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Inthispapel;weintroducethefeasibilityofatmospheric-pressureargonmicropiasmairradiation(AAMI)topmmotepercutaneousabsorption.A

hairlessYUcatanmicropigskinwasusedfOrthisexvivostudy.AfterAAMI,thedisturbanceinthestiatumcomeum(SC)lipidswasobservedusing

attenuatedtotalrenectance-FouriertIansfbrminfraredspectmscopy.AIso,anincreaseintransepidermaiwaterlossandnophysicaldamageonpig
skinswefeconfirmedbymicroscopicobservationTheselesultsofAAMIwerecomparedwiththoseofaplasmajeti汀adiation(PJI)andatape
strippingtest(TST)leadingiotheconclusionthatAAMIreducesthebarrierfUnctionoftheskinandcouldaIsoenhancethetransdermalabsorption

ofdrugs.@2016TheJapanSocietyofAppliedPhysics

HighvoI tage'l. introduction

Theskinisthelargestbodyorgan,responsiblefbrprotecting

thebodyfiDmtheextemalenvironment.Overtime, there
hasbeengrowinginterestinskinpenetrationasasignificant
IDute fbrdrugdelivery, inwhich topical, regional, or

systemceffectsaredesired.')Skinpenetrationhasadvan-
tagessuchasthestabililyofdrugconcennationsintheblood

oravoidingiil･st-passmetabolismandgastrointestinaldnlg
degradation,2'3)but itissUll limitedtothedelivelyofsmall-
moleculedrugsandlipophnicdrugs.4'5)Formanyyears,
variouschemical,mechanical, andphysicalmethodshave

beenactivelysmdiedtoenhanceskinpenetration, including

ionphotoresis,sonophotoresis,andmicroneedles.6)However,
besidesthepositiveerects,cutaneoussideeilbctsofthose
methodswerealsoreported.7-9)Therefbre, safeandeffcient
transdermal permeationenhancement technologystill 1℃‐
Inainsachallengeinmedicineandcosmetology.

Recently,amlosphericplasmaapplicationshaveattracted
attentionduetotheirmanypotentialadvantages, suchas

thepresenceofhighlyreactivespecieslo-12) [e.9., reactive
oxygenspecies(ROSs)andreactivenitrogenspecies(RNSs)]
andnoI℃quirementofcostlyvacuumenclosures.Particularly
inthemedicalandbiological iields, severalrecentstudies
havedemonstratedthatplasmaishighlyefficient fbrskin
treatment,13'14) includingskindisinfection'5-'7)andrqjuve-
nationtherapy.18)
Thereibre, asanappropriatetoolfbrskintreatment,we

investigated thepossibintyofatmospheric-pressureargon
microplasmairradiation(AAMI)fbrimprovingskinpenne-
ability.Theotheraimofthissmdyistoinvestigatedmg
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Fig.1. (Coloronline)mlagesofmicroplasmaelectrodes.(a)Schematic

imageofcross-seclionalview.(b)Tbpviewofelectodeswithoutplasmaand
withplasmadischargeonthesuIface.

micropigskin,whichhas similarpermeabilityproperties
andliisfologicalcharacteristicstohumanskin.22,23)F!ozen
Yucatanmicropigdorsalskinsheets(fbmalepigs,5months
old)werepurchasediifomCharlesRiverJapanlncoIporated.
Theskinsheetswerestoredat-80｡Cinaheezeruntilthe

seriesofmeasurements.Befbrestaltingeachmeasurement,

skinsampleswereequilibratedmachamberatapproximately
27｡Cft)r30mnandthenutilizedinfilllthickness.

2.2Microplasmageneration

Figurel showsanimageofathin-hhntypeelectrodeibr

denvery [hrough the skinwithotl[ injecdonneedles,'9) AAM1.24)Thiselectrodeconsistsofadielecixiclayerof
withouianydamagetotheskin.20)TheimpactofAAMIon mugmy25-5011mthiclaless, sandwichedbytwopopper
thestl･ammcorneum(SC),whichplaysanessentialrolein elecU℃delayers.Thehigl-vOltageappliedelectmdewas
thebarrierfimctionoftheskin,wasexaminedinthisstudy.2') coveredwilhanmsulationlayerandthegroundedelecrode
Inconclusion, !his investigation indicates thatAAMI is iacedtheskinsamplesatadistanceof7mm.TheelecUoJes
expectedtobeapromisingaltemativemethodthatcould wereperfbratedwithl5holesof2.0mmdiamCterallowing
pr6motedlugdeliferythronghtheskinandcouldsimulta- argongastopassthrough.Furdlennoreh1heelGptroqewas
heouslymidimize tliepain fiomother skinpenetration connectedtothepxObetomaintainastablCellpplyqfargon
enhan6ementmanipulati5ns gaswithaflowrateof5L/minfbrland5mmQfmic"-

plasmailradiationfi9.2)．Plasmawasgeneratedonthe
2． Materialsandmethods basisofdieleciricbarIierdischfugefi9.3) at a low

2.1 Tissuesamples dischargevoltageof700V(zem-to-peak,27kHz)usinga

ThisexvivostudywascaniedoutonahairlessYucatan neon-signtransfblmerGECIPcINEONM-1H).
07LGO1-1 @2016TheJapanSocietyofAppliedPhysics
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2.3 Plasmajetirradiationandtapestrippingtest

procedures

TheelibctofAAMIonskinwascomparedwimthatofa

convendonaUyusedplasmajetirradiation(PH)'3,25~28)anda
tapestrippingtest(TST).Aschematicimageoftheplasmajet
electrodeisshowninFig､4(a).Theelectrodeconsistsofa

glassmbeofO.9mmilmerdiameter(measuredat thetip

placementoftheinnermngstenelectrode), inwhichargon
gasflowswithafiowrateof3L/min.Aplasmajetwasalso
generatedby thedielectricbarderdischarge (DBD) that
occulredbetweenthemngstenelectrodeandihealumnum

sheetwrappingtheglassmbe・Figure4(b)showsanacmal
imageofthelightemissionofthisPJITheexposuredistance
betweentheendoftheglassmbeandthepigskinsurfacewas
setat7mm.Inthisstudy,theproceduresofPnwerecamed
outunderthesameexperimentalconditionsasAAMI,how-
ever,thevoltagewassetatadischargestartvoltageof3.2kV

(zero-to-peak,16.1kHz)andtheexposuretimewaslOs.
TSTiswenknownasarepresentativemethodfbrthe
evaluationofthebarrierhlnctionoftheSCandfbr the

quanti6cationof typicallyappliedsubstanceswithinthe
skin.2'.3')LayersoftheSCwerephysicallyremovedwith
evelytapestrip;hence, thebarrierfmctionofaskinsample
willbedecreasedafterthisprocess. Inthissmdy,TSTwas
carriedoutfbrlOand20timesonapigskinsulfacewitha

pressureofl65g/cm2using3MScotchTape､32)

Fig.4. (ColOronline)PJ1proccdure(a)Schemalic imageol.plasmajct

Clcc[rodeS. (b)PigSkineXpOSedIoPJI.
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Fig.5. (CoIoronlme)BasicprincipleOfATRmethod

1℃sultingmanevanescentwave,whichisibnnedbythe
IEilectionofthe inhaIEdnght rthemtemal surface,

extendingmtothesamplewithafewmicrometersmdepth
(0.5-511m).FrmspectrawereObtainedbythemeasuI巳IInent
ofthisevanescentwave-inducedattenuatedenegy.

Inthisstudy,ATR-Frmanalysiswasconductedwitha
diamondprism. Ithasahigherrefiactiveindex(2.4)than
1hatofmepigskin(1.55),whiChisequiredfbrlhefbrmation
oftotal iiitemal reilectionat themterface.3s)Foreach

analysis,64scansofiniraredspectrawere takenwitha
Iesolutionof4cm-'.

1-2 @2016TheJapanSocietyofAppliedPhysics

2.4 Evaluationofskinbarrierfunction

Thechanges in lipidSandproteins inthepigSCwere
investigatedusmgattenuatedtotalrenectance-Fouriertrans-
fbrminhared(ATR-FIm) spectroscOpy (JASCOFr/IR

6300).33'34)AsshowninFig.5, thepmcipleoflheATR
methodisbasedonthepropertyoftotal intemal leflection

07LGO1-2
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AAMI.Thepresenceoftheestercarbonylstretchingband

atroughly l740cm~' indicatesthat theunsamratedlipids
includinglheseunsamratedhydrocarbonchainswelederived

iromsebumorcontaminationonlhesamplesu,face.34)This
bandalsosignificandydecreased,indicatingthattherewasan

abiliOﾉofAMMIibrskincleansing.

(iii)TheabsorbancesinsynnnetricandasymmetricCH2

stretchingmodesatapproximately2850and2920cm-'were
chosen toevaluatetheeffect ofAAMIonskinbalTier

fimctioncompaI℃dwiththoseofTSTandPn.Asshownin

Fig.7,thepeakintensitiesweresigniiicantlydecreasedwith

theinclBaseinthenumberoftapestripscorrespondingtothe

skinbarrierdefect.ThisdecreasetendencyofCH2stretChing

modeswasalsoobtainedinthecaseofAAMI.Moreover,

thefifequencyofthesymmetlicmethylene(CH2)peakwas
shiitedftom2850to2851cm~' afterSmnofAAMI,

reilectingachangeintheSClipidconfbrmation.34)
FOrtheplasmadischargeinargon, theemissionspectmm

detectedbyShimizuetal. showsthepresenceofexcitedAr
atoms,OHradicals, andOradicals.4') Inaddition,other

ROSsandRNSscouldbegenemtedduringplasmadisCharge

asaresultofthepresenceofO2andN2inambientairviathe
IEactionsbelow､42,43)

OH+OH→理O2 （1）

H202+OH→H20+O2-+H+ （2）

O2+e-→20+e- (3)

O+O2+M→03+M (4)

N,+e－→2N+e- （5）

02+e－→20+e- (6)

N+O(3P)+M→NO+M (7)

NO+OH→NO2-+H+ (8)

NO2-+03→NO3-+02 (9)

IthasbeenacceptedthatROSshavesomeeffectsoncell
membranesandRNSshaveaneffiectonbiologicalcells.The

above-mentionedATR-FIIRanalysislesult indica[dihat
AAⅣncouldoxidizetheSCproteinandcauseSClipid

dismrbance・Thus,OHradicalsandROSscouldbethemain

factors fbr improving skinpenneabiliW. HoweveLthe

biologicalhalfUvesoftypicalreactivespeciessuch"H2O2
(~10-5s),02-(~10~6s),OHIadicals(~10~9s), andNO
(<1s)")a,Enotconsidemblylongenoughibrtheirpene-
tradonthroughalltheSC,whichhasathicknessoflO-40um.

1-3 @2016TheJapanSodeWofAppliedPhysics
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Inaddidon, thebarrierhlnctionalterationoftheskin,

whichiscolrelatedcloselywlththepermeationbehavior,was

monitoredbytransepidemlalwaterloss (TEWL)measure-
ment36'37)withanevaporimeter(NikkisoThennoH4500).A
microscope(LeicaDMILLED)wasalsousedtoobserve

damageonpigskinsamples.

3． Resuitsanddiscussion

3.1 ATR-FTIRanalysis
Thealtel･ations inthemolecularsmlcmreoftheSCafteI･

AAⅣnfbrland5minelucidatedbyATR-FTIRspectraa1℃
discussedbelow:

(i)Thepresenceofamidem,n,andlabsorbancepeaks

(nearl244,15",andl644cm-',respectively)ariSillgfrom
Ihekeratin,whichisthemajorproteinofthecomeocytes,

wasconiinnedasshowninFig.6(a)34)Amidelcausedby
theC=Ostretchmg,38)whichcolTelatescloselytothehelical
keratmsecondarystructure,hadahigherabsorbanceintensity
afterAAMI. Inaddition, theshiftedbandintheamidem

spectralrangeofl200一1350cm~'couldbeproducedbythe
differentproteinconfOrmations.39)ZhangetalperfOrmed
theoxidationonhomkeratinusinghydrogenperoxideand
revealedthattheoxidizedkeratinlost itsorderedcI-helical

StruCtul℃tofbrmadisorderedstrucmre.Therefbre,wealso

consideredthatAMⅣⅡcouldoxidizeSCproteinsresullingin

themcreasembothkeratinamideIandnpeaks､40)
(ii)As shownmFig.6(b), abandassigned to=C-H

stretching (roughly3010cm-') arisingfifomunsamrated
hydrocarbonchains,34)wasgraduallydisappearingafter

07LGO1-3
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3.2Assessmentofskinbairrierdefects

Areducedepidermalbarriel･wasalsoshownaccordingtothe

mcreaseintheTEWLvalue(Fig.8).Inaddition,theTEWL

valueofAAMI5min(35.92±3.489.m-2.h-')wasapprox-
imatelythesameas thatofTSTlOtimes (34.30±3.54

9m-2．h~'), sotheeifect of thesemanipulationson the
surfacesisconsideredtobeatthesameleve1.

TheincreaseintheTBWLvaluecomparedwiththecontrol
revealedthatPJIalsohadaneifbctonthebalrieriilnctionof

theskin.Undertheconditionsofthissmdy,Pnleadstoa

greaterI℃ductioninthebalFrierfUnctionofiheskinevenwith

ashortexposul･etime(10s).Pnhadadirectetchingeffecton
thesamplesurincecausedbytheilowofiomzedgaswith

high-energyparticles45) leadingtothefbnnationofundesiF
ablemicroholes,asshowninFig.9. Incontrast,AAMIwas

aremoteprocess,whichcouldleadto lesspossibilityof
collidingchargedparticlesonthesamplesurface.Inaddition,
thedifferencesinSCmolphologyshowninFig.9couldalso

beexplainedbythefact thatwhileTSTwasaphysical
h℃atment,PJIwasacombinationofphysicalandchemical
treatments.TheincreasedTEWLvalueobsefvedafterseveral

testsreilectedandcorrespondedtothedecreaseinCH2peaks

analyzedbyATR-Frmmethods.

T℃roetal. revealedthatDBDplasmairradiationinduced

porefbrmation(10nmtol llminsize) inanarmcialcell
membranesystemcomprisingsupportedlipidbilayers,which
haveasimlarcompositiontointercellularlipidbilaye1･s.46)
Wealsoconsideredthattheacdvespecies,chalgedspecies,

orphotonsthatexistedinplasmacouldplayaroletoenhance
dmgpenetrationbythedismlbanceoftheintercellularlipid
bilayers.Thedisorderinthisbilayerconfbrmation,asshown

h

(d)(c)

Fig．9． (ColOronline)Micl･oscopicphotographsofYMPstl･alumcomcum

bcibrean(1 &llier[heexperimemS; (a)con(rOl, (b)AAM15mill, (c)TST20
【imcs,and(d)PJI IOs.

inFig. 10,couldbeconsideredtorecoversoonaiterplasma
irradiation.

4． Conclusions

Owingtothepresenceofmanyhighlyreactivespecies(ROS,
RNS,etc.),atmosphedc-pressureargonmicroplasmairradi-
ationisanefficientmethodtochemicallymodifyamaterial

subsiance. Inthissmdy, theeffectofAAMIonSClipid
disorderswasconiirmed_Thiscouldleadtoaibasiblemethod

ofimprovingskinpenneabilityandenhancingthetrans-
dennalabsorptionofdrugs.FurthermoI℃,AAMIdoesnot

causeundesirabledamagetotheskinandcouldbeexpected

tominimzephysicalpain.TheseiindingshaVeindicatedthat
theleis easibintyofAAWⅡfbrmedicalapPmcationsand
haveprovidedabasisfbrfiltureexperimentation.

Intercellularlipidbilayers

CorneoCyte
●●●●●●●｡

輪Stratum

Comeum

InterCellularlipi

Fig. 10． (Colol･online)Colllt)mlali(maldisoixiel･orinte1℃enulal･ iipidbililyersbymicroplasmairradiakionIoKheSC

07LGO1-4 @2016TheJapanSocietyofAppliedPhysics
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