱ investigatedȱ theȱ Rivelin®ȱ formulation,ȱ consistingȱ ofȱ drugȬloadedȱ fibresȱ ofȱ
blendedȱPVPȱandȱEudragit®ȱRS100ȱwithȱaȱPCLȱbackingȱfilm,ȱforȱtheȱdeliveryȱofȱlidocaineȱHClȱtoȱtheȱ
oralȱmucosaȱforȱtheȱmanagementȱofȱprolongedȱpainȱandȱasȱaȱlocalȱanaesthetic.ȱLidocaineȱHClȱwasȱ
loadedȱintoȱtheȱfibresȱatȱ2.5%ȱw/w.ȱTheȱpatchesȱreleasedȱapproximatelyȱ80%ȱofȱtheȱloadedȱlidocaineȱ
withinȱ1ȱhȱandȱpermeationȱexperimentsȱshowedȱaȱpermeabilityȱofȱ136ȱΐgȱcmƺ2ȱminƺ1ȱinȱexȱvivoȱporcineȱ
buccalȱ tissue.ȱ Additionally,ȱ lidocaineȱ releasedȱ fromȱ theȱ patchesȱ inhibitedȱ veratridineȬmediatedȱ
openingȱofȱvoltageȬgatedȱsodiumȱchannelsȱinȱSHȬSY5YȱneuroblastomaȱcellsȱinȱaȱrealȬtimeȱfunctionalȱ
assay,ȱ showingȱ thatȱ therapeuticȱactivityȱwasȱmaintained.ȱTheȱdistributionȱofȱ lidocaineȱ inȱporcineȱ
buccalȱmucosaȱwasȱimagedȱusingȱMALDIȬmassȱspectrometryȱtoȱshowȱtimeȬdependentȱpermeation,ȱ
providingȱforȱtheȱfirstȱtimeȱstrongȱevidenceȱofȱtheȱelectrospunȱpatches�ȱefficacyȱasȱaȱlocalȱdeliveryȱ
methodȱforȱdentalȱanaestheticȱtoȱtheȱoralȱmucosaȱ(Figureȱ6)ȱ[93].ȱ

Oralȱpainȱ representsȱ aȱ largeȱmarketȱwithȱmultipleȱunmetȱ clinicalȱ needsȱ andȱ is,ȱ therefore,ȱ aȱ
promisingȱapplicationȱ forȱelectrospunȱsystems.ȱMultipleȱstudiesȱhaveȱ reportedȱ suitableȱ releaseȱofȱ
lidocaineȱHClȱ fromȱbiocompatibleȱmucoadhesiveȱmaterialsȱandȱsomeȱearlyȱ resultsȱshowȱeffectiveȱ
targetedȱdelivery.ȱFurtherȱinȱvitroȱandȱinȱvivoȱinvestigationȱisȱexpectedȱinȱtheȱnearȱfuture.ȱThereȱisȱ
alsoȱscopeȱtoȱ investigateȱtheȱversatilityȱofȱelectrospunȱ fibresȱforȱtheȱdeliveryȱofȱalternativeȱagents,ȱ
whichȱmayȱbeȱmoreȱeffectiveȱ forȱ treatingȱoralȱmucositis,ȱ suchȱasȱbenzydamineȱHCl,ȱopiates,ȱandȱ
amylmetacresol/dichlorobenzylȱalcoholȱ[103,108].ȱ
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ȱ

Figureȱ 6.ȱHaematoxylinȱ andȱ eosinȱ (H&E)Ȭstainedȱ tissueȱ sectionsȱ andȱ correspondingȱMALDIȬMSȱ
imagesȱofȱporcineȱbuccalȱmucosaȱ exposedȱ toȱdualȬlayerȱ electrospunȱpatchesȱ containingȱ3%ȱ (w/v)ȱ
lidocaineȱHClȱ(m/zȱ235.1805ȱ[Mȱ+ȱNa]+;ȱred)ȱafterȱ15ȱmin,ȱ1,ȱandȱ3ȱh.ȱTheȱepitheliumȱ(blue)ȱforȱeachȱ
sampleȱisȱshownȱusingȱtheȱepithelialȱmarkerȱlipidȱphosphatidylglycerolȱ(34:1)ȱ(m/zȱ771.5140ȱ[Mȱ+ȱNa]ȱ
+).ȱTheȱarrowsȱinȱtheȱH&Eȱimagesȱshowȱtheȱpositionȱofȱtheȱelectrospunȱpatch.ȱReproducedȱfromȱMol.ȱ
Pharmaceuticsȱ2019,ȱ16ȱ(9),ȱ3948�3956.ȱ

4.3.ȱAntimicrobialsȱ

Oralȱcandidiasisȱ(OC)ȱ isȱcausedȱbyȱtheȱopportunisticȱovergrowthȱofȱCandida,ȱmostȱcommonlyȱ
Candidaȱalbicansȱinȱtheȱoralȱcavity.ȱItȱisȱcommonȱinȱpredisposedȱpatients,ȱsuchȱasȱpeopleȱwithȱdentures,ȱ
diabetics,ȱ immunocompromisedȱ patients,ȱ andȱ thoseȱ onȱ longȬtermȱ antibioticȱ orȱ steroidalȱ therapyȱ
[109].ȱTheȱinfectionȱcanȱbeȱpresentȱasȱsuperficialȱplaques,ȱredȱlesions,ȱorȱchronicȱplaquesȱcausedȱbyȱ
fungalȱ invasionȱofȱ theȱ epithelium.ȱ Inȱ someȱ cases,ȱOCȱmayȱ causeȱburningȱ sensations,ȱunpleasantȱ
tastes,ȱorȱdifficultyȱswallowing.ȱTopicalȱantifungalȱsteroidȱrinsesȱcontainingȱnystatinȱorȱmiconazoleȱ
areȱtheȱfirstȬlineȱtreatmentȱandȱareȱusuallyȱeffective.ȱEvenȱtheȱmostȱwellȱtoleratedȱantifungalȱrinsesȱ
areȱsometimesȱassociatedȱwithȱsideȱeffectsȱincludingȱvomitingȱandȱdiarrhoeaȱandȱtheirȱhighȱsucroseȱ
contentȱcanȱexacerbateȱotherȱconditionsȱsuchȱasȱtoothȱdecayȱandȱdiabetesȱ[109].ȱAlthoughȱrinsesȱareȱ
effectiveȱwhenȱappliedȱ4ȱtimesȱperȱday,ȱthereȱ isȱpotentialȱ toȱminimiseȱsideȱeffectsȱusingȱaȱspecificȱ
deliveryȱ method.ȱ Sustainedȱ releaseȱ throughȱ mucoadhesivesȱ patchesȱ mayȱ allowȱ theȱ minimumȱ
inhibitoryȱconcentrationȱtoȱbeȱmaintainedȱwithoutȱrequiringȱsuchȱaȱhighȱinitialȱdose,ȱthusȱreducingȱ
sideȱeffects.ȱRecentȱincreasesȱinȱantifungalȱresistanceȱshowȱaȱneedȱforȱalternativeȱantifungalȱtherapiesȱ
[110].ȱSomeȱalternativeȱtherapiesȱthatȱhaveȱbeenȱexploredȱincludeȱsurfactantsȱ[111],ȱsyntheticȱpeptidesȱ
[112],ȱandȱfattyȱacidsȱ[113].ȱNanofibreȱencapsulationȱcanȱenhanceȱdrugȱsolubilityȱandȱmayȱbeȱusefulȱ
forȱtheȱdeliveryȱofȱalternativeȱantifungalȱagentsȱthatȱareȱincompatibleȱwithȱrinses.ȱ

Tonglairoumȱ etȱ al.ȱdevelopedȱ electrospunȱPVPȱ fibresȱwithȱ hydroxypropylȬΆȬcyclodextrinȱ toȱ
rapidlyȱreleaseȱandȱimproveȱtheȱsolubilityȱofȱclotrimazole,ȱaȱpoorlyȱsolubleȱantifungalȱdrug,ȱforȱtheȱ
treatmentȱofȱOC.ȱPVPȱwasȱusedȱasȱaȱrapidlyȱdissolvingȱpolymerȱandȱtheȱcyclodextrinȱasȱanȱexcipientȱ
toȱformȱinclusionȱcomplexesȱtoȱenhanceȱdrugȱsolubility.ȱClotrimazoleȱwasȱloadedȱatȱupȱtoȱ20%ȱbyȱdryȱ
massȱandȱtheȱfibreȱmatsȱelectrospunȱfromȱmixturesȱofȱethanol,ȱwater,ȱandȱbenzylȱalcohol.ȱTheȱfibresȱ
rapidlyȱdissolvedȱinȱartificialȱsalivaȱandȱwereȱeffectiveȱatȱeliminatingȱtheȱviabilityȱofȱC.ȱalbicansȱandȱ
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C.ȱdubliniensisȱsuspensionsȱwithinȱ2ȱhȱ[87].ȱToȱprolongȱtheȱeffect,ȱtheȱmaterialȱwasȱfurtherȱdevelopedȱ
intoȱaȱsandwichȱpatchȱbyȱelectrospinningȱaȱsecondȱmucoadhesiveȱlayerȱfromȱwaterȱconsistingȱofȱ5:1ȱ
PVA/thiolatedȱchitosan.ȱTheȱresultingȱsandwichȱpatchesȱreleasedȱclotrimazoleȱatȱaȱrateȱmoreȱsuitableȱ
forȱprolongedȱantimicrobialȱeffect,ȱwithȱapproximatelyȱ70%ȱreleasedȱwithinȱ4ȱhȱ[79].ȱ

Similarly,ȱ Szabóȱ etȱ al.ȱ incorporatedȱ terbinafineȱ HClȱ atȱ approximatelyȱ 7%ȱ w/wȱ intoȱ 1:5ȱ
chitosan/PVAȱ fibresȱ fromȱ anȱ aqueousȱ solution.ȱ Theȱ fibresȱ dissolvedȱ rapidlyȱ inȱ artificialȱ saliva,ȱ
releasingȱ allȱ ofȱ theȱ drugȱ withinȱ fourȱminutes.ȱ Inȱ silicoȱmodellingȱ withȱ GastroPlus�ȱ softwareȱ
predictedȱthatȱupȱtoȱ66%ȱofȱtheȱdoseȱwouldȱbeȱabsorbedȱinȱtheȱoralȱcavityȱifȱoralȱtransitȱisȱproperlyȱ
regulatedȱ[88].ȱ

Adubaȱetȱal.ȱalsoȱdevelopedȱanȱelectrospunȱmaterialȱforȱtheȱdeliveryȱofȱpoorlyȱsolubleȱantifungalȱ
agentsȱ againstȱ oralȱ candida.ȱ Theȱ 1:1ȱ gelatin/nystatinȱ fibresȱ wereȱ electrospunȱ fromȱ 1,1,1,3,3,3Ȭ
hexafluoroȬ2Ȭpropanolȱ andȱ subsequentlyȱ immersedȱ inȱ PEGȱ diacrylateȱ andȱ 2,2ȬdimethoxyȬ2Ȭ
phenylacetophenoneȱ asȱ aȱ photoinitiatorȱ dissolvedȱ inȱ ethanol.ȱ Removingȱ andȱ curingȱ usingȱ UVȱ
exposureȱproducedȱcrossȬlinkedȱfibresȱwithȱimprovedȱstructuralȱstabilityȱinȱaqueousȱsolutions.ȱTheȱ
releaseȱrateȱwasȱdependentȱonȱtheȱdegreeȱofȱcrossȬlinkingȱandȱrelativelyȱslow,ȱwithȱapproximatelyȱ
20�70%ȱreleasedȱwithinȱ24ȱh.ȱHowever,ȱtheȱauthorsȱdidȱnotȱassessȱtheȱeffectivenessȱofȱtheirȱsystemȱinȱ
anyȱbiologicalȱassaysȱ[94].ȱ

Clitherowȱetȱal.ȱ incorporatedȱvariousȱunsaturatedȱ fattyȱacidsȱasȱalternativeȱantifungalȱagentsȱ
intoȱbothȱtheȱPCLȱandȱPVP/Eudragit®ȱRS100ȱofȱtheȱRivelin®ȱpatchȱformulationȱatȱloadingsȱofȱupȱtoȱ
22%ȱandȱ12%ȱw/w,ȱrespectively.ȱUnlikeȱ inȱpreviousȱstudies,ȱdiskȱdiffusionȱ inhibitionȱandȱbiofilmȱ
viabilityȱassaysȱwereȱusedȱtoȱdemonstrateȱtheȱpotentialȱofȱtheȱpatchesȱatȱinhibitingȱbothȱwildȬtypeȱ
andȱ azoleȬresistantȱ C.ȱ albicansȱ whenȱ appliedȱ directlyȱ toȱ biofilms,ȱ thusȱ clearlyȱ showingȱ theȱ
effectivenessȱofȱmucoadhesiveȱelectrospunȱpatchesȱatȱtreatingȱOC.ȱDodecanoicȱacidȱwasȱfoundȱtoȱbeȱ
theȱmostȱeffectiveȱofȱtheȱfattyȱacidsȱtestedȱagainstȱpreȬexistingȱC.ȱalbicansȱbiofilmsȱ[95].ȱ

Edmansȱetȱal.ȱincorporatedȱlysozyme,ȱanȱantimicrobialȱenzyme,ȱintoȱtheȱRivelin®ȱformulationȱatȱ
aȱloadingȱofȱ1%ȱw/wȱbyȱmixingȱtheȱaqueousȱlysozymeȬcontainingȱproportionȱofȱtheȱelectrospinningȱ
solventȱintoȱtheȱpolymerȱsolutionȱshortlyȱbeforeȱelectrospinning.ȱTheȱpatchesȱreleasedȱtheȱenzymeȱatȱ
aȱ suitableȱ rate,ȱwithȱ 90%ȱ ofȱ theȱ enzymeȱ releasedȱwithinȱ 2ȱ h.ȱ Theȱ enzymeȱwasȱ shownȱ usingȱ anȱ
enzymaticȱassayȱtoȱmaintainȱhighȱactivityȱandȱinhibitedȱtheȱgrowthȱofȱtheȱoralȱbacteriumȱStreptoccocusȱ
rattiȱ inȱ suspensionȱ [96].ȱLysozymeȱ isȱ effectiveȱ againstȱC.ȱ albicansȱandȱvariousȱoralȱGramȬpositiveȱ
bacteriaȱandȱmayȱbeȱparticularlyȱusefulȱasȱaȱ treatmentȱ inȱpatientsȱwithȱ reducedȱ salivaȱ lysozymeȱ
concentration,ȱ suchȱ asȱ childrenȱwithȱ chronicȱ tonsillitisȱ andȱpatientsȱwithȱ oralȱmucositisȱ [114]ȱ orȱ
xerostomiaȱ (dryȱmouth).ȱ Perhapsȱmoreȱ importantly,ȱ thisȱworkȱ suggestsȱ thatȱ theȱ formulationȱ isȱ
suitableȱ forȱdeliveryȱofȱbiologics,ȱwhichȱareȱparticularlyȱchallengingȱ toȱdeliverȱwithȱexistingȱdoseȱ
formsȱandȱhaveȱaȱvarietyȱofȱpotentialȱnewȱapplicationsȱ inȱoralȱhealth,ȱ includingȱasȱagentsȱagainstȱ
bacterial,ȱfungal,ȱandȱviralȱinfectionsȱ[115].ȱ

Researchȱ soȱ farȱ hasȱ shownȱ thatȱ aȱwideȱ varietyȱ ofȱ alternativeȱ antifungalȱ agentsȱ thatȱ couldȱ
overwiseȱ notȱ beȱ deliveredȱ usingȱ rinsesȱ canȱ beȱ incorporatedȱ andȱ releasedȱ fromȱ electrospunȱ
mucoadhesivesȱandȱoneȱstudyȱhasȱshownȱeffectivenessȱagainstȱbiofilmsȱinȱvitro.ȱItȱisȱexpectedȱthatȱ
furtherȱinȱvitroȱandȱinȱvivoȱresearchȱwillȱbeȱperformedȱtoȱtranslateȱtheseȱmaterialsȱforȱclinicalȱuse.ȱ

5.ȱFutureȱResearchȱandȱConclusionsȱ

Aȱrangeȱofȱelectrospunȱmaterialsȱhaveȱbeenȱdevelopedȱwhichȱincorporateȱandȱreleaseȱdrugsȱforȱ
treatingȱoralȱdiseases.ȱTheseȱincludeȱrapidlyȱdissolvingȱmembranesȱtoȱallowȱeasyȱadministrationȱofȱ
poorlyȱsolubleȱdrugsȱthroughȱtoȱdevicesȱthatȱadhereȱforȱhours,ȱdeliveringȱsustainedȱdoses.ȱHowever,ȱ
itȱremainsȱchallengingȱtoȱevaluateȱandȱcompareȱmucoadhesiveȱandȱmechanicalȱperformanceȱdueȱtoȱ
theȱlackȱofȱstandardisedȱmucoadhesionȱtests.ȱAlthoughȱseveralȱdifferentȱelectrospunȱdevicesȱforȱoralȱ
medicineȱareȱunderȱdevelopment,ȱtheȱRivelin®ȱpatchȱisȱtheȱonlyȱdeviceȱsoȱfarȱthatȱhasȱbeenȱtestedȱ
bothȱinȱvitroȱandȱinȱhumansȱtoȱshowȱaȱsuitableȱresidenceȱtime,ȱofȱapproximatelyȱ2ȱh,ȱandȱgoodȱpatientȱ
acceptability.ȱ Futureȱ drugȱ deliveryȱ devicesȱ areȱ likelyȱ toȱ bringȱ otherȱ advantages,ȱ suchȱ asȱ longerȱ
residenceȱtimesȱorȱtheȱabilityȱdeliverȱdrugsȱthatȱareȱincompatibleȱwithȱnonȬaqueousȱelectrospinningȱ
solvents.ȱTherefore,ȱitȱisȱexpectedȱthatȱmoreȱelectrospunȱdrugȱdeliveryȱmaterialsȱwillȱbeȱdevelopedȱ
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withȱanȱemphasisȱonȱclinicalȱtranslation.ȱSoȱfar,ȱtheȱtechnologyȱhasȱbeenȱappliedȱtoȱaȱnarrowȱrangeȱ
ofȱoralȱ conditionsȱ asȱ anȱ improvementȱonȱ exitingȱ treatments;ȱhowever,ȱ itȱ isȱ expectedȱ that,ȱ asȱ theȱ
technologyȱmatures,ȱitȱwillȱenableȱmoreȱunmetȱclinicalȱneedsȱtoȱbeȱaddressed.ȱ

Biologicsȱareȱaȱclassȱofȱtherapeuticsȱthatȱareȱchallengingȱtoȱdeliverȱusingȱtraditionalȱdoseȱformsȱ
andȱareȱcurrentlyȱalmostȱexclusivelyȱdeliveredȱsystemicallyȱusingȱ injections.ȱPotentialȱoralȱhealthȱ
applicationsȱincludeȱantimicrobialȱpeptidesȱandȱproteinsȱtoȱtreatȱresistantȱinfectionsȱorȱtargetȱspecificȱ
strainsȱofȱpathogenȱ[116,117].ȱCertainȱcytokines,ȱsuchȱasȱkeratinocyteȱgrowthȱfactor,ȱshowȱpotentialȱ
forȱregeneratingȱtheȱoralȱmucosaȱ[118],ȱforȱexampleȱfollowingȱdamageȱcausedȱbyȱoralȱmucositis,ȱandȱ
couldȱbeȱeffectiveȱ ifȱdeliveredȱdirectlyȱ toȱ theȱaffectedȱsiteȱratherȱ thanȱsystemically.ȱMoreover,ȱ theȱ
deliveryȱ ofȱ therapeuticȱ monoclonalȱ antibodiesȱ directedȱ atȱ proȬinflammatoryȱ cytokinesȱ wouldȱ
radicallyȱalterȱtreatmentȱoptionsȱforȱinflammatoryȱdisordersȱsuchȱasȱOLPȱorȱRAS,ȱconditionsȱwhereȱ
theseȱmoleculesȱareȱaȱmajorȱdriverȱofȱpathogenesisȱ [119].ȱHowever,ȱ toȱdeliverȱbiologics,ȱbothȱ theȱ
compatibilityȱwithȱ theȱ solventȱ systemȱ andȱ theȱ permeabilityȱ ofȱ theȱmucosaȱmustȱ beȱ considered.ȱ
Indeed,ȱrecentȱworkȱbyȱEdmansȱetȱal.ȱsuggestsȱthatȱtheȱRivelin®ȱformulationȱisȱsuitableȱforȱproteinȱ
deliveryȱ [96].ȱ Stieȱ etȱ al.ȱ recentlyȱ reportedȱmucoadhesiveȱ chitosan/PEOȱ fibresȱ electrospunȱ fromȱ aȱ
mildlyȱacidicȱaqueousȱsolution,ȱwhichȱareȱexpectedȱtoȱbeȱfurtherȱinvestigatedȱforȱoromucosalȱpeptideȱ
deliveryȱ[120].ȱItȱisȱalsoȱexpectedȱthatȱmoreȱcomplexȱelectrospinningȱtechniquesȱforȱmixedȱorȱmultiȬ
domainȱ fibresȱ couldȱ beȱ usedȱ toȱ encapsulateȱ biologicsȱ thatȱ wouldȱ otherwiseȱ beȱ susceptibleȱ toȱ
denaturationȱbyȱtheȱelectrospinningȱsolvent.ȱAlthoughȱbiologicsȱtendȱtoȱpermeateȱtheȱoralȱmucosaȱ
lessȱeasilyȱthanȱsmallȬmoleculeȱdrugs,ȱcertainȱpeptides,ȱincludingȱinsulinȱ[121]ȱandȱsalmonȱcalcitoninȱ
[122],ȱhaveȱbeenȱobservedȱ toȱpermeateȱ theȱoralȱmucosaȱ sufficientlyȱ toȱ achieveȱ therapeuticȱbloodȱ
plasmaȱconcentrations.ȱTherefore,ȱitȱisȱexpectedȱthatȱbiologicsȱcouldȱalsoȱpermeateȱintoȱtheȱmucosaȱ
toȱprovideȱ aȱ localȱ therapeuticȱ effect.ȱFutureȱworkȱ isȱneededȱ toȱ investigateȱpermeationȱ followingȱ
releaseȱ fromȱ aȱ mucoadhesiveȱ electrospunȱ material.ȱ Mucoadhesiveȱ patchesȱ mayȱ improveȱ
permeabilityȱ byȱ disruptingȱ theȱ superficialȱ epitheliumȱ andȱ providingȱ intimateȱ contact.ȱ Manyȱ
conditions,ȱincludingȱRAS,ȱoralȱmucositis,ȱandȱoralȱwoundsȱresultȱinȱanȱimpairedȱepithelialȱbarrierȱ
thatȱmayȱallowȱdeliveryȱtoȱtheȱtargetȱarea.ȱIfȱnecessary,ȱfurtherȱenhancementȱcouldȱbeȱachievedȱusingȱ
conventionalȱpermeationȱenhancersȱorȱdrugȱdeliveryȱvectorsȱ[15].ȱ

Anotherȱpotentialȱuseȱforȱelectrospunȱmucoadhesiveȱisȱtoȱpreventȱandȱtreatȱalveolarȱosteitisȱ(dryȱ
socket),ȱaȱpainfulȱconditionȱcausedȱbyȱtheȱlackȱofȱaȱbloodȱclotȱatȱtheȱsiteȱofȱtoothȱextractionȱ[123].ȱTheȱ
deviceȱcouldȱactȱasȱprotectiveȱcoverȱtoȱpreventȱlossȱofȱtheȱbloodȱclotȱorȱprotectȱunderlyingȱboneȱandȱ
nervesȱandȱdeliverȱpainȱrelief.ȱThisȱwouldȱlikelyȱrequireȱaȱdeviceȱwithȱaȱresidenceȱtimeȱofȱaȱfewȱdays.ȱ

MucoadhesiveȱpatchesȱcouldȱprovideȱaȱlocalȱdeliveryȱmethodȱforȱnewȱantiȬtumourȱtreatmentsȱ
forȱoralȱsquamousȱcellȱcarcinomaȱorȱpreȬmalignantȱ lesions.ȱPotentialȱ therapeuticsȱ includeȱhistoneȱ
deacetylaseȱ (HDAC)ȱ inhibitors,ȱsuchȱasȱsuberoylanilideȱhydroxamicȱacid,ȱwhichȱactȱasȱepigeneticȱ
chemosensitisersȱtoȱincreaseȱtheȱeffectivenessȱofȱtraditionalȱchemotherapyȱ[124,125].ȱTyrosineȱkinaseȱ
inhibitors,ȱ suchȱ asȱ gefitinibȱ orȱ cetuximab,ȱ targetȱ epidermalȱ growthȱ factorȱ receptors,ȱwhichȱ areȱ
overexpressedȱ inȱmanyȱsolidȱ tumours,ȱandȱcanȱ increaseȱcancerȱcellȱapoptosisȱandȱradiosensitivityȱ
[126,127].ȱImiquimod,ȱanȱimmuneȱresponseȱmodifierȱavailableȱasȱaȱdermalȱcream,ȱhasȱshownȱpromiseȱ
inȱanimalȱmodelsȱforȱreducingȱoralȱleukoplakiaȱ[128].ȱ

Inȱ conclusion,ȱ electrospunȱmucoadhesivesȱmakeȱ useȱ ofȱ aȱ scalableȱ andȱ industriallyȱ provenȱ
manufacturingȱprocessȱandȱareȱhighlyȱversatileȱinȱtheȱrangeȱofȱdrugsȱtheyȱcanȱincorporate.ȱTheyȱareȱ
attractiveȱforȱdrugȱdeliveryȱtoȱtheȱoralȱmucosaȱinȱthatȱtheyȱareȱflexibleȱandȱhaveȱaȱhighȱsurfaceȱareaȱ
forȱdrugȱreleaseȱand,ȱunlikeȱexistingȱdoseȱforms,ȱallowȱtargetedȱdeliveryȱandȱprolongedȱretentionȱ
times.ȱItȱisȱenvisionedȱthatȱelectrospunȱdrugȱdeliveryȱdevicesȱwillȱexpandȱtheȱrangeȱofȱtreatmentsȱthatȱ
canȱbeȱappliedȱtoȱtheȱoralȱmucosaȱandȱwillȱhaveȱwideȬrangingȱimplicationsȱforȱtheȱtreatmentȱofȱoralȱ
diseases.ȱ
 ȱ
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