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Abstract

Herein we showcase the potential of ultrasound-responsive nanobubbles in enhancing mac-

romolecular permeation through layers of the retina, ultimately leading to significant and

direct intracellular delivery; this being effectively demonstrated across three relevant and

distinct retinal cell lines. Stably engineered nanobubbles of a highly homogenous and echo-

genic nature were fully characterised using dynamic light scattering, B-scan ultrasound and

transmission electron microscopy (TEM). The nanobubbles appeared as spherical lipo-

some-like structures under TEM, accompanied by an opaque luminal core and darkened

corona around their periphery, with both features indicative of efficient gas entrapment and

adsorption, respectively. A nanobubble +/- ultrasound sweeping study was conducted next,

which determined the maximum tolerated dose for each cell line. Detection of underlying

cellular stress was verified using the biomarker heat shock protein 70, measured before and

after treatment with optimised ultrasound. Next, with safety to nanobubbles and optimised

ultrasound demonstrated, each human or mouse-derived cell population was incubated with

biotinylated rabbit-IgG in the presence and absence of ultrasound +/- nanobubbles. Intracel-

lular delivery of antibody in each cell type was then quantified using Cy3-streptavidin. Nano-

bubbles and optimised ultrasound were found to be negligibly toxic across all cell lines

tested. Macromolecular internalisation was achieved to significant, yet varying degrees in all

three cell lines. The results of this study pave the way towards better understanding mecha-

nisms underlying cellular responsiveness to ultrasound-triggered drug delivery in future ex

vivo and in vivo models of the posterior eye.
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Introduction
Pathologiesof theretinacontinueto poseanominousburdenon healthcaresystemsglobally
with conditionssuchasage-relatedmaculardegeneration(AMD), glaucomaanddiabeticreti-
nopathies(DR) listedamongthetop 10priority eyediseasesby theWorld HealthOrganiza-
tion [1]. While variouspromisingtherapeuticagentshavebeendevelopedin recentyears,an
overwhelmingbottleneckto their utility remainsaninability to preferentiallydeliverthem
into targettissue/cellsof theposterioreyewith anylevelof precisionor accuracy[2]. This is in
partdueto theremoteandhighly inaccessiblelocationof theaffectedretinal tissue,whichis
multi-layeredandcomprisingmanyassociatedprotectivebarriers.

To addressthisultrasound-assisteddrugdeliveryhasemergedasasafeandpractical
approachbywhichmolecularpermeationcanbeenhancedboth into andbeyondcellsandtis-
suesof interest[3±6].While it iswell-reportedthatsonoporation/sonophoresisaloneyields
modestincreasesin molecularpermeation,combiningthiswith ultrasoundresponsivevectors,
suchasmicro/nanobubbles,leadsto significantimprovementsin therateandextentof pay-
loaddelivery[7].

Micro- or nano-sizedcontrastagentsentrappinggaswithin asurfactant-basedshelloscil-
latethroughcyclesof expansionandcontraction,this in responseto ultrasound.In thiscontext
ultrasoundcanalsobeusedto rupture/implodethebubblesbyaphenomenonknownasiner-
tial cavitation,whichcangeneratemicrojetsresultingin thepropulsionof co-deliveredthera-
peuticsdeepinto surroundingcells/tissue[3]. Thisapproachhasmetwith somesuccessin
posterioreyedrugdelivery,with improvedmolecularpenetrationthroughsuccessivelayersof
theretinademonstratedboth �� ����� and�� ���� [8±10].Thatsaidtranslationof micro/nano-
bubblesandultrasoundasamodalityfor effectiveandreproducibledrugdeliveryhasbeen
hampereddueto theheterogeneityandinstabilityof reportedformulations[11,12].Asthe
efficacyandreproducibilityof ultrasound-triggeredbubblerupture ishighlydependenton
thesefactors,wefirst addressedandoptimisedbothvesiclesizeandformulationstabilityin
orderto improvethetranslationalpotentialandreliability of theapproach[13±18].Further-
more,earlier�� ����� studiesinvestigatingmicro/nanobubbleshavefailedto graspthecomplex
natureof themulticellularretina,evaluatingonly theeffectson asinglecelltype/population.
Giventhelikely differencesin intercellularsensitivityto theeffectsof ultrasound-assistedbub-
blecavitation,broaderevaluationof co-localisedcelltypesisexpectedto provideamoreholis-
tic understandingof theimpactthatultrasound-assistedadministrationof our nanobubbles
will haveon representativecellsof theretina[4, 5,8±10,19].

First,thedevelopmentof aprocessto generateahighlystable,echogenicandhomogeneous
(	.
. commercial̀ microbubble'formulations)nanobubbleformulationwasachieved[20].
Next,systematicevaluationscentredon determiningcellviability following incubationwith
nanobubblesandultrasoundapplication.In theabsenceof anyobservablecytotoxicityweper-
formedaheatshockproteinassay,to assesswhethertheir levelswereelevated.Finally,follow-
ing optimisationof ultrasound-nanobubbletreatmentacrossall celltypes,wedemonstrated
enhanceddeliveryof amodel(whole)IgGantibodyto threedistinct yetclinicallyrelevantreti-
nalcelllines.

Materials and methods

Materials
1,2-dipalmitoyl-��-glycero-3-phosphocholine(DPPC)and1,2-distearoyl-��-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethyleneglycol)-2000](DSPE-PEG(2k)-OMe)werepur-
chasedfrom Avanti1 PolarLipids(Alabaster,AL). BiotinylatedIgG ��-rabbit antibody(BA-
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1000)waspurchasedfrom VectorLaboratories,Ltd. Streptavidin-Cy3waspurchasedfrom
LifeTechnologies�.Perfluoropropane(PFP)waspurchasedfrom Coregas(Darra,QLD, Aus-
tralia).Thiazolylbluetetrazoliumbromide(MTT), trypanblueandbovineserumalbumin
(BSA)werepurchasedfrom SigmaAldrich1 . Heatshockprotein70(HSP70)antibody
(#4782)waspurchasedfrom CellSignalingTechnology1 .

All threecelllineswerekindly donatedbyvariousinstitutionsspecialisingin ocular
research.ARPE-19cellswereobtainedfrom A/Prof DamienHarkin (QueenslandEyeInsti-
tute,Brisbane,Australia).TheMoorfields-Instituteof OphthalmologyhumanMuÈller cellline-
1 (MIO-M1) [21] wasusedin thestudy.ThiswasprovidedbyGA Limb from theUCL Insti-
tuteof Ophthalmology,London,UK. 661Wcellswereobtainedfrom Dr RiccardoNatoli
(JohnCurtin Schoolof MedicalResearch,AustralianNationalUniversity,Canberra,
Australia).

Formulation of nanobubbles
Nanobubbleswerepreparedusingaformulationstrategyadaptedfrom earlierpublished
methods[20]. Briefly,liposomespreparedusingDPPCandDSPE-PEG(2k)-OMe(94:6molar
ratio) wereplacedin anair evacuatedcrimp sealedvial.PFPwasthenaddedviagastight
syringe,pressurisingtheliposomes,whichfacilitatedentrapmentof contrastagent.Formula-
tionsweresubsequentlydownsizedinto nanobubblesusingestablishedliposomalsizestandar-
disationtechniques.Thenanobubbleswerecomparedto areferenceconventionalbubble
formulationwith anidenticallipid andgascompositionwhichwaspreparedusingpublished
methods[22].

Evaluation of nanobubble size and homogeneity
Nanobubblesizeandpolydispersitywereevaluatedfor up to 56daysusingdynamiclight scat-
tering(ZetasizerNanoZS,Malvern,UK). Readingsweretakenat4,25and37ÊCto evaluate
theimpactof temperatureon nanobubblestability.

Evaluation of echogenicity
GrayscalecontrastimagingwasperformedusingaclinicalEllex1 Eyecubedultrasoundunit
equippedwith a10MHz probe(EllexMedical,Adelaide,Australia).Formulationswere
injectedinto apolypropylenephantomfilled with PBSprior to evaluation.Imagesweretaken
in B-Scanmode(1550m/s,Log65dB+ TGC).

Microscopic evaluation of nanobubble morphology
Theformulationwasimagedusingcryo-transmissionelectronmicroscopy(Cryo-TEM).An
aliquot(4 �L) of thebubbleformulationwastransferredonto C-flatholeycarbongridsin an
FEIVitrobot Mark III (FEICompany,Eindhoven,TheNetherlands),with thechambersetto
4ÊCand100%humidity. An optimalblot time of 3±4secondswasemployed,followedby
plungingof thesampleinto liquid ethane.Frozen/vitrifiedsampleswereviewedon aTechnai�
F30TEM (FEICompany)operatingat300kV, andimagedat39,000xmagnification(2x
binned)with aDirect Electron1 LC11004kx 4kcamera(Direct Electron1 , SanDiego,USA),
usinglow-dosemodeof SerialEMimageacquisitionsoftware(http://bio3d.colorado.edu/
SerialEM/).Thedefocuswassetto -2.0�m; with anelectrondoseof ~30e-/� 2 (electrons/ang-
stromsquared).
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Therapeutic ultrasound administration
An off-the-shelfportableultrasoundunit (JUS-2,Johari1 Digital, Jodhpur,India) equipped
with a38mm diameterfaceplate(25mm diametertransducingpiezocrystal)andoperatedat
1MHz with theoption to employpulse(10,20,or 50%)or continuouswaveadministration,at
intensitiesrangingfrom 0±2.5W/cm2 (in 0.5W/cm2 increments)wasutilised.Theprobeface
wasalwaysplaceddirectlyunderthecellcultureplate,with couplinggelliberallyappliedprior
to ultrasoundprobepositioningandactivation.

Cell culture
ARPE-19(retinalpigmentepithelium,humanorigin) cellswereculturedin DMEM/F12
medium.MIO-M1 (MuÈller glia,humanorigin) and661W(photoreceptor,mouseorigin) cells
wereculturedin DMEM. All mediawassupplementedwith 10%FBSand1%penicillin/strep-
tomycin.Cellswereincubatedat37ÊCin a5%CO2/95%air environment.

Assay of ultrasound and nanobubble toxicity
TheMTT assaywasutilisedto evaluatethelongterm effectsof nanobubblesandultrasound
on cellviability.Cellswereculturedin 24-wellplatesandgrownto 90%confluencyprior to
commencingstudies.Ultrasoundandnanobubbleswereadministeredeitheraloneor in com-
bination to determinethesafetyof eachtechnique.

Cellswereincubatedfor 24hoursat37ÊCin a5%CO2/95%air environmentsubsequentto
ultrasoundand/ornanobubbleadministration.Followingincubation,MTT wasaddedto the
mediato afinal concentrationof 0.05%w/v andthecellswereincubatedfor another3hours
to allowfor formazanproduction.Mediawassubsequentlyremovedandtheformazancrystals
dissolvedin DMSO.Aliquots(100�L) of dissolvedformazanweretransferredto 96-wellplates
andfluorescencewasevaluatedat595nm usingaplatereader(Bio-Rad,Hercules,CA,USA).

Assay of heat-induced cellular stress
Levelsof heatshockprotein70(HSP70)generatedasaresultof optimisedultrasoundapplica-
tion wereevaluatedviawesternblotting.Cellsweregrownto 90%confluenceandsubjectedto
30secondsof ultrasound(1 MHz, 20%duty,0.5W/cm2) in presenceof thenanobubbles
(30�g/mL). Proteincontentwasassayed4,8 and24hoursfollowingultrasoundapplication.

Protein extraction. Followingincubation,thecellswerebathedin sterilePBS.After the
wash,PBSwasaspiratedbeforecellswerelysedwith 150�L RIPA-containinglysisbufferwith
proteaseinhibitor (cOmplete�,Mini, EDTA-free,Roche)on icefor 20minutes.Thesuspen-
sionwasharvestedandcentrifugedat12,000� for 10minutesafterwhichthesupernatantwas
aspiratedwith careensuringthepelletcontainingunwanteddebrisremainedundisturbed.
ProteincontentwasquantifiedusingthePierce�BCAProteinAssaykit (ThermoScientific,
Inc., IL, USA).In preparationfor westernblot analysis,protein lysatesin suspensionwere
mixedthoroughlywith sodiumdodecylsulphate(SDS)loadingbufferata4:1dilution of pro-
tein to loadingbuffer.Sampleswereboiledat95ÊCfor 5 minutesbeforevortexingandbrief
centrifugationto harvestresidues.

SDS-PAGEgelelectrophoresis. Sodiumdodecylsulphatepolyacrylamidegelelectropho-
resis(SDS-PAGE)wasemployedto determineHSP70expressionlevels.Briefly,samplesand
theprotein ladderwereloadedwhilstgelsweresubmergedfully in SDS-PAGErunning buffer
andrun at120V for 30minutes.Proteinsweretransferredto anImmobilon�-FL PVDFmem-
brane(Millipore, UK) whichwasactivatedin methanolfor 10secondsbeforewashingin
transferbuffer.Membraneandgelcomplexweresecuredandrun at350mA for 1 hour.

Nanobubbles and ultrasound for macromolecular delivery to the retina
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Proteintransferwasconfirmedbymeansof protein ladder(Fermentas,UK) identification
uponthemembrane.

Westernblot analysis. All stepsin thefollowingsectionwerecarriedout at room temper-
ature.Proteinsamplestransferredto thePVDFmembranewereblockedbyuseof 5%BSAin
PBS-Tblockingbufferfor 1 hour.Themembranewaswashedwith PBS-Tthreetimesfor 10
minuteseachtime on arockingbed.Antibody probingwascarriedout in 1%BSA-TBS-T
blockingbufferat1:1000HSP70and1:2000��-actin(Abcam1 , ab13822,polyclonal,chicken-
��-human) antibodydilutions.Threewashstepswereperformedagainbeforeadministration
of secondaryconjugatedLI-COR1 antibodies(Cambridge,UK) for 30minutesawayfrom
light. Threefinal washstepswerecarriedout,awayfrom light, beforethemembranewas
scannedandanalysedwith anOdyssey1 InfraredImagingSystem(LI-COR1 , Nebraska,
USA).Thecontrol ratio of HSP70to ��-actinwascalculatedandnormalised.

Antibody uptake into retinal cells assisted by nanobubbles and
ultrasound
Thevastmajority of bothcurrentandinvestigativetherapeuticsdevelopedto treatretinal
pathologyarebiologicalmacromolecules,whichrequireprompt internalisationbycells/tissues
in orderto demonstrateefficacy[23,24].With rapidandsafedeliveryour primary goal,we
soughtto investigatewhetherthenanobubble-ultrasoundstrategypromotesinternalisationof
amodelIgG-basedmacromoleculeinto clinicallyrelevantcelltypes.To assessthis,cellswere
culturedon glasscoverslipsin 24-wellplatesandallowedto growto 90%confluency,andsub-
sequentlyincubatedwith nanobubblesfollowedbyoptimisedultrasoundapplicationto pro-
moteintracellulardeliveryof aco-incubatedbiotinylated��-rabbit antibody(BA1000,IgG).
Themodeltherapeuticwaseitheradministeredaloneor mixedwith nanobubblesjustprior to
addition to thewellsatanantibodyconcentrationof 50�g/mL. Followingincubation(2 min-
utes)in thepresenceof nanobubblesandsubsequentadministrationof ultrasound(20or 30
seconds),thecellswereincubatedfor afurther 2 hoursat37ÊCin a5%CO2/95%air environ-
ment.Cellswerethenwashedwith PBSbeforefixing with icecoldmethanolandpermeabilisa-
tion using0.1%v/v Triton-X100.Next,Cy3-streptavidinwasaddedto detectfor biotinylated
antibody,with coverslipsmountedon slidesusingDAPI-containingmountingmedium.Anti-
bodyuptakewasinitially evaluatedusingfluorescencemicroscopy(NIKON1 EclipseTi-E)
andsubsequentlyconfirmedusingconfocalmicroscopy(OlympusFluoview1 FV1200).
Quantitativeanalysisof uptakewasachievedusingfluorescencemicroscopy,where5 images
perslideweretakenatsetregions(centre,top,bottom,left andright fields),with meanCy3
fluorescenceintensitypercellnucleusevaluatedusingImage-Jsoftware(http://imagej.nih.
gov/ij/).

Statistical analysis
All valuesareshownasmean� SDfollowingexperimentscarriedout atn�3. Comparisons
amonggroupswereconductedusingone-wayor two-wayANOVA whichfeaturedaDun-
nett'smultiple comparisonspost-test,with p<0.05beingconsideredstatisticallysignificant.

Results

Nanobubbles offer a highly echogenic and shelf-stable alternative to
conventional bubble formulations
To-date,afundamentallimitation of commerciallyavailablemicro/nanobubbleformulations
hasbeentheir heterogeneousbubblesize[11]. Our optimisednanobubbleformulationstrategy
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significantlyreducedbubblesizeandheterogeneity,with highlyechogenicnano-sizedvesicles
retainedfor up to eightweeksunderoptimisedstorageconditions(Table1).Conversely,con-
ventionalbubbleswerebothsignificantlylargerandhighlyheterogeneousthroughoutthe
courseof theeightweekstabilitystudy;thisdespiteapredominantlynanosizedpopulation
existingin bothcases.Optimisednanobubblesalsoappearedto bemorestableuponvisual
observationwhereastheconventionalbubbleformulationshowedsedimentationandcaking
overthestorageperiod.

B-scan ultrasound confirms enhancement and retention of nanobubble
echogenicity
Gaseousparticlesarereadilyvisualisedon B-scanultrasound,appearingaswhitecontrast,
with theintensityof contrastcorrelatingwith theamountof gaspresent.Fromvisualappear-
ancealonetheoptimisednanobubblesdemonstratedasuperiorechogenicityto conventional
bubbles,suggestingthat thenovelpreparationprocessimprovedgasentrapment.B-Scan
imageswerein agreementwith visualobservations,with theoptimisedparticle(Fig1C)dem-
onstratingsuperiorcontrastto standard(Fig1B)nanobubbles.A completeabsenceof signal
whenplain liposomeswereimagedconfirmedthesensitivityof thisanalysisto thepresenceof
gasin-formulation (Fig1A).

Table 1. 56 day Z-average size and polydisp ersity index profiles of standard and optimised nanobubb les.

Convent ional DPPC bubbles Optimis ed DPPC nanobubble s

Z-ave (nm) PDI Z-ave (nm) PDI

Day 1 606.4 �“ 132.4 0.496 �“ 0.096 205.0 �“ 35.3 0.331 �“ 0.095

Day 28 522.3 �“ 48.2 0.470 �“ 0.050 219.3 �“ 43.4 0.352 �“ 0.094

Day 56 439.8 �“ 55.0 0.388 �“ 0.069 211.2 �“ 64.5 0.354 �“ 0.035

https://doi.org/10.1371/journal.pone.0178305.t001

Fig 1. B-scan ultrasoun d images obtained after visualising (A) liposom es, (B) convention al nanob ubbles and (C) optimised
nanobu bbles using diagnos tic ultraso und.

https://doi.org/10.1371/journal.pone.0178305.g001
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Nanobubbles resemble their liposomal precursors
OptimisednanobubbleswereobservedviaTEM assphericalnanovesicleswith dark lumina
andabsenceof aggregation(Fig2).Obtainedparametersof particlesizeandhomogeneity
werein agreementwith valuesobtainedviaothermeansof sizecharacterisation.Theprepared
vesiclesvariedin lamellarityandluminal darkness(Fig2A),bothof whichgenerallyappeared
to increasewith increasingparticlesize.

Ultrasound-nanobubble combination toxicity is consistent across retinal
cell lines
ARPE-19andMIO-M1 celllinesweremostsusceptibleto concentrationdependentnanobub-
bletoxicity,with asignificantdecreasein viability notedatconcentrationsof 60�g/mL and
above(p<0.05,Fig3A).661Wcellsweremoreresilient,only showingtoxicity atnanobubble
dosesof 120�g/mL andabove.Interestingly,whenultrasoundwascombinedwith nanobub-
bles(at30�g/mL) all threecelllinesshowedsignsof toxicity at identicallevelsof stimulus
application.To elaborate,anultrasoundintensityof 1 W/cm2 (1 MHz, 20%duty cycle,30sec-
onds)appliedto cellsin presenceof 30�g/mL nanobubblessignificantlyreducedviability
acrossall celltypes,howeverhalvingtheintensityto 0.5W/cm2 sawcellviability unaffected
(Fig3B).

Fig 2. Cryo-TEM images of nanobu bble formul ation. (A) Population of five nanobubb les showing varied size and lamellarity, (B) Single
nanobub ble with strong dark colouratio n. Arrows point to bubbles with evidence of dark luminal colouration. Scale bar 100 nm.

https://doi.org/10.1371/journal.pone.0178305.g002

Nanobubbles and ultrasound for macromolecular delivery to the retina

PLOS ONE | https://doi.org/10.1371/journal.pone.0178305 May 25, 2017 7 / 17

https://doi.org/10.1371/journal.pone.0178305.g002
https://doi.org/10.1371/journal.pone.0178305


Heat stress studies reveal no HSP70 upregulation following
administration of optimised ultrasound
An ultrasound-nanobubblecombinationdeemedtoxicon celllinesin earlierviability studies
wasutilisedasthepositivecontrol in thisanalysis.Here,HSP70levelswereelevatedfor all
threecelltypeswhencomparedto thecontrol (Fig4,p<0.0001).WhenHSP70levelswere
assessedusingasafety-optimisedultrasoundprotocol,no significantupregulationwasobserv-
ableon anyof thecelllinesatanyof thetestedtime points(Fig4).

A clinically relevant macromolecule can be effectively delivered to
various retinal cells using a nanobubble-ultrasound combination
BiotinylatedIgGantibodyinternalisationwasobservedin all threecellpopulationsviaconfo-
calmicroscopy(Fig5).Cy3-streptavidindetectionof theinternalisedbiotinylatedantibody
wasgenerallyverysparingin instanceswhereonly antibodywasincubatedwith cellsin
absenceof anyothertreatment(Fig5A,5Band5C).In contrast,groupsadministeredanultra-
sound-nanobubblecombinationshowedahighproportion of cellswith cytoplasmic
Cy3-streptavidin(Fig5D,5Eand5F).

With safetyof two uniqueultrasoundprotocolsconfirmed,bothwereappliedfor 20or 30
secondduration in thepresenceof optimisednanobubbles(30�g/mL) to evaluateantibody
uptakeandquantificationin all threecelllines.A formulationof lipid bubblesvirtually devoid
of gasandrepresentativeof conventionalbubble(CB)formulationswasutilisedasacontrol.
In all cases,fluorescencepercellonly increasedsignificantlyin instanceswhereultrasound
wasusedin combinationwith optimisednanobubbles(Fig6).Co-deliveryof antibodyand
nanobubblesin theabsenceof ultrasoundhadno impacton macromolecularuptake,nor did
applicationof ultrasoundin theabsenceof bubbleformulations.Combiningantibodywith CB
andultrasoundalsofailedto increasemeanfluorescencepercell(p>0.05).

Neitherof thetestednanobubble-ultrasoundprotocolswasableto demonstrateantibody
uptakein 661Wcells(Fig6Eand6F).In thecaseof MIO-M1 cells,applyingthehigherinten-
sityof 1.0W/cm2 for 20secondsin presenceof nanobubblessignificantlyincreasedantibody

Fig 3. Comparative viability of three unique retinal cell lines as determined by the MTT assay. (A) Concen tration-de pendent
toxicity of nanobub bles; (B) Combina tion nanobub ble and ultrasound toxicit y with nanobubbl e concentrat ion fixed at 30 ��g/
mL. In all cases of ultrasound exposure; frequency, duty cycle and administration time were fixed at 1 MHz, 20% and 30 seconds,
respectively. Conditions under which viability of a cell line is significantly lower than that in absence of any treatment have been identified
(one-way ANOVA).

https://doi.org/10.1371/journal.pone.0178305.g003
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Fig 4. Normalis ed ratio of HSP70 to ��-actin after set time points following administr ation of
ultrasou nd (1 MHz, 20% duty cycle, 0.5 W/cm2, 30 seconds) in presence of 30 ��g/mL nanobubbl es to
(Top) ARPE-19, (Middle) MIO-M1, and (Bottom) 661W cells (n = 3). C = control, PC = positive control (1
MHz, 20% duty cycle, 1.0 W/cm2, 30 seconds). Samples were analysed using one-way ANOVA.

https://doi.org/10.1371/journal.pone.0178305.g004
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uptake(Fig6C,p<0.05)whereasapplyingthelowerintensityof 0.5W/cm2 for 30secondsto
thecombinationcausedno observabledifferencein uptake(Fig6D).Finally,for ARPE-19
cells,both testedconditionsof ultrasoundadministrationin combinationwith nanobubbles
significantlyincreasedmacromoleculeuptake(p<0.01using1.0W/cm2 for 20seconds[Fig
6A], p<0.05using0.5W/cm2 for 30seconds[Fig 6B]).

Discussion
Thefocusof thisstudywasto evaluatethetoxicity andvalidatetheutility of ultrasound-trig-
gerednanobubbledeliveryof amacromoleculein representativecellsof theretina.Asultra-
soundadministrationwill likely subjectabroadregionof thetissueto similarmechanicaland
thermalstressors,weconductedevaluationson threedifferentcelllineswhichrepresented
uniquepopulationsfoundwithin theretinai.e.epithelial(ARPE-19),glial (MIO-M1), and
neuronal(661W)celltypes.

Fig 5. Sample confocal microsco py images of ARPE-19 cells administe red (A) antibody only and (D) antibody in the presence of ultrasound and
nanobub bles; MIO-M1 cells administe red (B) antibody only and (E) antibody in the presence of ultrasou nd and nanobubble s; 661W cells
administe red (C) antibody only and (F) antibody in the presenc e of ultrasound and nanobubb les. Arrows indicate a cell in which antibody uptake (red)
was observed. Scale bar = 20 ��m.

https://doi.org/10.1371/journal.pone.0178305.g005
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To addressshortcomingswith existing,commerciallyavailablebubbleformulationswefirst
electedto developahighlystableandechogenicnanobubbleformulation for subsequentevalu-
ation �� �����. Althoughcommonlyoverlookedin thecaseof microbubbledeliverysystems,
sizestandardisationiscrucialto ensureultrasound-triggereddrugdeliveryis reproducible.
Ultrasoundresponsivenessiscloselyrelatedto particlesizeandcomposition;henceamore
homogenousformulation isexpectedto yieldhighly reproducibleandpredictabledrugdeliv-
ery[13±16].Throughsystematicdevelopmentandoptimisationof our `in-house'formulation
process,wegeneratedahomogenousandintenselyechogenicnanosizedbubbleformulation.
While this followsanincreasingtrendof nanosizedbubbleformulationsbeingreportedin lit-
erature[16,25±31],akeyconcernregardingbubblesof thisnaturehasbeentheir echogenic
stability,it beinganticipatedthatgaswill not beeffectivelyretainedwithin nanosizedparticles

Fig 6. Fluores cence per cell observed following various biotinylat ed antibody administrat ion
protoco ls. Top: ARPE-19 cell lines administe red (A) 1.0 W/cm2 for 20 seconds, (B) 0.5 W/cm2 for 30
seconds. Middle : MIO-M1 cells administere d (C) 1.0 W/cm2 for 20 seconds, (D) 0.5 W/cm2 for 30
seconds. Bottom: 661W cells administe red (E) 1.0 W/cm2 for 20 seconds, (F) 0.5 W/cm2 for 30
seconds. In all cases, the ultrasound frequency and duty cycle were fixed at 1 MHz and 20%, respectively.
Key: Ab = antibody, NB = optimised nanobubble formulation, US = ultrasound, CB = minimally echogenic
control bubble formulation, a.u. = arbitrary units. Samples were analysed using one-way ANOVA.

https://doi.org/10.1371/journal.pone.0178305.g006

Nanobubbles and ultrasound for macromolecular delivery to the retina

PLOS ONE | https://doi.org/10.1371/journal.pone.0178305 May 25, 2017 11 / 17



[32]. In contrastour formulationpossesseshighlydesirablestorageand�� ����� stabilityfrom
thecontextof echogenicity,andweproposethis to betheresultof morerefinedbubblepro-
cessingaswellasstorageconditionsbeingtailoredto theformulation.

Comingto thefocusof thisstudy,nextwesoughtto determineboth thesafetyandefficacy
of nanobubblesandultrasoundin three�� ����� modelsof theretina.Previousstudieshaveelu-
cidatedthatultrasound-inducedpermeabilisationmaybedetrimentalto cellhealth.For
instance,electronmicroscopyhasshownthatultrasoniccavitationcausessuperficialwounds
on thesurfaceof cells[33]. Separately,ultrasound-inducedheatstresshasalsobeenidentified
asatriggerfor intracellularinflammation[34]. Giventheseriousimplicationsof theseeffects,
multiple assayswereutilisedto determinesafetyof thetechnique.TheMTT assayisamong
themostcommonlyemployedindicatorsof cellularviability.Althoughpreviouslyquestioned
for its validity whenusedin conjunctionwith lipid basedformulations[35], theassayprovided
robustandreproducibledatafor our viability evaluationsandwaspursuedastheassayof
choice.Nanobubblesandultrasoundaffectedviability in apredictableconcentration-and
exposure-dependentmanner,respectively.Interestingly,whencelldeathwasassessedusing
trypanblueuptakeimmediatelyfollowingultrasoundexposure(datanot shown),thesevalues
werein verycloseagreementto theMTT dataobtained24hourslater.Thissuggeststhatultra-
sound-mediatedtoxicity predominantlyoccurredin theacutephasewith negligiblelonger
term detrimentaleffectsto cells.

Whencomparingthedegreeof toxicity induceduponthreecelllinesbyeachof thenano-
bubbleformulationsaloneandthenanobubble-ultrasoundcombination,it becameapparent
thateachcelltyperespondeddifferently,mostnotablyin thecaseof 661Wcells,whichproved
to bethemostresistantto nanobubbleinducedtoxicity.However,analysisof toxicity imparted
bynanobubble-ultrasoundin combinationshowedthatall cellsdemonstratedidenticaltoxic-
ity thresholds.Beinganon-discriminatorytechniquethat facilitatesdruguptakebymeansof
cellbilayerdisruptionratherthanspecificreceptorinteractions,it wasencouragingto note
that toxicity ispredictableirrespectiveof retinalcelltype.

It iswellacceptedthatultrasonicenergyaboveathresholdreadilygeneratesheat,which
maybedetrimentalto cellhealth[36]. Thecellularresponseto anultrasound-drivenincrease
in localisedtemperaturehasnot beenextensivelyevaluatedfor long-termeffects[34]. Heat
shockproteinsareafamilyof highlyconservedmediatorswhichservevariouschaperoning
functionsin responseto heatstress[37]. An absenceof HSP70up-regulationduring optimised
nanobubble-ultrasoundconditionscouldbeclearlycontrastedwith thepositivecontrol, fur-
therconfirming thesafetyattainedfollowingoptimisationof our administrationstrategy.
Interestingly,theapparentoverlappingtrendsobservedwith trypanblue,MTT andHSP70
evaluationson cellhealthsuggestthatasingleviability evaluationmaybeadequatein the
future to determinethetoxicity of nanobubble-ultrasoundadministrationon agivencell
population.

Ultrasound-associatedcellularuptakeof macromoleculeshaspreviouslybeenreported
with pDNA [9, 38]andalsofluorescently-labelledcarriers[4] servingasmarkers.Our ultimate
aimherewasto efficientlyandrapidly facilitatemacromoleculeinternalisation,andto assess
thisweemployedabiotinylatedantibodythatcouldbereadilydetectedwith Cy3-labelled
streptavidinafterfixation, for quantificationpurposes.Dueto naturalflow mechanismsthat
existwithin thevitreous,aninjectedtherapeuticmayonly beretainedproximalto theretina
transiently[39]. In absenceof ultrasoundandnanobubbles,themacromoleculehadaverylow
tendencyto associatewith or beinternalisedby thethreecellsof interestoverthetwo hour
incubationperiod.Thedegreeof internalisationvariedbycelltypeandfor two celllines(i.e.
ARPE-19andMIO-M1), utilising thenanobubble-ultrasoundcombinationenhancedanti-
bodydelivery,asvisualisedwith both fluorescenceandconfocalmicroscopy.Ultrasonic
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cavitationis reportedto createlarge(up to severalmicron) [40] yettransient(1±2minute life-
span)poreson themembraneof cells[41]. While anantibody-sizedmacromoleculecantra-
versethroughachannelof suchdimensions,effectivepermeationwill relyon anadequate
numberof poresforming on thecellsurfacecoupledwith adriving forcepromotingcellular
internalisation.Ultrasoundalonehadno significantimpacton antibodyuptakeinto eachcell
type,whereascombiningthiswith our contrastagent-richnanobubbleswasthekeydriver of
antibodyinternalisation.Thesefindingsarein line with thewell-knownmechanismof micro/
nanobubble-assistedmolecularinternalisationfollowingultrasonicexposure[7]. What
remainsuncleariswhythetechniquefailedto increaseuptakein 661Wcells,with thispopula-
tion otherwiserespondingto theultrasound-nanobubblecombinationin averysimilar fash-
ion to theothertwo testedcelltypes.Currentknowledgeof thephysiologyandfunctionalityof
thesecellsalonecannotexplaintheobserveddifferencesandfurther evaluationsarerequired
to elucidatetherolecellularstructure,morphologyandorigin playin susceptibilityto cavita-
tion-induceddelivery.

Theselectedcelltypesareverydistinct in termsof their morphologyandfunctionalityboth
�� ����� andwithin theintactneurosensoryretina[42]. Eachcelltypeisalsoaffectedin a
uniquemannerin variousposterioreyecomplications,namelyneovasculardiseasessuchas
AMD andDR.Givenits proximity to thehighlyvascularchoroidlayerandimportant age-
relatedchangesin cellularmorphology,dysfunctionof theretinalpigmentepithelium(ARPE-
19)is implicatedin earlystagesof bothdiseases[43±45].MuÈller cells(MIO-M1) alsohavea
pivotalrole in neovascularretinaldiseases:their overproductionof VEGFbeingakeymedia-
tor that facilitatesdiseaseprogression[46,47].Photoreceptorcells(661W)arealsoaffectedin
bothdiseasestates,howeverasdamageto thepigmentepitheliumprecedesphotoreceptordeg-
radation[48,49] thesecellshavereceivedlittle attentionasaprimary targetfor earlydisease
intervention.Takingtheseobservationsinto consideration,it ispossiblethatour optimised
nanobubblesandultrasoundmaybeableto enhancetherapeuticdeliveryto relevantcells
implicatedin earlierstagesof neovasculardiseases(ARPE-19andMIO-M1) without having
anyimpacton otherlocalisedcellssubjectedto thesametreatmentconditions(661W).How-
ever,dueto differencesin cellularorigins(ARPE-19andMIO-M1 beinghumanderived
whereas661Warederivedfrom mice),thisobservationmaynot standwhentreatmentsare
appliedinto awhollyhumanmodel.

All studiesdescribedhereinwereperformedusinganoff-the-shelf,genericultrasonictrans-
ducerprobe.It isexpectedthat,followingthedevelopmentof apurposebuilt transducer,effec-
tivenessof thisstrategycanbefurther optimised,anddrugdeliverymarkedlyimproved[50±
53].Furtherrefinementsmayincludeassociatingthenanobubbleswith thetherapeuticeither
bymeansof entrapment,conjugationor charge-basedassociation;thisproximity between
contrastagentandtherapeuticoffersstericprotectionandmayconsequentlyenhanceefficacy
[54,55].

Cavitationbehaviourisalsocloselyrelatedto micro/nanobubblesizeandan`ideal'protocol
will facilitaterapidon-demanddestructionof thebubblesleadingto depositionof therapeutic
into targetcells/tissue.In our study,nanobubblesweresubjectedto a1MHz ultrasonicfre-
quency,which is in contrastto literaturereportsciting 3MHz asamoresuitablefrequencyfor
thedisruptionof nano-sizedcontrastagents[15,16].In line with currentunderstandingin the
field,only our highlyechogenicnanobubbleswereableto significantlyenhanceantibody
uptakebeyondbaseline(p<0.05),while theconventionalbubbleshadno notableimpacton
uptake(p>0.05).Conventionalliposomesandnanoparticles(devoidof gas)havepreviously
demonstratedultrasoundresponsivebehavioursuchastriggeredreleaseof drugcontained
within them[56], andevenenhancedtissueuptakeof theentirevesicle[5] followingultra-
soundadministration.In our handssuchoutcomesof enhancedantibodyuptakewerenot
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observedwhentrialled in combinationwith aconventionalbubbleformulation,likely dueto
thefactthatweadoptedan�� ���
 co-formulationapproach,with thedrugnot being
entrapped/loadedor conjugatedwith thedeliverysystem.Thereforeanyimpactthatultra-
soundmayhavehadon non-gaseousparticlesdid not substantiallyaffectthesurrounding
milieu.

Optimalultrasoniccavitationisafunction of severalparameters,with someprevious
reportssuggestingpeak-to-peaknegativepressureasthedriving forcefor optimalcavitation
behaviour[7, 57],howeverthisparameterwasnot tuneableor attainablewith our generic
ultrasoundunit. Fromthetwo optimisedultrasonicprotocolstrialled,it wasapparentthat
usingahigherintensityfor ashorterdurationhadamoredesirableimpacton cellularuptake,
with 1 W/cm2 for 20secondssignificantlyenhancingdeliveryto bothARPE-19andMIO-M1
cells,whereas0.5W/cm2 for 30secondsenhanceddeliverysolelyto theARPE-19population.
Thereisscopeto evaluatemorecloselythemechanicalimpactof ultrasonicenergyon our
nanobubblesin orderto optimisesafetyanddeliveryefficiency,whereeachparametermaybe
morethoroughlymonitored.

To our knowledge,our studyis thefirst in whichultrasound-mediateddrugdeliveryhas
beenassessedon MuÈller andphotoreceptorcellderivatives.It isalsooneof veryfewstudies
thatutilisemultiple retinalcelllinesto evaluatetheconsequencesof posterioreyedrugdeliv-
ery,onenotableexamplebeingastudyevaluatingthecellularimpactof bevacizumab[19].
With theobservationsmadein our study,it isclearthatamulticellularevaluationwill enable
thederivationof morerobustdataregardingtheimpactof anydrugdeliverystrategyon the
complexretina.Moving forwardfrom theseevaluationsit isnow imperativeto assesstheeffi-
cacyof this technologyin �� ���� and�� ���� models.

Conclusion
Thisstudyevaluatedtheimpactof anovelnanobubble-ultrasoundstrategyon threedistinct
retinalcelllines.Nanobubblesizestandardisationwasachievedwhileretainingstrongecho-
genicpropertiesindicativeof ultrasoundresponsiveness.Thesynergisticeffectof nanobubbles
andultrasoundimpactedeachcelltypein auniquemannerhighlightingtheimportanceof
carryingout holisticevaluationsto determinethesafetyandefficacyof thetechniquewhen
usedon highlycomplextissues,suchastheretina.In-formulation gasretentionwastheclear
driver for enhancingultrasound-assisteddeliveryof aco-deliveredmacromoleculeinto the
cells;thisonly beingachievedwith our highlyechogenicnanobubbleformulation.Futurestud-
ieswill aim to translatethesefindingsinto �� ���� and�� ���� modelsof theeye.
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