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ABSTRACT:Effectfivedrugdeflfiverytopuflmonarysfiteswfiflfl
benefitffromthedesfignandsynthesfisoffnovefldrugdeflfivery
systemsthatcanovercomevarfioustfissueandceflfluflarbarrfiers.Ceflfl
penetratfingpeptfides(CPPs)haveshownpromfisefforfintraceflfluflar
deflfiveryoffvarfiousfimagfingprobesandtherapeutfics.Aflthough
CPPsfimprovedeflfiveryeficacytoacertafinextent,theystfiflflflackthe
scopeoffengfineerfingtofimprovethepayfloadcapacfityandprotect
thepayfloadffromthephysfioflogficaflenvfironmentfindrugdeflfivery
appflficatfions.InspfiredbyrecentadvancesoffCPPsandCPP-
ffunctfionaflfizednanopartficfles,finthfiswork,wedemonstrateanovefl
nanocomposfiteconsfistfingofffiber-fformfingsupramoflecuflarCPPs
thatarecoatedontopoflyflactfic-gflycoflficacfid(PLGA)nanopartficflestoenhancepuflmonarydrugdeflfivery.Thesenanocomposfites
showathreeffofldhfigherfintraceflfluflardeflfiveryoffnanopartficflesfinvarfiousceflflsfincfludfingprfimaryflungepfitheflfiaflceflfls,macrophages,
anda10-ffofldfincreasefinendotheflfiaflceflflscomparedtonakedPLGAnanopartficflesoratwoffofldfincreasecomparedtonanopartficfles
modfifiedwfithtradfitfionaflmonomerficCPPs.Ceflfluptakestudfiessuggestthatnanocomposfitesflfikeflyenterceflflsthroughmfixed
macropfinocytosfis andpassfiveenergy-findependentmechanfisms, whfich fisffoflflowedbyendosomaflescapewfithfin 24h.
Nanocomposfitesaflsoshowedpotentmucuspermeatfion.Morefimportantfly,ffreeze-dryfingandnebuflfizfingfformuflatednanocomposfite
powderdfidnotaffectthefirphysfiochemficaflandbfioflogficaflactfivfity,whfichffurtherhfighflfightsthetransflatfivepotentfiaflfforuseasastabfle
drugcarrfierfforpuflmonarydrugdeflfivery.Weexpectnanocomposfitesbasedonpeptfidenanofibers,andPLGAnanopartficflescanbe
customdesfignedtoencapsuflateanddeflfiverawfiderangeofftherapeutficsfincfludfingnucfleficacfids,protefins,andsmaflfl-moflecufledrugs
whenempfloyedfinfinhaflabflesystemstotreatvarfiouspuflmonarydfiseases.
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1.INTRODUCTION

Nanopartficfles(NPs)fintherangeoff1−1,000nmwfithhfigh-
surfface-area-to-voflumeratfioarebefingempfloyedtodeflfiver
drugsandothertherapeutfics.DrugencapsuflatfingNPshave
beenreportedtofincreasethedrugbfioavafiflabfiflfityanddrug
refleasefintargetedtfissues.1Thfis,finpartficuflar,fishfighfly
beneficfiafltoreducethedosfingffrequency,fimprovfingpatfient
compflfiance.2CommonflyusedNPsfincfludepoflymer-based,
dendrfimers,flfiposomes,metafl-based,andfinorganficpartficfles
suchassfiflfica,amongothers.AflthoughNPsarecapabfleoff
enterfingceflflsthroughdfifferentendocytosfismechanfisms,there
fisofftenanfissueofftunfingthenumberoffNPsneededtoexerta
therapeutficeffect.3,4 Engfineerfingstrategfiesfimprovfingthe
uptakeoffNPscanhaveaproffoundeffectondrugdeflfivery
towarddfiseasedceflflsfincfludfingfinffected,senescent,cancerous,
andotherabnormaflfitfieswhereanafltereduptakeabfiflfityoreven
areduceduptakeabfiflfitywasseenasprevfiousflyreported.5−7

Ceflflpenetratfingpeptfides(CPPs)havegafinedfinterestfinthe
fiefldoffbfioengfineerfinggfiventhefirunfiqueabfiflfitytocrossthe
ceflflmembranefforfintraceflfluflardrugdeflfivery.8,9NPsmodfified
wfithCPPshavebeenreportedfforfincreasfingfinternaflfizatfionfin

ceflflsfforvarfiousappflficatfionsfincfludfingtargetfingandfimagfingoff
cancer.10−13NPs aremodfified wfithCPPsbytwomajor
strategfiesfincfludfingeflectrostatficfinteractfionandcovaflent
crossflfinkfingsuchascflfickchemfistry.AmongCPPs,catfionfic
CPPssuchasthetransactfivatorprotefin(Tat)offhuman
deficfiencyvfirus(HIV)arethemost ffrequentflyusedffor
modfiffyfingNPs.10Argfinfine-rfichpeptfideshaveaflsobeenused
tomodfiffyNPs;fforfinstance,Boussoufietafl.14dfirectflycross-
flfinkedcovaflentflythepeptfidethfioflgrouptothesurffaceoffgofld
NPsfforcancertherapy.Inanotherstudy,poflyflactfic-gflycoflfic
acfid(PLGA)NPsweredecoratedwfithtumor-homfingand
penetratfingpeptfide-F3vfiaamfine-reactfivecrossflfinkerchem-
fistryfformfingacovaflentbondbetweenthepeptfideandester-
actfivatedcrossflfinkersonthesurffaceoffNPsandappflfiedffor
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theragnostficpurposesfforcancertreatment.15TheF3-peptfide
coatfingonNPsenhancedceflflassocfiatfionandprefferentfiafl
targetfingtothetumorsfite,enabflfingamufltfimodafltherapyffor
cancertreatment.Sfimfiflarfly,duaflpeptfidesoffCPPTatand
antagonfistGpeptfidewereconjugatedontopoflymerPLGA
NPs wfith theuseoff1-ethyfl-3-(3-dfimethyflamfinopropyfl)-
carbodfifimfide−N-hydroxysuccfinfimfidecflfickchemfistry,showfing
theabfiflfitytoaccommodateamufltfiffunctfionaflpeptfidecoatfing
offNPs.16Theduaflpeptfidecoatfingshowedflowerhaflffmaxfimafl
finhfibfitoryconcentratfion(IC50)finkfiflflfingflungcancerceflfls
comparedtoasfingflepeptfidemodfificatfionoffNPs.16Overaflfl,

dfifferentstudfiessuggestthatpeptfidemodfificatfioncanfimprove
thetargetfingandtherapeutficeficacyoffNPs,thusshowfinga
greatpotentfiaflffordeveflopfingmoreeficfientdrugdeflfivery
systems.
Most naturaflandsynthetficCPPs areactfivefinthe
monomerficfform,fleadfingtoflowerbfindfingafinfitytoward
NPs andrapfidenzymatficdegradatfion.Asaresuflt,hfigh
concentratfionsoffCPPsareneededtoefithercovaflentflyor
noncovaflentflyattachontoNPs,whfichfinturnmaycausehfigh
cytotoxficfity.Toaddressthesefissues,peptfideseflff-assembfly
offersaneffectfivemethod togeneratesupramoflecuflar

Ffigure1.OvervfiewoffNCsynthesfiswherepeptfidesareseflff-assembfledfintoNFsandeflectrostatficaflflycoatedontopoflymerficNPstofformNCs.
ConffocaflfimagesontherfightshowenhanceduptakeoffNPsandNCsfinprfimaryaflveoflartypeIepfitheflfiaflceflflsflabefledwfithRhodamfineBdyes.

Ffigure2.CharacterfizatfionoffNCs.(a)DLSmeasurementsoffNPsandNCscomprfisedNF-coatedPLGANPsshowfingasflfightfincreasefinsfize
aflongwfithareductfionfinchargeduetoaposfitfiveflychargedNFcoatfing.(b)TEMfimageoffNCswfithwhfitearrowspofintfingtotheNFsattachedto
theNPs.(c)FITC-flabefledNFswerecoatedwfithNPsfloadedwfithrhodamfinedye.NPsaflonedfidnothaveanyfluorescencefintheFITCchannefl
(green),whereasfluorescenceffromFITC-flabefledNFscoatedontoPLGANPscanbeseenfinthebottomrfightchannefl(scafle20μm).(d)Bfindfing
kfinetficsusfingthermophoresfisshowedfincreasfingtheconcentratfionoffNFsreducedthemovementoffRhodamfineB-flabefledNPs(fixed
concentratfions)showfingtheeffectoffbfindfingoffNFsontoNPs.(e)FTIRspectraoffNF-coatedNPsshowamfideIpeaks(greenarrow)at1640cm-
1ffrompeptfidesoffNFsaflongwfithpeaksoffoutoffpflane(C−H)bendfingffromtryptophanrfingsseenat750cm−1(bflackarrow).
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nanomaterfiaflswfithfimprovedstabfiflfity,dynamficnanostructure,
andbfioflogficaflactfivfity.Inpartficuflar,thehfighaspectratfio
peptfidenanofibers(NFs)showedgoodfinvfivostabfiflfityand
havebeenextensfiveflystudfiedasffunctfionaflscaffofldsand
nanocarrfiersfforavarfietyofffinvfivobfiomedficaflappflfica-
tfions.17−31Recentfly,anewffamfiflyoffsupramoflecuflarCPPsthat
fformnanostructuredfibersreportedbytheYangandDong
group32 showedpotentceflflpenetratfingactfivfity,greatfly
reducedcytotoxficfity,andfimprovedproteoflytficstabfiflfity.32−37

Herefin,wedeveflopanoveflnanocomposfite(NCs)combfinfing
theseCPPnanofibers(NFs)wfithbfiodegradabflePLGANPs
fforenhancedpuflmonarydrugdeflfivery(Ffigure1).OurNFs
bfindtoPLGANPseflectrostatficaflflytofformNCsandenhance
theuptakeabfiflfityoffNPswfithpayfloadsfforfintraceflfluflardrug
deflfivery.

2.RESULTSANDDISCUSSION

2.1.SynthesfisandCharacterfizatfionoffNCs. The
synthesfisandfformuflatfionoffNCsfinvoflvesconjugatfionoff
opposfiteflychargedPLGANPs (negatfiveflycharged)and
peptfideNFs(posfitfiveflycharged).AsshownfinFfigure1,the
NFsarecomposedoffpeptfideswfithaprfimarysequenceoff
K10(QW)6E3finwhfichthesubscrfiptrefferstothenumberoff
repeatfingunfitsoffeachdomafin.Aflflpeptfidesweresynthesfized
onthesoflfidphaseandcharacterfizedbymatrfix-assfistedflaser
desorptfion/fionfizatfion-tfimeoffflfight(MALDI-TOF)(Ffigure
S1).Asshownfinourprevfiousstudfies,K10(QW)6E3canseflff-
assembflefintoNFsfinwhfichthechargedresfiduesaredfispflayed
ontheexterfioroffthefibersurfface.32Duetotheexcessoffthe
posfitfivechargesdfistrfibutedaflongtheflongfiberaxfis,theseNFs
demonstratedexceptfionaflceflflpenetratfingactfivfity.Inthfis
study,we wfiflfl empfloytheseNFs thatundergocharge
compflexatfionwfithbfiodegradabflePLGANPscomposfitfionffor
drugdeflfiveryappflficatfiontodeveflopournoveflpuflmonarydrug
deflfiverysystem.38PLGANPshavegreateradvantagesasdrug
deflfiveryvehficflesduetothefirhfighsurffaceareasandhofldthe
capabfiflfitytodeflfiverhfighconcentratfionsoffdrugswfitha
proflongedrefleasefintheflungswhfifle avofidfingsystemfic
overdoseffromcfircuflatfionthroughfintravenousdeflfivery.39

ThePLGANPstargetedfinthfisstudyhaveasfizeoff∼200
nm(Ffigure2a),whfichfissufitabflefforflowerrespfiratorytract
deflfiveryavofidfingexhaflatfionandupperrespfiratorytract
accumuflatfion.40Ohashfi etafl.havefformuflatedrfiffampficfin-
floadedPLGANPsoff∼213nmfindfiameterandsuccessffuflfly
deflfiveredthemtoaflveoflarmacrophages,whfiflemficron-meter
sfizedpartficfleswererapfidflyexcretedffromtheflungs.41For
synthesfisandfinvfitrotestfingoffNCs,PLGANPsrangfingffrom
150−200nmwerefformuflatedandused.Negatfiveflystafined
transmfissfioneflectronmficroscopy(TEM)fimagesshowthe
coatfingoffNFsonthesurffaceoffthePLGANPsfintheTEM
fimages(Ffigure2b).Cryo-TEM ffurtherconfirmedthe
structure,aflthoughwfithaflowercontrast(FfigureS2).Thfisfis
fimportantevfidenceshowfingthestabfiflfityoffNFsuponphysficafl
finteractfionswfithPLGANPs.
The finteractfionbetweenNFs andNPs was ffurther
confirmedbythefincreasefinsfizeandreductfionfinthesurfface
chargeoffNCs(Ffigure2a).Sfimfiflartrendsoffreductfionfinthe
surffacechargewereobservedfinarecentstudybyGaflfindoet
afl.,wheretargetedpeptfideswereconjugatedontoPLGANPs
fforocuflardeflfiverypurposes.41Weaflsoconfirmedthepresence
offpeptfideNFsonthePLGANPsbyusfingFITC-flabefledNFs
(Ffigure2c).OurresufltsshowFITC-flabefledNFsco-flocaflfized
wfithRhodamfineB-flabefledPLGANPs(Ffigure2c).

Furthermore,toconfirmthefformatfionoffNCsfinwhfichNFs
arephysficaflflyattachedontheNPs,NPswereffreeze-drfied,and
Fourfiertransfferfinffrared(FT-IR)spectroscopywasperfformed
todetectthepresenceoffffunctfionaflgroupspresentedonthe
peptfideNFs.AFT-IRspectrumoffNCsshowedadfistfinctpeak
offamfideIgroupsat1640cm−1aflongwfith(C−H)bendfing
ffromthetryptophanrfingsseenat750cm−1.Thesepeaksare
absentfinPLGANPs wfithout NF coatfing(Ffigure2e).
CharacterfistficIRabsorptfionoffPLGAwasobservedfforthe
−CHaflfiphatficbondstretchfingat2850−2950cm−1and−C�
Ocarbonyflstretchfing(Ffigure2e).We usedthemficroscafle
thermophoresfistechnfiquetofinvestfigatethefinteractfion
betweenNFsandPLGANPs.42Here,thermophoretfickfinetfics
offRhodamfineB-flabefledNPsfinthepresenceoffdfifferent
concentratfionsoffNFs wereffoflflowed.Assampfleconcen-
tratfionsoffNFsusedfincreased,themovementoffRhodamfine
B-flabefledPLGANPswasreducedfinthepresenceofffinffrared
flaserpertafinfingtothebfindfingoffNFs ontoPLGANPs,
whereasatflowerconcentratfionsoffNFsortheNPonflygroup,
ffastermovementoffNPswasshownwfithflowerFnormvaflues
(Ffigure2d).LowerFnorm vaflueswere observeduntfifla
concentratfionoff7.81×10−6M,andthen,therefisajump
showfinghfigherFnormffromthefinteractfionbetweenNFsand
NPs.AsflfightreductfionoffFnormvaflueswasobserveddueto
fintrfinsfictryptophanfluorescenceffromfincreasedNFconcen-
tratfions(TabfleS1).Asfimfiflarbehavfiorofffintrfinsfictryptophan
fluorescencefinterfferencewfithFnorm vaflueswasprevfiousfly
observedbyChatterjeeandMandafl.43Anychangefinthefinfitfiafl
fluorescenceandbackgroundbufferfluorescencewasverfified
byfinfitfiaflcapfiflflaryscans.Nofluorescenceffrombufferorparfity
finthefinfitfiaflfluorescenceffromtestsampfleswasobserved
(FfigureS3).ThereducedmovementoffNPsfinthepresenceoff
finffraredflaserfisduetotheboundNFsffromeflectrostatfic
finteractfionswfithPLGANPs.
2.2.InVfitroEvafluatfionoffNC Uptake finLung

EpfitheflfiaflCeflfls.Currentflungdfiseasetreatmentstrategfies
finvoflvfingsystemficadmfinfistratfionoffdrugshaveflowpatfient
compflfianceandareassocfiatedwfithsfideeffects.Hence,therefis
aneedtodeveflopeffectfivedrugdeflfiverysystemswfiththe
abfiflfitytoovercomethevarfioustfissue/ceflflbarrfiersffor
enhancedceflfldeflfiveryeficacy.44−46CPPshavebeenproven
effectfivefforfintraceflfluflardrugdeflfivery;however,athfigher
concentratfions,theysufferffromseveretoxficfityduetothefir
membraneperturbatfions.47Thereffore,wesetouttofinvestfigate
thecytocompatfibfiflfityoffournewNCscomparedwfithNFsand
NPsaflonefinflungceflflsfinvfitro.Thfisfisacrfitficaflstudyfformany
otherexperfimentsaswecompareourNCswfithNPs(NPs)
wfithrespecttouptakeandsubsequentfly,drugdeflfiveryabfiflfity
assocfiatedwfithfimproveduptake.Lungepfitheflfiaflceflflswere
chosenasamodeflduetothefirsfignfificancefinmafintafinfinga
barrfiertocfircuflatfion,whfichfisofftendfisruptedbyvarfious
vfiruflenceffactorssuchasmethficfiflflfin-resfistantStaphyflococcus
Aureus(MRSA),Aflpha-toxfin (Hfla),andStaphyflococcafl
protefinA(Spa)asweflflasvfiraflpathogenssuchasSARS-
CoV-2.NCswfithaconjugatfioneficfiencyoff∼30%upon
mfixfingoffNFsandNPs(1:4bymassorcharge)wereusedas
anoptfimumfformuflatfionfforaflflthestudfies.Optfimafl
fformuflatfionwasffoundbyvaflfidatfingtheconjugatfioneficacy
ffromvarfiousratfiosoffNFs/NPsandthefiruptakeeficacy.
Compared wfithpflafinNPs, theNCs dfidnotshowany
sfignfificantchangefincytocompatfibfiflfityupto1mg/mLfin
prfimaryflungAT1epfitheflfiaflceflflscomparedtotheuntreated
controfl,whereas NFs showedsfignfificanttoxficfitywfith
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concentratfionsrangfingffrom0.25to1mg/mL(FfigureS3).
NCsshowedexceflflentcytocompatfibfiflfityupto1mg/mLwfith
RAWmacrophagesandhumanumbfiflficaflvefinendotheflfiaflceflfls
(HUVEC)(FfigureS4).BasedonthetoxficfityprofifleoffNFs,
NPs,andNCs,wepresumethattheNCsfinteractwfithceflflsfin
adfifferentmodecomparedtoffreeNFs,whfichtypficaflflyfinvoflve
membranedfisruptfionandpermeatfionasthefinfitfiaflsteptoward
ceflfl−materfiafl finteractfions.48 Most flfikefly,thefimproved
cytocompatfibfiflfityfisflargeflyduetothereductfionofftheoveraflfl
chargeuponphysficaflcompflexatfionofftheposfitfiveflycharged
NFsandnegatfiveflychargedNPs(Ffigure2a).Basedonthfis
resuflt,fitsuggeststhatcombfinfingposfitfiveflychargedmem-
brane-permeatfingNFswfithcytocompatfibfleNPscanreduce
themembranedfisruptfiveactfivfityoffNFsandaflflevfiatethefir
toxficfitytowardceflfls,finpartficuflarflungepfitheflfiaflceflflsusedfin
thecurrentstudyfforpuflmonarydrugdeflfivery.Itfisaflso
noteworthythatevenwfiththeoveraflflchargeoffNCsbefing
negatfive,theceflfluptakeeficacywasdramatficaflflyenhanced,
whfichwfiflflbedfiscussedbeflow.
TheabfiflfityoffNCstofimproveceflfluflaruptakewasstudfiedfin
prfimaryflungepfitheflfiaflceflfls,RAWmacrophages,andHUVEC
endotheflfiaflceflfls.Thesecommonflyffoundceflflflfinetypeswere
usedtoassesstheenhanceddrugdeflfiveryabfiflfitfiesoffNCs
towardpuflmonarydrugdeflfivery.BothAT1 andRAW
macrophagesshowedathreeffofldandtwoffofldfincreaseduptake
offNCs(flabefledwfithRhodamfineBdye)comparedtoNPs
(aflsoflabefledwfithRhodamfineBdye),respectfivefly(Ffigures3a
andS6a).RAWmacrophages,duetothefirfintrfinsficphagocytfic
actfivfity,showedahfigheruptakeoffNCscomparedtoflung
epfitheflfiaflceflfls(FfigureS7a).NCscflearflyhadfincreaseduptake

finepfitheflfiafl,macrophageandendotheflfiaflceflfls,whficharethe
majorceflfltypesencounteredwhentreatfingfforpuflmonary
pathoflogfies(Ffigures3bandS7a-c).Adose-dependentstudy
wfith varfiousconcentratfionsoffNCs (30−500μg)usfing
epfitheflfiaflceflflsshowedthatevenataratfiooff1:128,NFsand
NPs stfiflflcanfimprovethefintraceflfluflardeflfiveryoffNCs
findficatfingtheNFssuperfiorabfiflfitytofinteractwfiththeceflfl
membranetofinternaflfizeNPsanddeflfiverassocfiatedpayfloads
suchasdrugsorotherbfiomoflecufles(FfigureS5).Thesedata
showthatceflflmembranepenetratfingNFs,whencoatedonto
NPs,canfimprovethefirdeflfiverytoceflflsandsubsequentfly,the
drugscargo,enhancfingfintraceflfluflardrugdeflfivery.
Thekfinetficsoffceflfluptakewasperfformedover4hto
understandthetfime-dependentuptakefinflungepfitheflfiaflceflfls.
Thfisstudyheflpstounderstanddosagetfimerequfired,and
desfigntherapeutficdosagesneededtobedeflfiveredtotheceflfls.
NCsfimmedfiateflyattachedtotheceflflswfithfin30mfinandflater
werefinternaflfizedbytheceflflsovera24hperfiod.UnflfikeNCs,
NPswfithoutNFcoatfingshowedaflfinearfincreasefinuptake
untfifl90mfin, andflaterpflateauedwfithreductfionfinNP
finternaflfizatfion(Ffigure3c).Thfisreductfionmaybedueto
varfiousphenomenasuchasexocytosfisoffNPsasextraceflfluflar
vesficflesorothermechanfisms.3

NC uptakewas ffurtherassessedusfingconffocaflflaser
scannfingmficroscopy(CLSM)tovaflfidatethefinternaflfizatfion.
Z-stack3Dconffocaflcross-sectfionsoffAT1ceflfls(Ffigure3d)
showedthatRhodamfineB-flabefledNCswereflocaflfizednextto
theDAPIstafinednucfleus.Thex,zandy,zsflfices(markedwfith
redboxesfinFfigure3d)demonstratedthattheNCswere
flocaflfizedbothfintraceflfluflarflyandextraceflfluflarflyaflfloverthe

Ffigure3.CeflfluflaruptakeoffNCs.(a)NPswfithNFcoatfing(NCs�redbars)andwfithoutNFs(NPs�bflackbars)weregfivenatvarfious
concentratfions(0.125−0.5mg)toovernfightcuflturedprfimaryflungAflveoflarType1epfitheflfiaflceflflsandquantfifiedbynormaflfizfingtheRhodamfineB
dyefluorescenceffromtheceflflflysateoffeachgroupwfiththerespectfiveceflflprotefincontent.(b)Affter90mfin,bothgroupsoffceflfls(nucflefi,NCs/
NPs)werewashedthreetfimeswfithPBSandstafinedwfithDAPItotakefimageswfithafluorescentmficroscope(scafle20μm).(c)NPsandNCs
weregfiventoconfluentAflveoflarTypeIceflflsseededfina48-weflflpflate.Atvarfioustfimepofintsoff30mfin,90mfin,and4h,ceflflswerewashedand
flysedtoquantfiffyfluorescentpartficflesusfingapflatereader,andtheceflflprotefinffromeachweflflwasusedffornormaflfizatfionandpflottfinguptake
kfinetfics.(d)3DreconstructfionoffaconffocaflanaflysfisoffAflveoflarepfitheflfiaflceflflsexposedtoNPs(top)andNCs(bottom)aflongwfith3D
reconstructfionoffx,zandy,zsflficesoffthecorrespondfingregfionsofffimage2.5AshowfingthefinternaflfizatfionoffNPs(top)andNCs(bottom)wfith
anfincreasedamountseenfinNCs.Scaflebarx,y�50μm,x,z�20μm,andy,z�20μm.

ACSAppflfiedMaterfiafls&Interffaces www.acsamfi.org ResearchArtficfle

https://dofi.org/10.1021/acsamfi.2c15204
ACSAppfl.Mater.InterffacesXXXX,XXX,XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15204/suppl_file/am2c15204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15204/suppl_file/am2c15204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15204/suppl_file/am2c15204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15204/suppl_file/am2c15204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15204/suppl_file/am2c15204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15204/suppl_file/am2c15204_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15204?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c15204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


treatedceflfls,whfiflefintheNPgroup,thefluorescencefleveflwas
muchflower.TheresufltsfindficatedthecoatfingofftheNF
dramatficaflflyfincreasedbothceflflmembranebondfingandceflfl
uptakeoverashortperfiodofftfime.
2.2.1.LysosomeEscapeoffNCs.Mostoffthedrugsexhfibfit
thefirffunctfionsfinthecytopflasmornucfleus.Theabfiflfityoffa
nanocarrfiertoachfieveendosome/flysosomeescapepflaysavfitafl
roflefindetermfinfingthefirdeflfiveryeficfiency.Tofinvestfigatethe
escapeofftheNCsffromflysosomeswfithvarfioustreatment
tfimes,CLSMfimageswereanaflyzedtocorreflatefluorescence
dfistrfibutfionandfintensfitybetweenNCs, whfich were
constructedwfithFITC-flabefledNFs(green)andrhodamfine-
flabefledNCs(red),andaflysosometracker(bflue).Asshownfin
Ffigure4,affter2hofffincubatfion,ayeflflowfluorescencewas
observedontheceflflmembraneduetotheoverflayoffred
fluorescenceffromtheNPandgreenfluorescenceffromtheNF.
ThfisresufltaflsosuggeststhephysficaflstabfiflfityofftheNCsfinthe
ceflfluflarmficroenvfironmentwfiththeNFphysficaflflyattached
ontotheNPs.Wfiththefincreaseofffincubatfiontfimeto8h,a
pfinkfluorescencesfignaflwasseenfinthecytopflasm,findficatfing
co-flocaflfizatfionofftheflysosomeandNCs. Upon24hoff
fincubatfion,ayeflflow-to-whfitefluorescencesfignaflwaspredom-
finantwhfichfisfindficatfiveoffNCescapeffromtheflysosome,
whfifletheNFs andNPs werestfiflflphysficaflflycompflexed
togetherwfithfintheNCs.Ananaflysfisofffluorescencefintensfity
dfistrfibutfionshowsthebfluefluorescencefismostflymergedwfith
thegreen(NF)andred(NP)fluorescence’sat8h,whfifleat24
h,thegreenandredfluorescencewasshfifftedanddfisflocated
wfiththebfluefluorescencepeak.Thfisresufltfisanotherevfidence
offtfime-dependentflysosomeescapeoffNCs.

2.2.2.NCUptakeMechanfismfinLungEpfitheflfiaflCeflfls.A
studyofftheuptakemechanfismfinNCscanheflpunderstand
thedeflfiveryeficfiencyandtransflatfionoffresufltsfinotherceflfl
types.4MostNPsarefinternaflfizedbyceflflsusfingendocytficor
phagocytficpathways,fincfludfingcflathrfin,caveoflfin,mficro-
pfinocytosfis,andotherenergy-findependentpathways.Prevfious
studfieshaveshowedthatseflff-assembfledNFsundergoceflfl
uptakebymficropfinocytosfisfinHeLaceflfls.32Gfiventhenew
structureandcomposfitfionoffNCs,wescreenedtheNCsffor
thefiruptakemechanfismsusfingvarfiousendocytosfisfinhfibfitors.
Lungepfitheflfiaflceflflsafftertreatmentwfithvarfiousendocytosfis
finhfibfitorsandflowtemperatureweretreatedwfithNCs.Sfimfiflar
totheffreeNF actfivfityfinHeLa ceflfls,macropfinocytosfis
finhfibfitorsoffcytochaflasfin-Dshowedasfignfificantreductfionfin
ceflfluflaruptakecomparedtothatoffuntreatedceflfls(Ffigure5a).
Comparabfletoourobservatfions,actfinfiflamentsfinepfitheflfiafl
ceflfls,suchasMadfin−Darbycanfinekfidney(MDCK)kfidney
ceflfls,wereshowntobecrfitficaflfinendocytficeventswhere
poflymerfizatfionoffactfinfiflamentsafidsfinabsorptfionoffmaterfiafl
vfiamacropfinocytosfis.49Cytochaflasfin-Dfinhfibfitsthepoflymer-
fizatfionofftheseactfinfiflamentsfinepfitheflfiaflceflflsand
sfignfificantflyfinhfibfitstheNCuptake,whfichwasaflsoprevfiousfly
reportedfinA549ceflfls.50OurdatashowthatNCsareuptaken
bymacropfinocytosfisbytheflungepfitheflfiaflceflfls,whfichwere
prevfiousflyshowntobecapabfleoffundergofingmacro-
pfinocytosfis.51 To note,someoffthemacropfinocytosfis
finhfibfitorsdfidnotshowasfignfificantdfifferencetotheuntreated
ceflfls,whfichshowstheaflteredeffectsofffinhfibfitorsfinvarfious
ceflflflfines.4 Addfitfionafl uptakefinhfibfitfionstudfieswere
perfformed,whereflungepfitheflfiaflceflflswerefincubatedat4

Ffigure4.EndosomaflescapeoffNCs.AT1ceflflswereseededfinconffocaflPetrfidfishes(1.1cm2)atconfluency.Thenextday,NCsflabefledwfith
RhodamfineBandcoatedwfithFITC-flabefledNFsweregfiventotheceflflsandfincubatedffor2,8,and24h.Afftereachtfimepofint,ceflflswerestafined
wfithLysotrackerbflueandfimagedusfingaconffocaflmficroscope.ThemergedfimageshowedNCsattachedtotheceflflmembranefinfitfiaflflyandflater
werefinternaflfizedfintotheceflflcoflocaflfizatfionwfithflysosomesfformfingapurpflecoflor,whfichfisevfidentffromthefintensfitycurves.Affter24h,more
yeflflowcofloroffNCsfisseen,findficatfingtheescapeffromflysosomes,aflsoevfidentffromthehfigherfintensfityoffNCs(redandgreencoflorfintensfity).
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°C prfiortotheaddfitfionoffNCs toassesstheenergy
dependencyonuptake.Interestfingfly,ceflfluflaruptakeoffNCs
wassfignfificantflyhfigherthanNPsshowfingamfixedenergy-
findependentceflfluptakemechanfism aflongwfith macro-
pfinocytosfisfinphysfioflogficaflcondfitfions(Ffigure5b).Taken
togetherwfithceflfluptakestudfies,theresufltsshowthatNF
coatfingaflflowstheNCstofimmedfiateflyattachtotheceflfl
membrane andsflowflyafidsNPstoenterceflflsvfiamacro-
pfinocytosfisorpassfiveceflflmembranepassagefinanon-energy
dependentffashfion.
2.2.3.MucusPermeatfionoffNCs.Penetratfionoffthemucus
flayerfishfighflydesfiredtoreachthefinjuredepfitheflfiumfinflungs
duetothedfiseasedstatefincfludfingfinffectfionsandfibrotfic
condfitfions,amongothers.Especfiaflflyfinthecaseoffflung
finffectfions,mucushypersecretfionfisobservedduetoanfincrease
finfinflammatorysfignaflfing.52Hence,fitfisvfitafltounderstandthe
mucuspermeatfionoffNCs.AdhesfionoffNPstothemucus
fiberfisachaflflenge,andcontrofloverthesfizeofftheNPcan
fimprovethepermeatfion.RecentreportssuggestthatNPs<500
nmwfithamucusfinertcoatfingcannavfigatethroughthemucus
flayer.53Here,weassessedthemucuspermeatfionoffNPswfith
andwfithouttheNFcoatfingusfingasfimuflatedmucusflayer
(Ffigure6).NCsflabefledwfithRhodamfineBwereflayeredon
topoffsfimuflatedmucus,andthefirpermeatfionthroughmucus
anda0.4μmporesfizetransweflflfintotheflowerchamberwas
recordedtoassesspermeatfionkfinetfics.NCstraversedata
sfignfificantflyhfigherratecomparedtoNPsuntfifl8h,andflater,
thepermeatfionratewassfimfiflartoNPpermeatfionwfithand
wfithouttheNFcoatfingusfingasfimuflatedkfinetfics(Ffigure6).

Overaflfl,moreNCspermeatedthroughthemucusthantheNP
aflone,showfingthatNFsmayfinterfferewfithNPbfindfingto
mucfinprotefins.
2.2.4.TransflatfivePotentfiafloffNCs.NP-baseddrugdeflfivery

systemsarebefingdeveflopedatanever-fincreasfingrate,butvery
ffewhavereachedthecflfinficafltrfiaflstage.54Thfisfisduetothe
chaflflengesassocfiatedwfith transflatfionsuchasflarge-scafle
manuffacturfing,stabfiflfity,deflfivery,andsaffety,amongothers.
Here,weassessedthestabfiflfityfinstorageandnebuflfizatfionffor
thefirpotentfiaflfinpuflmonarydrugdeflfivery.Freeze-dryfingoff
NCsstfiflflshowedsfignfificantflyhfigheruptakefinflungepfitheflfiafl
ceflflscomparedtoNPs(Ffigure7d),demonstratfingthestorage
abfiflfityoffNCsfinthepowderfform.NCsaflsoshowedhfigher
uptakecomparedtoaconventfionaflceflflmembranepenetratfing
HIVTATpeptfide-coatedNPs(Ffigure7e).Thfisfindficatesthe
superfiorabfiflfityofftheNFstofimproveNPafinfitytowardthe
ceflflmembrane.NCsfinpowderpossesshfigherstabfiflfityaffter
modfificatfionscomparedtoNPs,suggestfingstabfiflfityofftheNF
bfindfingoffNPsaffterundergofingffreeze-dryfingandstorageat
−20°C.FornanocarrfierssuchastheNCsdeveflopedhere,
finhaflatfionhasrecentflygafinedattentfionasanfideaflmodeoff
puflmonarydrugdeflfivery.55,56ToassesstheabfiflfitfiesoffNFsto
fimprovetheNPuptakefinceflflswhennebuflfized,NCsandNPs
weredeflfiveredtoflungAT1ceflflsfinvfitrovfiaaflabmodufle
nebuflfizergeneratfingdropfletsoffsfize2.5−4μm(Ffigure7a).57

NCsdeflfiveredvfianebuflfizatfionshowedfimproveduptakewfith
deposfitfioneficfiencyover23%deflfiveredcomparedto3%off
NPs(Ffigure7b,c).LowretentfionoffNPscomparedtoNCs
canbeexpflafinedbythehfighernegatfivecharge,whfichmay

Ffigure5.Ceflfluptakemechanfismstudy.(a)MeanfluorescencefintensfityoffuptakenNCsafftertreatfingceflflswfithvarfiousendocytosfisfinhfibfitorsffor
2handaflflowfingtheNCstouptakeffor90mfin.NucBfluestafinednucfleusandRhodamfineB-flabefledNCsshowarepresentatfivefimageoffNCuptake
finAT1ceflfls(scafle50μm).MufltfipflecomparfisonsdoneusfingHoflm−Sfidak’smufltfipflecomparfisontest.*p<0.05,**p<0.01andmufltfipfleTtest
perfformedfforffreeze-drfiedNPsandNCuptake*P<0.0001.(b)Toassesstheendocytosfisandenergy-dependencyoffceflflsfforNCuptake,we
perfformedceflfluptakeat37and4°C.For4°C,wepre-coofledtheceflflsffor30mfinandflaterqufickflyaddedNPsandNCsat0.5mg/mLand
fincubatedffor90mfin.Ceflflswerewashedandflysed,andthen,fluorescencewasrecordedfforuptake.Sfimfiflarfly,nucflefiwerestafinedwfithDAPI
(Invfitrogen)andfimagedwfithafluorescencemficroscopetovfisuaflfizetheceflfluptakeoffNCs(scaflebar−50μm).
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poseanfinteractfionfissuewfiththematerfiaflusedffordeflfiverfing
partficflestotheweflfl pflateandflossoffsampflesdurfing
nebuflfizatfion.TheamountoffNCsthatreachthemedfiaaffter
flossdurfingnebuflfizatfionhavehfigherafinfitytowardceflfl
membraneandareuptakenatahfigherrate.Otherstudfies
offfinvfitronebuflfizatfionshowedfluorescefindeposfitfion
eficfiencyoff<10%,whfichfiscomparabfletotheonesobserved
finNPs.57Nebuflfizatfion studfiesfinvfitroshowedthatNCs
deflfiveredvfiafinhaflatfionhavethepotentfiafltoenhance
puflmonarydrugdeflfiverycomparedtoPLGA-basedNPs.

3.CONCLUSIONS

OurfindfingsdemonstratethatusfingNFsmadeffromdenovo
seflff-assembfledpeptfidesandcoatfingthemonpoflymerNPs
suchasPLGANPscanfimproveNPuptakefinflungepfitheflfiafl
ceflflsfinvfitro.TheseNFcoatfingseffectfiveflyfimproveNPuptake
finmacrophagesaflongwfithendotheflfiaflceflfls.Bothceflflflfines
respondtobacterfiaflpathogensandhavehfighactfivfityfinflung
dfiseasessuchasbacterfiaflandvfiraflfinffectfions.Inaddfitfion,the
NCscanbedeflfiveredacrossasfimuflatedmucusflayer,showfing
theabfiflfitytopermeatethemucusflayereffectfivefly.Wfiththe
evfidentpotentfiaflffortransflatfionseenfinffreeze-dryfingand
nebuflfizatfionstudfies,theseNCscanbeextendedtodeveflopthe
nextgeneratfionoffpuflmonarydrugtherapeutficsfinvoflvfing
advancedgeneanddrugdeflfiverytotreatavarfietyoffflung
dfiseases.FurthermodfificatfionoffNFscanfincfludetargeted
approacheswfithffunctfionaflpeptfidesandotherNPconjugatfion
strategfies.

4.EXPERIMENTALSECTION
4.1.Materfiafls.Aflflchemficafls,fiffnotspecfified,werepurchasedffrom
Sfigma-Afldrfich(St.Loufis,MO). PLGA(copoflymerratfio50:50,
moflecuflarwefight15−25kDa)waspurchasedffromAkfinaInc.(West

Laffayette,IN);RhodamfineBdyewaspurchasedffromSfigma-Afldrfich
(St.Loufis,MO);andtheNFsweresynthesfizedfin-houseasprevfiousfly
descrfibed.32Prfimaryhumanaflveoflartype1ceflflswereobtafinedffrom
AppflfiedBfioflogficaflMaterfiafls (Rfichmond,BC,Canada). Iscove’s
modfified Duflbecco’s medfium (IMDM),ffetaflbovfineserum,
penficfiflflfin−streptomycfin,andtrypsfin-ethyflenedfiamfinetetraacetficacfid
(EDTA)wereprocuredffromFfischerScfientfific(Wafltham,MA).
Amfiflorfide,fiflfipfinIII,andmethyfl-β-cycflodextrfinwerepurchasedffrom
Sfigma-Afldrfich(St.Loufis,MO).
4.2.SynthesfisoffNCs.Adoubfleemuflsfionmethodasdescrfibed

byMesserschmfidtetafl.wasempfloyedfforthesynthesfisoffPLGA
NPs.58Ffirst,100mgoffPLGApoflymer(Poflyscfitech,WestLaffayette,
USA)wasdfissoflvedfindfichfloromethaneat100mg/mL.1%(w/w)
RhodamfineB(RhoB)(Sfigma-Afldrfich,St.Loufis,USA)wasprepared
asawaterphase,whfichwasflateraddeddropwfisefintotheofifl-phaseoff
thePLGAsoflutfion.Thfisprfimarysoflutfionwassonficatedtofformthe
prfimaryemuflsfion.Theprfimaryemuflsfionwasthenemuflsfifiedfinto5%
(w/v)pofly(vfinyfl)aflcohofl(PVA,13KDa)soflutfionvfiasonficatfionat35
Wffor4mfin(30soffevery1mfin).RhoB-floadedPLGANPswere
coflflectedbycentrfiffugatfionat15,000rpmffor15mfin andthen
flyophfiflfizeduntfiflcompfleteflydry.
NFsweresynthesfizedasprevfiousflydescrfibed.32Brfiefly,astandard

Fmoc-soflfidphasepeptfidesynthesfismethodwasempfloyed,andthe
synthesfiswascarrfiedoutonaPrefludepeptfidesynthesfizer.The
peptfidewastermfinatedwfithefitheranacetyflgrouporFITC.The
acetyflatedpeptfidefisdenotedasnon-flabefledpeptfideandFITC
termfinatedpeptfidefisdenotedasflabefledpeptfideffortheffoflflowfing
procedures.Aflflpeptfideswerepurfifiedbyhfigh-perfformanceflfiqufid
chromatography(HPLC)ffoflflowedbyflyophfiflfizatfion.Themoflecuflar
wefight offeachpeptfidewas confirmedbyMALDI-TOF mass
spectrometryusfingα-cyano-4-hydroxycfinnamficacfidasthematrfix.
AcetyflatedK10(QW)6E3:expected[M+H]

+:3612.9,observed[M+
H]+:3611.2;FITCtermfinatedK10(QW)6E3:expected[M+H]

+:
3928.9,observed[M+H]+:3629.23.
Non-flabefled peptfideswere dfissoflvedfintrfis(hydroxymethyfl)-

amfinomethane)(Trfis)buffer(pH7.4,20mM)bufferat20mM

Ffigure6.Mucuspermeatfionstudy.(a)Schematficoffmucuspenetratfionsetup.(b)50μLoffNPsorNCsfloadedwfithRhodamfineBdyeat10mg/
mLwereflafidontopoffsfimuflatedmucusfinatransweflflpflatewfith0.4μmporesfize,wfithPBSfintheflowerflayer.Atvarfioustfimepofints(0−48h),
flowerPBSsoflutfionwascoflflectedandmeasuredusfingapflatereader.NCshadagreaterpenetratfionfinfitfiaflflyuntfifl8handflaterffoflflowedsfimfiflar
penetratfionkfinetficsasNPs.(*P<0.05,**P<0.01,****p<0.0001).
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concentratfionandfincubatedfforaperfiodoff12htoseflff-assembflefinto
NFs.NFscontafinfingflabefledpeptfideswerepreparedbymfixfinganon-
flabefledpeptfidewfithaFITC-flabefledpeptfidewfithamoflarratfiooff
90:10finamfixedsoflventoffwaterandacetonfitrfifle(1:1byvoflume).
ThemfixturewasflyophfiflfizedandrehydratedfinTrfisbuffer(pH7.4,20
mM)toreachafinaflconcentratfionoff1mMandflefftat4°Cffor12h.
AffterflyophfiflfizatfionoffNPs,2mgoffRhoB-NPswasdfissoflvedfin
Trfisbufferand0.5mgoffNFfinsuspensfionwasaddedtotheNP
suspensfion.Themfixturewasfleffttoreacteflectrostatficaflflybyrotatfing
thesoflutfionfforanhouratroomtemperature.Later,thesampflewas
centrfiffugedat15,000rpmffor7mfintoremoveffreeNFsandcoflflect
theNCswhfichcontafinedNF-coatedRhoB-floadedNPs.
PflafinPLGANPsusedfforFT-IRstudfiesweresynthesfizedbya
sfingfleemuflsfionmethodwherethePLGApoflymerwasdfissoflvedfin
chflorofformffoflflowedbydropwfiseaddfitfionfinto5%(w/v)PVA.The
mfixturewasemuflsfifiedvfiasonficatfionat35wattsffor4mfin(30soff
every1mfin).Later,thePLGANPswerecoflflectedvfiacentrfiffugatfion
andflyophfiflfizeduntfifldry.
4.3.CharacterfizatfionoffNCs. 4.3.1.DLS Measurements.
ZETAPALS90dynamficflfightscatterfing(DLS)detector(Brookhaven
Instrument,Hofltsvfiflfle,NY)wasusedtodetermfinesfize,charge,and
poflydfispersfityofftheNCs.ForDLSmeasurements,50μLoff1mg/
mLNCsuspensfionwasmfixedwfith3mLoffDIwaterfinatransparent
cuvetteandpflacedfinthefinstrumenttomeasuresfize,whfifleaDLS
probewasusedtomeasurethezetapotentfiaflofftheNCs.
4.3.2.FfluorescentMficroscopy.Ffluorescefintermfinatedpeptfides
weresynthesfizedasprevfiousflydescrfibedbyYangandDong.325(6)-
Carboxyflfluorescefin(FITC)-taggedpeptfidesweremfixedwfithRhoB
PLGANPs.GreencoflortaggedNFswerefincubatedwfithNPsfloaded
wfithRhodamfineB(redcoflor).TheNCsfformedwerewashedthree

tfimestoremoveanyunboundNFs.AnothersetoffNPsweresfimfiflarfly
washedandfimagedwfithoutanyNF. Afluorescentmficroscope
(ECHO,SanDfiego,CA)wfithFITC(fforNF)andTexasRed
channefls(ForRhoBNPs)at100×magnfificatfionwasusedtofimage
theNFcoatfingontheNPs.
4.3.3.Cryo-EflectronMficroscopy.Cryo-EMgrfidswereprepared

usfingaVfitrobotMarkIVpflunge-ffreezer(ThermoFfisherScfientfific).
ThreemficroflfitersoffthesampflewereappflfiedtoLaceycarbongrfids
(300-mesh;TedPeflfla,Inc.)thatweregflowdfischargedat30mAffor
80s.Grfidswerebflottedat95%reflatfivehumfidfityffor4sprfiorto
pflungeffreezfing.ThesampflegrfidswerefimagedonaTaflosArctfica200
kVtransmfissfioneflectronmficroscope (ThermoFfisherScfientfific)
equfippedwfithaGatanK3camera(Gatan,Inc.).Thenomfinafl
magnfificatfionfisat45,000×,whfichcorrespondstoapfixeflsfizeoff0.88
Å.
4.3.4.FTIRoffNCs. Freeze-drfiedmaterfiafl fincfludfingPLGA

poflymers,pflafinPLGANPs,NCs,andNFswereanaflyzedusfing
Fourfier-transfformfinffrared(FTIR)spectroscopy.Brfiefly,FTIR
spectraoffthevarfiedmaterfiaflswererecordedfinthetransmfissfion
modeusfingFT-IRNficoflet-6700fintherangeoff400−4000cm−1.
4.3.5.BfindfingKfinetficsoffNFstoNPs.Thermophoresfistechnfique

wasusedtodetectthebfindfingoffNFs(flfigand)totheNPs.Fnorm
representsthechangefinthermophoresfis,whfichfisexpressedasa
changefinthermophoresfiswhennon-fluorescentflfigandtfitratfionfis
fintroducedtofluorescentNPs.42Here,NFtfitratfionsweremade
startfingffrom2mg/mL offNFs upto10dfiflutfionswfithNP
concentratfionkeptconstantat2mg/mLfforaflflthetfitratfions.Asmaflfl
capfiflflarytubewasusedtofload∼4μLoffthevarfiousNF−NP
combfinatfionsandpflacedfinthefloadfingtrayoffaThermophoresfis
finstrumentMonoflfithNT.115(NanoTemperTechnoflogfies,Inc.,San

Ffigure7.TransflatfivepotentfiafloffNCs.AT1flungepfitheflfiaflceflflswereseededatconfluencyfina12-weflflpflateandgrownovernfight.1mg/mLoff
NCswerenebuflfizedusfinganAeronebflabmoduflenebuflfizertogeneratedropfletsoffsfize2.5−5μm.Affter90mfin,ceflflswerewashedthreetfimes
wfithPBSandstafinedwfithDAPItovfisuaflfizetheuptake.Later,ceflflswereflysedtoanaflyzeNPuptakebyafluorescentreadfingusfinga
photofluorescentpflatereader,andthemeasurementsnormaflfizedagafinstceflflprotefin.(a)Imageshowfingnebuflfizerand3Dprfintedextensfion
attachedtodeflfiverNPsandNCstoceflflsfina12-weflflpflate.(b)%uptakeaffterdeflfiveryoffNPsandNCsvfianebuflfizatfion(pafiredt-test*p<0.05).
(c)NP/NCuptakeaffternebuflfizatfionfinAT1ceflflsaffternormaflfizatfionwfithceflflprotefinfineachgroup.(d)Ffluorescentfimagesaffternebuflfizatfion
showfingceflflnucflefistafinedwfithDAPIandNPsfloadedwfithRhodamfineB(scafle50μm).(e)Befforeandaffterffreeze-dryfingeffectsonceflfluflar
uptakeoffbothNPsandNCsshowNCsretafinabfiflfityoffhfigheruptakeevenaffterffreeze-dryfing(two-wayANOVAwfithSfidak’smufltfipflecomparfison
wasdonewfith****p<0.0001).(ff).ComparfisononeffectsoffNFandTATpeptfidecoatfing.NFcoatfingshowsasfignfificantflyhfigheruptakeoffNPs
finAT1ceflflscomparedtoHIVTATceflflmembranepenetratfingpeptfideavafiflabflecommercfiaflfly(pafiredt-test*p<0.05).
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Francfisco,CA).Todetermfinetheposfitfionoffthecapfiflflarfies,a
fluorescencescanwas perfformed.Subsequentfly,thermophoresfis
measurementswereperfformedtodetermfinethebfindfingkfinetficsoff
NFstoNPs.Fnormwascaflcuflatedbythemachfineaflongwfithvarfious
otherparametersfincfludfingbfindfingconstant.
4.4.CytocompatfibfiflfityoffNCs.Here,prfimaryflungepfitheflfiafl
ceflfls,RAWmacrophages,andHUVECendotheflfiaflceflflswereusedto
assesstoxficfityffromNCs.NCswerepreparedasdescrfibedfinSectfion
2.2.2,where20,000ceflfls/weflfloffprfimaryaflveoflartypeIepfitheflfiaflceflfls
(AT1)wereseededfin48-weflflpflates.Afftertheovernfightcuflture,
varfiousgroupsoffpartficflesfincfludfingpflafin/bflankPLGANPs,NFs
onfly,andNCs(NFcoatedPLGANPs)weregfiventotheceflflsfin
trfipflficatesatvarfiousconcentratfionsrangfingffrom0.0625to1mg/mL.
TheNFconcentratfionwaschosenequfivaflenttothepeptfideamount
conjugatedontotheNPs.Affter72h,ceflflswerewashedthreetfimes
wfithPBS,andMTSreagentwasgfiventotheceflflstoassesstheceflfl
vfiabfiflfityffoflflowfingthecompany’sfinstructfions.
4.5.CeflfluflarUptakeoffNCs.Theceflfluflaruptakestudywas
perfformedasdescrfibedprevfiousflybyIyeretafl.59NCsmadeffrom
RhodamfineBPLGANPs,andNFswereusedasfluorescentflyflabefled
NCsfforceflfluptakestudfies.CeflfluptakeoffNCswasdetermfinedby
measurfingfinternaflfizedfluorescentNCs.Varfiousceflflflfinesrepresenta-
tfiveofftheflowerrespfiratorytract,fincfludfingAT1andRAW
macrophages,wereusedtoassesstheNCceflflfinternaflfizatfionabfiflfity
comparedwfithpflafin/bflankNPs.AT1ceflfls(15,000ceflfls/weflfl)and
RAWceflfls(20,000ceflfls/weflfl)wereseededontoa48-weflflpflateand
weregrownovernfightat37°C.Affterovernfightattachment,varfious
NPsandNCswfithdfifferentconcentratfions(0,50,100,and250μg/
mL)finmedfiaweregfiventotheceflflsffor90mfin.Affter90mfin,AT1/
RAWceflflswerewashedthreetfimeswfithPBSandflysedusfing2%
TrfitonX-100.FfluorescencefintensfitfiesofffinternaflfizedNPsorNCs
weremeasuredatawaveflengthoffλex546nmandλem585nm(fforthe
RhodamfineBfluorescencefloadedfintotheNPs/NCs).Ceflflflysatewas
aflsousedtodetermfinetheprotefincontentusfingbficfinchonfinficacfid
(BCA)assaysperthemanuffacturer’s finstructfions(PfierceBCA
ProtefinAssay,ThermoScfientfific).
Forvfisuaflfizfingtheceflfluflaruptakebefforetheceflflflysfis,theceflfls
werestafinedfforthenucfleuswfithNucBflue(Thermoscfientfific)ffor20
mfin.Affterstafinfing,ceflflswerefimagedusfingafluorescentmficroscope
(ECHO,SanFrancfisco,CA)fintheDAPIchanneflfforthenucfleusand
theTexasRedchanneflfforNPsorNCs.
Tfime-dependentuptakeoffNCsfincomparfisonwfithNPswas
perfformedfinflungepfitheflfiaflceflfls.Brfiefly,AT1ceflflswereseededat
confluencyandaflflowedtoattachovernfight.Thenextday,ceflflswere
treatedwfith0.5mg/mLNCsorNPsfforuptake.Attfimepofintsoff30
mfin,90mfin,and4h,ceflflswerewashedthreetfimeswfithPBSand
flysedwfith2%TrfitonX-100.Ceflflflysatewasreadfforfluorescent
partficflesusfingapflatereader.Later,thetotaflceflflprotefincontentwas
measuredusfingaBCAassay.
AT1ceflflswereseededatconfluencyontoagflasssflfidetoperfform
conffocaflstudfiesfforNCuptake.Affterovernfightattachment,NCsor
NPsataconcentratfionoff0.5mg/mLwerefincubatedwfiththeceflfls
fforuptake.CeflflswerewashedthreetfimeswfithPBSaffter4hoff
uptake,andtheceflflnucfleuswasstafinedwfithNucBflue.Ceflflsonthe
gflasssflfidewere mounted wfith acoversflfiptovfisuaflfizethe
finternaflfizatfionoffNCsusfingaNfikonA1Rconffocaflmficroscope.
AT1ceflflswereseededonaconffocafldfishtoperfformtheflysosome
escapestudy.Affterovernfightattachment,NCswerefincubatedwfith
theceflflsataconcentratfionoff0.5mg/mL.Foraflflfincubatfiontfimes,
themedfiumwaschangedat2htokeepconsfistentceflfluptakequaflfity.
Affter2,8,and24hfincubatfion,ceflflswerewashedwfithPBSthree
tfimes.LysosomeswerestafinedwfithLysoTrackerBflueDND-22
(Invfitrogen)ffor30mfinandffoflflowedbythreetfimesPBSwash.The
finternaflfizatfionoffNCswasvfisuaflfizedusfingaNfikonA1Rconffocafl
mficroscope.
4.6.NCCeflfluflarUptakeMechanfismStudy.Todetermfinethe
NC/NPuptakemechanfismusedbyceflfls,endocytosfis-finhfibfitfionstudy
wasperfformed.AflveoflarTypeIceflflswereseededatconfluencyfin48-
weflflpflatesandattachedovernfightat37°Cfinanfincubatorwfith5%
CO2.RhodamfineB-floadedNCs werepreparedusfingasfimfiflar

proceduredonefforotherstudfies.Affter24hoffseedfing,theAT1ceflfl
cuflturemedfiumwasrepflacedbyffresh1%serummedfiacontafinfing5
μMamfiflorfide,5μMmethyfl-β-cycflodextran,5μg/mLfiflfipfinIII,5μM
cytochaflasfin-D,5μMfimfipramfine,80μMdynasore,or5mMdeoxy-
gflucose(Sfigma-Afldrfich& Cayman Chemficafl).Affter2h,ffresh
compfletemedfiawfithRhodamfineB-flabefledNCswasaddedata
concentratfionoff0.5mg/mL.Affter12h,ceflflswerewashedwfithPBS
andnucflefistafinedwfithNucBflue(ThermoFfisher).Imageswere
acqufiredusfingafluorescentmficroscopeandprocessedfforNPuptake
randomareasffrom10fimagesoffeachfinhfibfitorgroupwfithImageJ
sofftware.
Inasfimfiflarffashfion,tocheckfifftheNCundergoesanenergy-

dependentuptake,thetemperaturebflockwasstudfiedfinAT1ceflflsby
prefincubatfingceflflsat4°Cffor30mfin,ffoflflowedbytreatmentwfith
fluorescentNCsffor90mfinat4°C.Later,fluorescentfimageswere
acqufired,andtheceflflflysatewasanaflyzedfforquantfitatfiveNCuptake.
4.7.MucusPermeatfionStudy.Amucuspermeatfionstudywas

perfformedtostudytheeffectsofftheNFcoatfingonthepermeatfionoff
theNPstomfimficthefinvfivoenvfironment.NCs/NPsfloadedwfith
RhodamfineBdyewereusedfforthestudy.A12-weflfltransweflflpflate
wfithaporesfizeoff0.4μmwasusedfforthestudy.Mucus was
sfimuflatedbasedonprevfiousflfiterature.60Brfiefly,porcfinemucfin
protefinwasmfixedwfithsaflts,DNAandDPPCtofformsfimuflated
mucus.100μLoffsfimuflatedmucuswaspflacedonthetransweflfl
membraneand500μLoffPBSwaspflacedfintheflowerchamber.25
μLoff10mg/mLNCs/NPswaspflacedontopoffthesfimuflatedmucus
toaflflowfforpermeatfionffromthetransweflfltotheflowerchamber.PBS
ffromtheflowerchamberwascoflflectedatvarfioustfimepofintsto
measurethefluorescentNCs/NPspermeatedthroughthemucus.
FreshPBSwasrepflacedatdfifferenttfimepofints.
4.8.InVfitroNebuflfizatfion.Toassesstheceflfluptakeabfiflfityoff

aerosoflfizedNCs,weusedaflabmoduflenebuflfizer(Aeroneb,Kent
scfientfific,Torrfington,CT)todeflfiverNCs andNPs. AT1flung
epfitheflfiaflceflflswereseededat0.4mfiflflfionceflfls/weflflfina12-weflflpflate
andgrownovernfight.1mg/mLoffbothNCsandNPsfinPBSwere
aerosoflfizedusfingaflabmoduflenebuflfizerffromAeroneb.Aeroneb
generated2.5−4μm dropfletsoffpartficuflatesuspensfion.Affter
nebuflfizatfionoffdropflets,ceflflswerefincubatedat37°Cffor90mfin.
Affterfincubatfion,ceflflswerewashedwfithPBSandstafinedfforthe
nucfleuswfithNucBflue(ThermoFfisher).Ffluorescentfimageswere
takenofftheceflflsfforuptakeoffNCsandNPsusfingafluorescent
mficroscope(ECHO,SanFrancfisco,CA)underDAPI(nucfleus)and
TexasRed(NCs/NPs)channefls.Later,theceflflswereflysedusfing2%
TrfitonX-100,andtheceflflflysatewasreadusfingaspectrophotometer
atwaveflengthsoffλex546nmandλem585nm.Theceflflprotefin
amountmeasured byprotefinassaywasusedtonormaflfizethe
fluorescentreadfingsffromceflfls.Percentageofftotafldeflfivered(100%=
NP/NCdeflfiveredtoceflfls)andwefightnumberoffNCs/NPsdeflfivered
totheceflflswerecaflcuflatedbasedontheceflflprotefinnormaflfized
fluorescencereadfings.
4.9.EffectsoffNCFreeze-Dryfing.Aceflfluptakestudywas

perfformedtoassesstheabfiflfityoffNCstoretafinanenhanceduptake
abfiflfityaffterffreezedryfing.NPs aflongwfith NCs floadedwfith
RhodamfineBdyewereffreeze-drfieduntfifldry.Later,NPsandNCs
ffrombefforeandaffterffreeze-dryfingwerepreparedusfingTRISbuffer
andflaterwashedandmfixedwfithcompfletemedfia.AT1ceflflsfin48-
weflflpflatesgrowntoconfluencyweregfivenvarfiousgroupsoffNCsand
NPsffrombefforeandaffterffreeze-dryfingsampflesataconcentratfionoff
0.5mg/mL.Aceflfluptakestudywasperfformedsfimfiflartotheprevfious
procedure(seeSectfion4.5).
4.10.NF-CoatedNPsversusHIVTATPeptfide-CoatedNPs.

HIVTATpeptfidefisacommonCPP.Thfisstudywasafimedto
compareNFcoatfingandHIVTATpeptfidecoatfingfforenhancedceflfl
uptakeabfiflfity.HIVTATpeptfide(Sfigma-Afldrfich,St.Loufis,USA)
coatfingoffPLGANPswasdonesfimfiflarflytotheNFcoatfing(see
Sectfion4.2).Brfiefly,0.5mgoffefitherHIVTATpeptfideorNFwas
mfixedwfith2mgoffNPsbyrotatfionatroomtemperaturefforanhour.
Later,theNCswfiththeHIVTAT/NFcoatfingwerecoflflectedand
mfixedwfithcompfleteceflflcuflturemedfiaat0.5mg/mL.AT1ceflfls
grownovernfightatconfluencyweregfiventheNCgroupsandaflflowed
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tobeuptakenffor90mfin.Aceflfluptakestudywasperfformedsfimfiflar
totheprevfiousprocedure(seeSectfion4.5).
4.11.StatfistficaflAnaflysfis. GraphPad Prfism8(GraphPad
SofftwareInc.,SanDfiego,USA)wasusedtoperfformaflflstatfistficafl
anaflysfis.One-way ANOVA wfith Sfidak’smufltfipfle comparfison,
Dunnettmufltfipfle comparfisons,andTukey’smufltfipfle comparfison
testsweredoneffordfifferentdataanaflysesasapproprfiatefforthedata
sampfle.Trfipflficatesampfleswereusedfforaflflthestudfiesfiffnot
specfified.
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