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Abstract
Project Title : Mechanistic Studies of Terpenes as Skin Permeation
Enhancers
Researchers : Doungdaw Chantasart and Thaned Pongjanyakul
Office : Department of Pharmacy, Faculty of Pharmacy,

Mahidol University
Research Grants : The Commission on Higher Education, Ministry of
Education and the Thailand Research Fund
Contract No. : MRG5080136
Research Duration : 2 years (July 1, 2007 — June 30, 2009)

The present study was aimed at (i) assessing the relative effectiveness of various
terpenes (menthol, thymol, carvacrol, menthone, and cineole) as skin permeation enhancers
on drug transport across the stratum corneum (SC) lipoidal pathway, (ii) determining the
environment of the site of enhancer action of the terpenes in human epidermal membrane
(HEM), (iii) testing the previous hypotheses “Mechanism of action of chemical enhancers as
skin permeation enhancers” with a new class of chemical enhancers—terpenes—and (iv)
gaining additional insights into the skin permeation enhancing mechanisms of the terpenes.
The results in the transport experiments suggest that the terpenes are effective in
enhancing the permeation of lipophilic compounds. The enhancer potencies of menthol,
thymol, carvacrol and menthone are essentially the same and higher than that of cineole
based on their aqueous concentration in the diffusion cell chamber. The intrinsic potencies
of the terpenes are similar to those of the n-alkanol and the n-alkylphenyl alcohol and
higher than those of the branched-chain alkanol based on their concentration in the stratum

corneum (SC), suggesting that the mechanisms of action of the terpenes are similar to the

previously studied enhancers such as the n-alkyl alcohols. The B-estradiol data are
consistent with drug partitioning enhancement being a major mechanism of terpenes to
enhance skin permeation. The aqueous-to SC partition coefficients (Kiyerceliutar iipiaipes) VS.
the octabol-PBS partition coefficients (Kycanomwater) Values for the terpenes fall in the same

range as those of 1-octanol and 4-octanol. This suggests that the microenvironment of the
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studied terpenes is well-mimicked by liquid n-octanol. The findings in the present study for
the oxygen-containing terpenes, within the variability of the data, are generally consistent
with those observed previously, which continues to support the hypotheses made in our

previous studies on the mechanism of action of permeation enhancers.

Keywords: terpenes, skin permeation enhancers, human epidermal membrane, lipoidal

pathway
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35A1LHUNISIY

CRBITEY
® Corticosterone (Fluka Chemika, Milwaukee, Switzerland)
® Thymol (Fluka Chemika, Milwaukee, Switzerland)
® Menthol (Fluka Chemika, Milwaukee, Switzerland)
® 1-Octanol (Fluka Chemika, Milwaukee, Switzerland)
® 4-Octanol (Fluka Chemika, Milwaukee, Switzerland)
® 2-Phenylethanol (Fluka Chemika, Milwaukee, Switzerland)
® Sodium azide (Fluka Chemika, Milwaukee, Switzerland)
® Menthone (Alfa Aesar, Ward Hill, MA)
® Carvacrol (Sigma Chemical Co.,St. Louis, MO).
® Cineole (Sigma Chemical Co.,St. Louis, MO).
L4 B-Estradiol (Sigma Chemical Co.,St. Louis, MO).
® Trypsin from bovine pancreas (Sigma Chemical Co.,St. Louis, MO).
® Sodium chloride (Labscan Asia Co. Ltd.,Bangkok, Thailand).
® Sodium dihydrogen orthophosphate dihydrate (Ajax Finechem, NSW, Australia)
® Disodium hydrogenphosphate anhydrous (Ajax Finechem, NSW, Australia)
® Absolute ethanol (Carlo Erba Reagent, Val de Reuil, France)
® 1-Octyl-2-pyrrolidone (ISP Technologies, Inc., Wayne, NJ)
® HPLC grade methanol (Lab-Scan Asia Co, Ltd., Bangkok, Thailand)
® Chloroform (Lab-Scan Asia Co, Ltd., Bangkok, Thailand)

® n-Heptane (Lab-Scan Asia Co, Ltd., Bangkok, Thailand)

\a3asiiouazailnsol

° Spectra/Por® MWCO 12,000 -14,000 (Spectrum Laboratories Inc., Rancho
Domingues, CA)

® Side-by-side diffusion cells

® Controlled temperature water bath
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® Dessicator

® pH meter

® Micropipette

® Magnetic stirrer

® Centrifuge (Hettich Universal 30F, Tuttlingen, Germany)

® High performance liquid chromatography (HPLC) (Shimadzu pumps Kyoto,
Japan)

® Hypersil C18 column (Hypersil, Thermo Electron Corporation, UK)

® Gas Chromatography (GC) (Perkin Elmer, Norwalk, CT)

® Fused silica capillary column (Supelco, Bellefonte, PA),

35n1sNIy
v
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g a A o & i . v Aaa . 27 A o o
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2. @nvnsTaHwRIMIIaIABSH ALl

=S < 1 a % A v aa = U

AnsnturuAInisvasnesalasmalsn  aredtnsdanmlunasanasss lagls
diffusion cell 7#a side by side lauidudmnaaialasinalsuluzdasazasidutuaud
(saturated ~ solution) lugnsnzarpvasmINgunastulusmazapiwinaianuduniadis
7.4 enudududngg ludu donor uaz L@nEIRTABVRIEIRINGUINa UMY
ANULTNTUNANENWULUEU receiver AARINIIIATABNLTZNIM 3 x 3 MTLTURLNATING

I%ﬁﬁﬂgﬂﬁﬂiﬁﬂjﬁd diffusion cell 2 @ slumiazmﬂﬁ'aaadE]ogﬂﬂuaﬂ'"maﬂ"nauaﬁamﬂ%aa

aunaNTHaLNIaN (magnetic stirrer) LLa:muquqm%Qﬂﬁl@T 37 °C  dwduniuga
oUNNTANEANITNAREY  LALMBLNATAZAIUE U donor LAz receiver UEUFNTAZANY
] 64 L% L% dld a 1 a 1 o o 1 d' =3
yosgInguinasuanudndundnsdiinanvindn o ey inaragranuayla bl
AaTeriSanmaasalasiaalsunduniniinilasld HPLC  wianalauduaIasansuad
~ I A @ 'Y & < \ Aa A K&
RIIANNMITNE BRI e Iaza s WWasa Ul wnIady 7.4 NUNSIANAITUHIW
R 4 uaz 10 win WatisunussazanauWiwes (isoenhancement concentration for E=4

Wae E=10 ) @31980UANNLTNTUENILaN8IR I TIANNTTNEIBRIRIINIGH donor LAz



ae A =2 &£ &y & a 82 . A o
MUINWIYLIDY ﬂ']'iﬁﬂ'i&nﬂavlﬂﬂ']iaaﬂqqflﬁdﬂ'?]ﬂL'Y]aﬁﬂuluﬂ']sl,ﬂuﬁ']sl,w&lﬂ']?ﬁmNWHN'}WHG 11

receiver LNalsudAn LLazauEg@mimaaa 8 GC alwunlatnanuuturassnIazaiy
AINGRDANIINARD

3. @nvlaniTazanuvatannasalaainalsnlnasazans

L@%Uumsazmwaomsmsmjumas"ﬂuslumia:mﬂWaaLWQﬁWW\IﬁmmLﬂum@
@9 7.4 femaudududeg  Tieesalamaslin 2 mg lelunseanases @ussazany
mmzmmJaommﬁumssﬁwmuﬁmﬁfﬂm’mL°iTaJ°iTu@m6] 1 mL ﬂ@qﬂlﬁuuu wef 37 °C
Hwaan 72 Talus shansuaneznauiileldduusnginlasld centrifuge uazdiasziiams
azansvadnasalamaalsulasld HPLC

N19AIWILKAT Enhancement Factors

o ' A o . . 24,28
Enhancement Factors (E) D83N1TWIRISUINIBNINWIAY lipoidal pathway
furaldanaunsn (1)

EHEM = PL—X (S_Xj (1)

{ o a ‘=6' ] a oy
\lla P, and P, fia fudsz@ntmifuriusassnnasalasaalsu (CS permeability
coefficients) W14 lipoidal pathway Waalrhazaneldu enhancer/PBS
and PBS, ausau
A A &a A o o &
SX and So 8 m@mmzmwaomﬂamiﬂm@aim IWaavinaza1eilu enhancer/PBS

and PBS, @u&1aU

A A o &a & =i a =< ' ' '
YN LT mﬂamiﬂamaImLiJums‘n@aauwmﬂwumssﬁumuaglumd
1.0 < Eey<10 WU
PL,X ~ PT,X and PL,O ~ PT,O (2)

{ e a ag ] . - ] a s
138 P and P, fa FNUTERNDMITUH NI (total permeability coefficients) NIWHNINUIAY

Waavinazanuillu /PBS and PBS, anud1au

AITMWRINTDLD IUFNMT

ProorPry = [;](d_Qj (3)
’ ’ AC, )\ dt
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C, foanudutuvassnnasalasaalsu (@Inasou) 1u donor chamber
dQ/idt @e anutuzaInTINwReaNUSINMennasalaaina NS wrzau e

receiver chamber §9%138LI8"

o & ' a £ g =3 o
@3k Enhancement Factors NW%N’J%%O@]%I%T]']?Y]@NE]G% (E gy ) RRWIDATUITH

[ o a £ ' A o A
vL@]"i]’]ﬂ mnawﬂs:ammﬁumumwm LLaz%msazmmlaomﬂa'gmiﬂamai‘m AINRUNIT
(1)-(3)

% v a %

4. m3taanuamnnlnraasidvie

ANNAUNU N2 2RI R HITA A B UUAZ A RRINIANEN AN ITNHIBRIAIVDIEN
nasalamiaalsn nanms fa el AReNuaandd g (<0.25 1ad) asseaziBaan
a o & 29 A A & ) o o Y
adunelasal9a1n  aunmans wazams  Lvadaadseun lihdmnsuiaanudiwnmm Wi

a Lo dl ] 1 . . . . dd‘y a g; dll 1

VBIRINIINNI8E 2N side-by-side diffusion cells lunyfifin@AaasszuulasTensauy
aa3 1.5 1ad uuuaunsunuddunulnihdgs (820 fAlalavin) taldnszualwilag
Auluszuuiidndgrg duwamanuddndnduionialasldngueslerin  lasandayans
ac A, 29-31 A v Aax ¢ A @ ' a &
BNHIWAN Nenwihfmbiniianusuysafazianudunmuginit 1520 Alalatia-
aarudues  asnuluwidspiiufenlifmibinddianudunugini 1520 fla

TaR - IILTUALNAT

5. msﬁnmmsné’uéamwLﬁumaoﬁmﬁfﬂﬁﬁnm

LS IURIRTANBBINTTW 1b ANUEUTURA LW isoenhancement concentration
E =4 uas E = 10 @¢ldnaanda 3 vnlvfmisdusadomsazaeimastiudingd annsis
famtazaeivnlvRmsduddeszaanamnatWines pH 7.4 Tagldszazinannsdns
Hwnan 2 wihwesmsvnlwimisduds nasnniwansnmsdusessnruionilasls
miazamonamnatWines pH 7.4 1udanans wisuifaudsuilssaninsturiusasond
VL@Ta’mﬁmﬁfaﬁmuﬂ’ﬁﬁﬂﬁéuﬁ’sﬁ’sﬂa’ﬁa:mmﬁ isoenhancement concentration = 4 %38 10
wdaseandisasazaswasWaTwines pH 7.4 11 AENLTe NI MITVIBNHNBRIM
Tussazanonamnasiwines pH 7.4 trinsis

6. MINAFADUDIALIZNDUVDIAIRIITHANINANADI LB
= a v & o & A . . 32 = =
WwIpNRIITHEaTNeunasiiunlasmaila epidermal separation - lasiisnoazidaa
o & a a o & . . A a [% % . . A [
@99 1M9BURINIITU epidermis MaToNLeAINTD 1 RIUK Petri dish N1389078NTA1BNTBI
laglARm9e% dermis iUy LANENTREANY trypsin [N 0.0005 % udivaUVEI
RA1e Tarn Petri dish LLﬁstﬁu"L’?ﬁqmwQﬁ 37 aderaldus 1waan 18 T2l aan



ae A £ & a A o
NenwidiEas midnwnalnmisangndveanastulumauasfunsuruiani 13

AawbiTusanauaefiflon  uddwldszaredishnau  Asldudiuuununadoaglifioy
il rnsdmesddsznouaiundulasdunivue  (total  lipid) laguszninawad
(intercellular lipids) uazaudsznavaugf ldlsluds (non-lipid domains) luAnsaTuaa
NaNAaILe
A 4 & ' o & o & A = a o & )
mMIaNzimeInlsznauresfInisTuaEaaNAasiion  Inuaziduaal o9
NN AnisTusanauaasiion 3-4 mg laluviauiamwa 20 mL  LANRITAZAUNEN
CHCl;:MeOH (2:1) 10 mL Dashuazweiiuasinsnn aeiebidszanm 48 g7lus annuuuen
TuRIIINle wazvinliuielu dessicator WAWNNNTIBNATI Fwrmandasisudiinning
Wasuulas fa wasiduduas luaiusiy (total lipid)
o ' & . L. a L ¥ o A o & o &
laguszninaawas (intercellular lipids) Uszilinlalay TaimnnRiniiTuaanauaas
~ \ a A & A v o o L ¥ o a & ¢ = &
Wlow 3-4 mg gl n-heptane 10 3u19 3 @39 LBWAILAD ¥3NTIRINDNATI LWaSiTud
& o a4 4 A ¢ & € o Aa 1Y) L. v R o A o &
dmnnffoundas de wefiGudvasluiuifiani (surface lipid) wa39%0 RIRHITUES
NeaNaasuNNNIWNTWT n-heptane MaNadaaNIAZANUNEN CHCl:MeOH (2:1) 10 mL
Yarhuazanduaisani @i biuszanm 48 1alus nuuuenduiiniinle wasvinld
v . v o <o & o & & o o A A ' [
wiAsly dessicator WAINNNTIBNATI A UasiaudsinninNiUAswuUasna uRNALAS
> L U ‘é £ o 1
ARIFNAGILENTAZAUNEN  CHCI:MeOH  (2:1)  @9azlaitasiduduadlasuszninamas
. . 1 A A I a o & [ 6 A A [ £
(intercellular  lipids) ~ sudsznaufimiaiduiiniiTusanduaeiiilaungnarialuduean

(delipidized stratum corneum) tAu b3 lg@ns luzudaly

5. n13UasdlnmaInIInIzaealIzes  @sanIsTurInANle wazen -
¥
estradiol T witszuansanaasiitaa
TININALUKEK n-heptane treated stratum corneum Waz  delipidized stratum

corneum (~3-4 mg) ldlugnsazanuduarvad P-estradiol lugnsazagvassaAumsTuRIL

A oo, . ~ ) i
RAI%I9N isoenhancement concentration for E=10 14331605 20 mL sﬁamiﬁﬂu%aa@maaaﬁ

Yarhsiin - tnunamnnd 37 ° C 1w 12 72189 N WLYNRINEITY stratum

9 U

< = ° o o a o & 1a Aa & a
corneum Tumidon uazthananadisladasanageat3unes 5 mL Aenzdwdiinm 3-
. a =< ' a o A o a o & o 6 A [
estradiol LAZENILANNNNITUNIBEING NINTZIUAD IWHINITUEATIAUADSITHENAIE HPLC
Waz HPLC/GC #1011 fWIm@INIINIZaNaa? bbRIRIITUWEATIANADTIHIN VaIRNTLANNNTT
=< ' ' o AR
TUNIWRIRTBIN AN
AINTTAILAIVBIRTLANMTDTNENUR IR L n-heptane-treated stratum corneum

furldasaunisn @)

= At W = W) &

corrected, i W ay W ay

(4)



A1 FUNMENST uazAe

Wa A

extracted,|

w

dry

w

wet
i

C,

1

Ao Usnmasmaiumssurisminfanalaan n-heptane-treated
stratum corneum

A8 iminutiues n-heptane-treated stratum comeum

fa liﬂ%ﬁfmilﬂﬂ“uad n-heptane-treated stratum corneum

Ao saRamMITusL

Ao AaNudNTUTaIRITIANMITURBAIRI e Tazas lura e

FUUTzENDNIINIZANLAIVD B-estradiol ((n-heptane treated SC/aqueous phase)

partition coefficient of E2[3 (Kc,)) fwmldanaumsi (5)

A extracted
w,,

Wwet
c,

S, and SVO

[A|extracted _(Wwet _Wdry )C|i ] /Wdry S'X
oy S'o

)

E2p —

o U3 P-estradiol Nanalaan n-heptane-treated stratum corneum

fa KRnuAIe n-heptane-treated stratum corneum
a ¥

fa ihnnnionuas n-heptane-treated stratum corneum
=1 v v .
Ao anududuey B-estradiol luansazanslunaan

s Jansazanpvad PB-estradiol Liiaaavinazansiilu enhancer/PBS

and PBS, au&aU

AMIFUIMAIAININIZANLAIV IR SN ITNHIUEIMILI } delipidized stratum

corneum MEENANTN (4) waz(5) LTULALIND n-heptane-treated stratum corneum
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unn 3

Nan1slagnazanus1gua

o =3 ' A o A a S8 a [
1. ﬁ&lﬂizﬁﬂﬁﬂ'ﬁ%&dﬂﬁ%ﬂ'ﬁﬂ%ﬁ ANIIALANY LAZ HANTIILANNNTITDNNIWHIVEWS
dl 1 g a A"‘ =3 1 a Ced Qs 6 g 1 A
MN19719N 1 LLa@ﬂﬂ’]aﬂJﬂiza‘ﬂﬁﬂ’]isﬁNNquNQ'ﬁu\j (ﬂﬂﬂ&lu 3) RARIVVANIINSNTY

(ABANH 4) AT HAMIRNNMITUHIRAIRIVRIENAaSAlARLABLIY (ABANY 5) lABNANIT

PN =<

WWINITUNIBAINIY WRAIG28 HEM enhancement factor (Exem) furmlaanaunis (1) -
g =) Qf ] ~ L5 (=) =
@) lasfdandszdndnsdusuiiniivedsnaasalaaiaalsuluasazaratninasues

Aanibsudazaududidouiioy 3UN 3 ugAIANUFNAUTIERIN Euey NUAMNTNTUT B

waituluzimazanomnastuludwives fnaoiu mM (Mean + SD, n > 4) annnslu
d. a L% U 6] 1 a A 7 A =3 1
3U1 3 susndeilinanudniuzasnestundssafianilie £,,= 4 (MuAIMIBUHIH
a £ A ] n' =< 1 a £ A
Ranisradonnasalasiaalin = 4 111) Uaz E,,,=10 (MIANMITUHIBAINTHIVIENADIA
lamaalau = 10 wh) & dranududuresneiuudazsfianlugdasazaomaitulu
tWinad 1Wen £, 4 uaz E,,,=10 a3d13lu @195191 2 (reauif 2 waz 3 anudrau) 9nua
MINARBIEWLIN 137 hiaNTaU Tzl uaIANULTNTUY89 menthol, menthone W&z cineole
A o, o~ ey & PN Y 4 e R \ a
alwdn E,,=10 thasnnmsazangvaanastund 3 whalwiidrdn 39 ldsansaeson
menthol, menthone W& cineole ﬁmnmﬁwﬁugﬂﬁ 2814 [IAAINNLIN wanINANNTUTH
284 cineole  MIlWeN E, = 4 Hdginianuduturesnestusfiaduudy (p < 0.01,
ANOVA) U&7 anaitudwuad thymol, carvacrol, menthol Waz menthone l9ien E,, = 4 'lai
LANAINWaENT litefAw (p > 0.05, ANOVA) WalTannuitudwnldnaiiunsdurinen
frinnw (Isoenhancement concentrations) {J#a170ANNLIIVBINMILTURNTIANNITUHG
6 E,,= 4 WU11 thymol, carvacrol, menthol a2 menthone HAuusd lduane19n waz
cineole JANuLTIRasNINNOSTUTRADY  UaNINNATINUINANULTUTUDEI thymol WA
A A @ \ A =
carvacrol N1 E,_, = 10 4a1tN1NH LWRAIIN thymol Lae carvacrol Sanuusarinnugaduld

HEM™

luma@ganunamnasasifIoutisuanuussvas thymol uas carvacrol 11 1en E, ., = 4
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A1 FUNMENST uazAe

H Qo a Qg ] a s QI 1 a e
A13199 1 auﬂ‘s:awﬁmséﬁumumﬂm IaMIRLANY Uaz NANIIANMITUHIBAIRIIDB

B1nasalaaiaalin
Terpene Terpene Permeability Coefficient CS HEM
Concentration of CS for HEM " Solubility Enhancement
(Mm) * (107 cm/s) Ratio © Factor (Eypy)

0 34+0.89 -- --
Menthol 1.0 8.9+2.4 1.00 £ 0.10 2.8+ 1.1
1.5 13.0+4.1 1.02£0.10 3.8+1.5
2.0 17.2+6.6 1.02 £0.04 49+1.9

0 34+0.89 -- --
Menthone 2.0 122+1.0 1.04 £ 0.03 3.8+1.2
2.6 17.4+8.3 1.01 £0.05 4.6+0.9
3.0 20.5+4.1 1.05 £0.05 5.8%0.5

0 3.3+0.82 -- --
Cineole 2.0 6.0 +0.46 1.09 £ 0.03 1.9+04
3.0 11.4+2.7 1.10 £ 0.09 3.2+ 0.9
4.0 119+19 1.12 £0.03 36+1.1

0 3.5+£0.84 -- --
Thymol 1.0 10.8 +4.7 1.00 £ 0.04 3.1+£0.7
1.8 19.0+4.2 1.00 £ 0.03 55+1.2
3.0 346+11.0 1.02 £0.02 109+1.6
4.0 58+£12 1.03 £0.03 17.2+3.1

0 34+0.89 -- --
Carvacrol 12 144+23 1.01 £0.05 3.9+0.2
1.8 258+6.7 1.04 £ 0.04 6.6+2.1
3.0 346+179 1.05+0.02 9.5+1.7
35 54+12 1.05 £ 0.04 14.7+3.7

* Concentration of terpene in PBS (terpene/PBS) for the terpene solution. PBS alone with

no terpene (0 mM terpene) was the PBS control.
® Mean + SD (n > 4)
¢ Solubility ratio = (CS sollubility in terpene solution)/(CS solubility in PBS).
4 Egpm S eNNENNIN 1.




av A &£ & a oA o
FHIUIILID9 msﬁﬂmnavlnmiaammﬁmaama%‘ﬂulumnﬂumsmumﬁmmumﬁm
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0.0 T

16.0 ~

Enhancerment Factor ([Euema)

T
e =

Mlenthol
Iemthozne
Cocnle
Tl
Carvacrol

e == 8

Terpene Coneertration (i)

3UN 3 £, nu anuidutuveanastuluzlmazamomaiuludwimes finhoidu mm

(Mean + SD, n = 4)

| v @ ) 9 o
A15191 2 m’mLmumummma‘i"ﬂulugﬂmsa:mUma'i‘ﬂuluumwg?ﬁlﬁm Enem = 4 and

EHEM =10 2
Terpene Enev=4 Concentration (mM)™¢ | Eygv=10 Concentration (mM) °
Menthol 1.5+£0.5 )
Menthone 20+04 -
Cineole 4.0+£04 -
Thymol 14+£03 30+£04
Carvacrol 1.3£0.2 3.0£0.3

* Isoenhancement concentrations are defined as the aqueous concentrations for which different
enhancers induce the same extent of permeant transport enhancement, Eggy, across the lipoidal

pathway of SC.

b Interpolated values and interpolated uncertainies from Eygy versus enhancer concentration plots.
¢ Using a one-way ANOVA, the Eygy=4 concentration of terpenes were significantly different.
Turkey-Kramer multiple comparison tests were also used, the concentration of cineole was

significantly different from other terpenes (p < 0.001).
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2. @MUK INHI 298N LaENITINNNITTURIBAIARILINIW pore
pathway
nwIsadumMahsuimtny l5auluiesd jidn1333uves Prof. Dr. Wiliam 1.
. LA 21,24 o o 1 ' . A
Higuchi NW%aN lganInasa U IingIsnEIn lipodal pathway LRs pore pathway @8
a . [ Q ‘é v Y U o 1
pnasalasinalin uaz tetraethyammonium audau Tilddaaydladn nsdnsinisings
| . o &a & Aa A v A
87N lipodal pathway lagld snaas@lamaalswmdualonnazauna was Jelnalfssng
#N&I81TIUNY  lipodal pathway LLaz pore pathway (total permeability) ﬁ?ﬁﬁl‘mhﬂ%"uu
Nudehlddsziiudinsinsssnaaialaaiaalswmduaisnagaunssiiassneu lipodal
pathway NUAMNEIENTINEY lipodal pathway Was pore pathway (total permeability) bt
RI7IA% NMTIAAIANNM UK WK VeI M
33,34 ) v o ¢ ' o 1 a '
Peck LAY ALY ldwuanuduiuisznininsinggiSariu pore pathway 184

R1%AIas NUAMNANNA WU IWAN asgunish (6)

Log Pyes = Log B — Log R, (6)

d 33,34
\iJa Log B = -5.8 (NNIAN®NVEY Peck LAz AtAs )

v 9 a o ' 2
R, Aa anudumuwiuesiinmgs mviodu kQ cm)

Qs a Q‘ ] 1 I
Pea A8 §NUI2ENTANITURY pore pathway V89 urea (Wiaendu cmis)

v
A v AR °

NUWIBRIINANUTNAUTAINA NG IWITAT Py AILFAINALBAITION 3 INNHA
g a Qr 1 1 a a 1 v
ASNARDINDIN auﬂs:ammﬁ?wmmaagﬁ'ymum%mﬂuma pore pathway Neiaw
A A o o a £ 2 &a . . .

PN B UALRNUTEENTMITNEHUVBINADIA LaaLaa LIUNIUN4 lipoidal pathway a7
1841 praasalasiaalindsaddndrsmmagaunaluvn1IIaa NI THIRILTHIY 81320N19
. . Aa % ~ [ % Y
lipodal pathway Waz pore pathway (total permeability) f%HIa% T laHAlUANBULIALINY
[ [ 29 ' % '

AU MIANENLANAIANT AUNAEATLAZATE  BRZAIANNEIWNUIWHNHIY pore pathway
A v A, v A A o o a o 2 v & .
23RN A Tt N B BLALANNA NI UL BIRINIEI (20 kE2 cm’) uFadIALARINE
Pa3871358zaumasUnlwiwineslalaldnatdaouuladaud I unInitIns wazla

\Asuwlad intercellular lipid douomain MRIRHITUEATIANAD LI
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a ' v Y e a £ I~ '
AN319N 3 AanuMuMB NI wazaauUTEANINIBNHY pore pathway 289 urea 11

yazaamastuluiwiwasnivean Egen = 4 and Epey =10

System Log (Electrical Resistance) *° Permeability coefficient
of Urea “(10™ cm/s)
PBS 1.68 £0.02 33+0.2
1.5 mM Menthol ¢ 1.70 £ 0.01 2.8+0.7
2.0 mM Menthone 1.72 +£0.02 2.7+0.1
4.0 mM Cineole * 1.74 £ 0.02 2.6+0.1
1.4 mM Thymol ¢ 1.76 £ 0.04 25+0.2
3.0 mM Thymol ° 1.61 +£0.06 35+0.5
1.3 mM Carvacrol 1.78 £0.03 23+0.2
3.0 mM Carvacrol ° 1.55+0.18 42+0.2

* Mean + SD (n > 4).

® Units of electrical resistance are kQ cm”.
¢ Permeability coefficients were estimated using Eq. 6.

4E,pm=4 concentration
°Euem=10 concentration

@13197 4 Recovery of the Terpene on Corticosterone Permeability of HEM after

Transport Experiments in Egpy=4 and Eppv=10 Terpene Solutions.

Terpene Terpenes Permeability R®
Concentration (mM) Coefficient of
Corticosterone after
Rinsing Protocol
(107 cr/s)

PBS 35£0.8 --
Menthol 1.5 42+1.5 1.2+£04
Menthone 2.0 48+1.5 1.4+£04
Cineole 4.0 51+1.6 1.3+0.3
Thymol 1.4 43+0.8 1.2+0.2
3.0 52+£25 1.5+£0.6
Carvacrol 1.3 3.7+1.7 1.1+0.3
3.0 4.7+0.9 14+£0.2

*Mean + SD (n > 4).

®R is ratio of (P value of CS in PBS after rinsing protocol)/(P value of CS in normal PBS)
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3. MIANHININAVFANINLANVDIR NI

a3197 4 LEAINAMIANMIMINFUFINWLANVEIRIME lasiTouiiauen
sule AN st urinupn i ldannamisirnwm v I wBuse s saranamatiug
isoenhancement concentration = 4 %38 10 uda9eanmrITAzAENasWaLWiWas pH
7.4 T AndNUTEANE MBIt uRwi lua sazananemWatWIe s pH 7.4 1inin
INNINAFDINUIN mminé'ug%ammawaaﬁmﬁfo (R) 61 1.1 -1.5 HuAe feIna
waasliifinin s1sazansinaiilng isoenhancement concentration = 4 w38 10 1Wasuuilas
Tassadsfmisuuudunavld wazldldanalodululassaoasfmiidiranadasny

- 15
msdanelay William was Barry

4. N3NsEANEMVImatiln uazan IufvisEuansGaNADSLEN

a13197 5 LLam@hm‘ms:ﬁnsléf’maoma‘?ﬂulummmqmaaﬁmﬁfa%tuamﬁé’maﬁ“
Hon fuwaldanaunsi (4) nmsansnArwan> %% ﬁ“ﬁaaﬁ;ﬂdﬁ lipoidal pathway
Lﬂmﬁummﬁﬂﬁmuﬁums%umuﬁmﬁwzmzmﬂéf’;agjiLLa::Ltamqmauﬁamuﬁums%u
NIEN é‘aﬁ?uﬂ%mmmmﬁlumse’fimi’mﬁmﬁfaﬁmzﬁnUéﬁagﬂummaa lipoidal pathway A&
ﬂ%mmmiﬁm:mmﬁ"sagluvlmﬁmzm’mmaﬁ(intercellular lipids) @9lefann USunmansi
nyzanudalu delipidized human SC (aawil 4, @319 4) FnauasnaNLSUIME13ANIZ018
@14 n-heptane treated human SC (ABANY 2, 1919 4)  AILFAIHALY gﬂﬁ 4 nnn
dawsoufisudsmaaanasiiu (menthol, menthone, cineole, thymol L&z carvacrol)
#1428 micromole/mg SC ﬁﬂi:ﬁ]’]&lﬁﬂ%ﬁ%i:%’i’]ﬂ‘ﬁ&ﬁ n-alkanol (1-octanol), branched-chain
alkanol (4-octanol) Wazalkylphenyl alcohol (2-phenylethanol) WU T Epgy =4 U3u1mun1y
nIzaeavaanaitwudazriia lduandanuadeiived e (p > 0.05, ANOVA) aniin
menthone  WAZ B4 By =4 A9Na13IUSUIUNINTZN0A VB NI uLAss TR baluanans
et NARERAY WallTounauny 1-octanol, 4-octanol was 2-phenylethanol (p > 0.05,
ANOVA) WaTWUIN th By =10U30nmnnsnsznsadluluiuszninaewad a9 carvacrol,
thymol, 1-octanol Wag 2-phenylethanol lajuandnsnuaenafivedan (p > 0.05, ANOVA)
g% menthone AT Bh Eugy =4 A9Na1ILUINNIANINIZN0A VB NDTTULAaLTRa Wl
Ardninenn1snIzanesavas 4-octanol adnalvinddny (p < 0.01, ANOVA) a3ullddn wm
Euey =4 auussvasmadumsniumsturinuioviimesnaduiansra 5 oia 1
L@NE1997N n-alkanol, branched-chain alkanol tazalkylphenyl alcohol Lwima%ﬂuﬁ?mmﬁy‘d
5 THa ﬁLLu’;Mmaaﬂ’ammw‘i"m’h n-alkanol Lazalkylphenyl alcohol uam’mﬁtm Epem
=10 AWM I I us R AN TUHIRAIMITIVE9 carvacrol uaz thymol lduandisann
n-alkanol uazalkylphenyl alcohol  udna3Tluis 2 TH#adA2ULIIFINTT branched-chain

alkanol
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M3 5 mmInszasdmvsanasuluimilitusanaunesiiion o anudutu
EHEM=4 and EHEM=10
Amount of Terpene Amount of Terpene Uptake into
Terpene Uptake into n-Heptane- Delipidized Human SC *
Treated Human SC *
Acorrected;i (umol/mg Dry | (umol/mg Dry
(umol/mg Dry Delipidized n-Heptane-
n-Heptane-Treated Human SC) Treated
Human SC) Human SC)°
1.5 mM Menthol ¢ 0.066 + 0.021 0.021 £ 0.002 0.018 £ 0.002
2.0 mM Menthone 0.073 £0.018 0.020 £ 0.009 0.017 £0.008
4.0 mM Cineole ° 0.056 +0.011 0.017 £ 0.003 0.015 £ 0.002
1.4 mM Thymol © 0.057 +0.019 0.028 £+ 0.003 0.023 £ 0.003
3.0 mM Thymol ¢ 0.180 +0.053 0.101 £ 0.035 0.086 + 0.030
1.3 mM Carvacrol © 0.070 + 0.008 0.033 £ 0.003 0.028 £ 0.003
3.0 mM Carvacrol ¢ 0.191 £ 0.052 0.099 + 0.019 0.084 + 0.016

“Mean + SD (n > 4).

® Normalized by the weight of n-heptane-treated SC, i.e., the uptake data of column 3 were
multiplied by the weight percent of the delipidized component of human SC (84.3 %).

ZEHEM:4 concentration
Exev=10 concentration

0.35

O Delipidized SC (Egm=4

0.30 Y.

Hasl J3ry1e]
erecHtlar-1rpl

F g 1
SAEHEM Y

[ Delipidized SC (Eggy=10)

Amounts of ter pene uptake into human SC
{(micromole/mg)

Fhhancer

A @ a o & o & a . ..
E'].I‘Yl 4 ﬂTW\ILLa@Gﬂ'ﬁﬂﬁz"ﬂ']U@T’llaGL'Y]aﬂuwﬁﬁu\?“ﬁ%ﬁ(ﬂiqﬂwﬂaiLuUN (intercellular lipids

L&z delipidized SC) VadNasTuLazaILANNNITURNIB® ) th AT UTY Eypy=4 and

Enem=10 (Mean £ SD (n > 4)).
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{ o a £ o . a o & L%
@139 6 AFNlzENTNNINITEAIVaIN PB-estradiol TudrnilsTuranaunasiiiuy o

ANNTNTUBINDSIU Expv=4 and Eppv=10

Partition Coefficient of E2[3 *
Terpene n-Heptane-Treated | Delipidized Human | Delipidized Human
Human SC ° sc® SC*©

PBS 134 £23 134 £22 113 £19
1.5 mM Menthol ¢ 153+ 15 135+ 20 114 £ 17
2.0 mM Menthone * 149 £ 9 131 £29 110 £25
4.0 mM Cineole ® 147+ 19 138 + 10 116+ 9
1.4 mM Thymol 154 + 14 134 + 4 114+ 3
3.0 mM Thymol © 229 +25 162 + 13 136 + 11
1.3 mM Carvacrol 151 £ 23 134 £22 113 £19
3.0 mM Carvacrol © 228 +25 163 +27 137 +22
*Mean + SD (n > 4).

® Corrected for the partition coefficient into the aqueous compartment using Eq. 5.

¢ Further corrected to the n-heptane-treated Human SC; the weight of dry n-heptane-treated
human SC decreased by 15.7 % after delipidization treatment.

4E,eM=4 concentration

°Exem=10 concentration

; ... :::: .

Y

Z

N

300 -
[] Delipidized S3C (Eypy,~4)

S 50 Lo I Intercellular ipids (Byey=4) b e
T ° Delipidized SC (Fyggy=10)
: B g - lint 7 =
E 500 Intercellular lipids (Fyp,,~10)
[=]
5
'§ 150 EE e (R — B i DS 55 I
= 7
g oph
(=1 ]()1} . A I PR A B0 2 A ..............
g
=
=
=
=
ay

50
0 .
2] = o =2 o) ) o ° <
g2 = £ 8 £ & £ £ £
= = B E' E = *(-;- 5
2 3 © =& : S : 2
= o — =+ =
E
5
o
Enhancer

{ o a £ o . A o & (%
3UN 5 nvuEaIAENYIEENTMINIzE@Ived P-estradiol luAmitiTusaduaa’
\iew (intercellular lipids Waz delipidized SC) Va9tNaswuaza I AUNMITUHIBEL S Th A3
L°1T3J°1Tu Enev=4 and Egpyv=10 (Mean + SD (l’l > 4))
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®19197 6 LEAIAINIINIZINBAI VeI lTnaray Aa P-estradiol lud1n Ty

FAMANADIAYY Db ANVTNTY E,., = 4 USZ E,= 10 TId1Im6LAaNaNNI3N (5) aan

WANNIILALINUMIMUIWNNINIZAN8AIV8I B-estradiol liugaw lipoidal pathway fAatlFuios
pfinszangdiaglnluduszninaa (intercellular lipids) T4ldain Yanaasinizaedilu

delipidized human SC (Aaauil 4, @319 5) HNaUsanNNUINMENNNITZA8A2 M4 n-heptane

[ %) H ﬁ %
treated human SC (A2aNH 2, A1319 5) AILIAINE L sUN 5 TINMINTENLAIVLS B-

. Y ' v @ a &£
estradiol Twludusenitoms o anududusainastie E,,,= 4 uaz E,.,= 10 tAadwin 2

w8z 5-7 Wit Wlafisununiinszasaivad P-estradiol luasazanaiwines  uazfien
WIBULYINAY HAANNENSHNNANTTNRIUYBY 1-octanol, 2-phenylethanol L&z 4-octanol LEAII1
NamSLﬂumnﬁ&lms%ummaama'ﬁﬂmﬁwwhﬁ'umﬂumju n-alkanol, alkylphenyl alcohol

LRz branched-chain alkanol

5. &nilszananisnszangdivasmasiluwlwluinszninasa nuadnlszans
N1INIALAIVDILNBI1N1 octanol- PBS

e lasaans aunensas uazams * la@nsansuedan o
AR NLEAINATBIENTLRUMITUANBRAINIS AU FINBE T WIa L2 AN TS
N32210MVITIANNITUHIUAIMIT (1-hexanol, 1-heptanol, 1-octanol , 2-phenylethanol
wae 1-octyl-2-pyrrolidone) Twlusiuszwinaims suilseansnsnszansdvasmsiunsty

NAWRI%IN octanol- PBS WUAMNFNNUTITHING logarithm w9 K AU logarithm

intercellular lipid/PBS

a 2 ' a L A v s v § & v S v
283 K VBIFNILNNNTIDUNIUNINUN ﬂi’]W“ﬂvL(ﬂLLﬁ@Gﬂ’)’W&Jﬁ&IW%ﬁLﬂ%Lﬁ%@I‘N 61?(11%

octanol/PBS
ﬁaagﬂ"l,@”iw octanol-PBS Uz uUNANLEAIINAITHIARAN Db FILAUINLRAINAUDIFITLN

MITUEWRAINGT NWIT8TUH thymol, carvacrol, menthol, menthone L@z cineole e

logarithm 183 K. Winnu 1.39 £ 0.22, 1.51 £ 0.08, 1.51 £ 0.12, 1.45 £ 0.12

intercellular lipid/PBS
ez 1.01 £ 0.09 uaz logarithm U84 K., pas AN1L 3.52, 3.52, 3.38, 2.87 Ua 3.13
AURAU %amsmzmyéf’maomé’aﬂmﬂﬂﬁlﬁnaLLa:agiuﬂﬁNLﬁmﬁuﬁu 1-octanol Wag 4-
v & ] L (=4 dlddl v o ] dl
octanol WRAILFLAKIN octanol-PBS £3atl Iz ULUNANURAIRAIIZUIARDN T GILRUIN

& £ = PN K A o
LN ﬂﬁﬂ%aaﬂﬂﬂﬁLﬂua’]'ﬂWNﬂ'ﬁsﬁN NIWBNINR S
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UNN 4

un ﬂ'§‘l.| Lasdaldua LU

A A A a . & Qs
lun1939uTuilaen menthol, thymol, carvacrol, menthone L8 cineole WueIuni
2Y8IENINDILU ﬂﬁqi&l terpene alcohols, terpene ketone LLasterpene oxide ausaulasdnmn
wa & n' = 1 a L = = o 1
FUUANILUWRIILNNNNITUNIUNIN LﬂiUULVIU‘IJﬂUﬁ"Iﬂ%ﬂ@IN n-alkanol, n-alkylphenyl
alcohol W&z branched-chain alkanol M1 }ANEINILAT HANTIFUWLTIN NTNTLANUAIVDY

ey AR & A A wa = a 8 A o a ' a
Lﬂﬂiﬂu'ﬂﬂﬂﬂ’]‘ﬂd 5 1Ua &lal]l](ﬂLﬂuaWSLW&lﬂ’]‘isﬁNN’]uNQWuﬂ LASHNNADNIILNNNIINISINEG

> Aq o A . % . a o & % & =
Mwaspnlinagoy fa B-estradiol Iwluluduszninaaaslufinistusanauaasiiioy
WBULYINAUNaTad 1-hexanol, 1-heptanol, 1-octanol, 2-phenyethanol LLas 1-octyl-2-

& A . @ £ & P
pyrrolidone lumufusaiumsfuiin  ayuldinalnniseangnives lumadumaia
KR A Y PN K Ad | v a \

mMiBukwrlaunuasianBuriuiingudsfaidusalsass (n-alkyl enhancers) lag

@ o 37 . A ' o A Y i A o &
fdayasivauu Ianafunsduivuazllunindeguinaladusniinaadluionteru
gasnaunasiioy uadlnalunmsrildanzuiasentSnmadnailiaedy F9TraRunNT

A @ ' = Y Ao A £ A

sl agelsfiann lulagtumaddeiseanalnnseangnizesanaianig

o 1 . A o AA A a4 a o o o P o A
e wRInaImsUsznaunlaui il lassanetutausiang g seaaiun
INANHIAUAI @mamumsﬁﬂuﬂmzéﬂmaqa (molecular level) lagldinafiaass wwu

. . . . . . = 2 =
differential scanning calorimetry, Fourier transform infrared spectroscopy SD3INAN1IANEIN

U a Af QI o 1 1 a L Ui J
laezsunsnatununalnnseangndresa NN TN I H KA LGATY  Laza1aNTD
ihanuinla lulslumaiamndsunianmsivisssmefianiadaly
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terpenes as skin permeation enhancers on the lipoidal pathways of human epidermal
membrane. J Pharm Sci. 2009 [Epub ahead of print]
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Chantasart D*, Li SK. Relationship between the Influence of Chemical Permeation
Enhancers under the Symmetric and Asymmetric Conditions on Transport across
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Chantasart D*, Li SK. The Effect of Chemical Permeation Enhancers on the Lipoidal
Pathways of Human Epidermal Membrane under the Symmetric and Asymmetric
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NANINLRUNAAR 2547, K11 100-105

3) A29017 duneany. lasusiassinuviuacnan. 1u FUIALT 13T, WWANA
FUNIATYUWA. UTINEMI. MIeUINEIJURNMT nezuIumMINEamaNUing
sromnaluladfivinasis. NN AUUNFTENENT WM INEABUAaR 2547, Wi
92-93.

@) ®3a WnTRW@U1aT, A9 AWNAIEAS RGJ Seminar Series XXIV:

Pharmaceutics and Pharmaceutical Technology N33LnWe: AULNRTANRAS
NPINLABURAN 2546. 45 Wi

10. s i deITy
- ZUUINSEILINIWAINIS (Transdermal Drug Delivery Systems)
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Abstract

Previously, the mechanisms of action of chemical permeation enhancers (CPEs) were studied and a
quantitative structure-enhancement relationship for the lipoidal transport pathway of the stratum corneum
(SC) was established under symmetric and equilibrium conditions (i.e., the enhancer present in aqueous
solution in both donor and receiver chambers and in equilibrium with the skin membrane). The present
study was aimed at examining whether the effects of CPEs under the asymmetric condition where the
aqueous enhancer solution was present only in the donor chamber and phosphate buffered saline solution in
the receiver chamber (i.e., the condition closely resembles that in practice) could be predicted by those
determined using the symmetric transport experimental approach. The experimental enhancement factors
under the asymmetric conditions (Easym) Were consistent with the predictions using Egy,. A correlation
between Eqym and Egy,,, was observed. These results suggest that the symmetric configuration findings in
the previous studies can be used to explain the effects of CPEs under the asymmetric condition likely
encountered in practice and to predict transdermal delivery enhancement in transdermal enhancer

formulation development.

Keywords: chemical permeation enhancer, symmetric, asymmetric, skin transport experiments, lipoidal

pathway, enhancement factor

INTRODUCTION

It is generally accepted that the principal
barrier to most transdermal drug delivery is the
stratum corneum (SC), the outermost layer of the
skin comprising keratin-rich cells embedded in
multiple lipid bilayers. Overcoming the barrier by
using chemical skin permeation enhancers has
been one of the great interests in pharmaceutical
research. Chemical skin permeation enhancers
(CPEs) are defined as chemicals which are
themselves pharmacologically inactive, but can
partition into and interact with the barrier of the
SC when incorporated into a transdermal
formulation, thereby reducing the resistance of
skin to drug transport '*. An ideal skin permeation
enhancer should be non-irritating and should not
alter the skin irreversibly °. Over the past decades,
numerous CPEs have been studied with the aim of
gaining better insights into the relationship
between the nature of the enhancers and their
effectiveness in drug permeation enhancement. In
the simple form of in vitro studies of CPEs, the
investigated enhancer is usually applied with a
drug in solution ®’ or suspension *'° to one side of
the skin membrane, and the effectiveness of the

enhancer compared to a control is determined by
the ratio of drug transport with the enhancer to
that with the control. Under this approach, the
structure/function relationship between CPEs and
their effects as skin permeation enhancers have
been investigated.

In the past two decades, a number of
studies have involved a different approach to
establish a quantitative structure-enhancement
relationship for the lipoidal pathway of the SC for
understanding the mechanisms of action of CPEs
716 In these studies, permeation experiments
were conducted under symmetric and equilibrium
conditions (i.e., aqueous enhancer solution in both
the donor and receiver chambers of a side-by-side
diffusion cell and in equilibrium with the skin
membrane). Under these conditions, the
complications arising from enhancer concentration
(or activity) gradients across the membrane '”'®
were avoid. The permeability enhancement factor,
E, the ratio of the permeant flux with the enhancer
solution to that with the control phosphate
buffered saline solution (PBS), was determined in
these experiments with a moderate lipophilic
model permeant, corticosterone (CS). The



enhancement factor was corrected for any changes
in the chemical potential of the permeant in the
enhancer solution with respect to that in PBS; this
allowed the comparison of enhancement factor at
the same permeant thermodynamic activity. CS
was selected as the model lipophilic permeant as it
has been shown to be particularly suitable for
quantitatively probing the lipoidal pathway of the
hairless mouse skin (HMS) SC using a parallel
pore and lipoidal skin transport pathway model "~
131516 The same transport experimental method
with human epidermal membrane (HEM) showed
that HMS can be a reliable model for the
evaluation of the effects of CPEs on the lipoidal
pathway of HEM under those conditions .

The purpose of the present study was to
examine whether the effects of CPEs in the
asymmetric transport experiments where the
aqueous enhancer solution was present only in the
donor chamber and PBS in the receiver chamber
(i.e., conditions similar to those in practice) could
be predicted by those determined using the
symmetric experimental approach (the aqueous
enhancer solution in both donor and receiver
chambers and in equilibrium with HEM).
Theoretical models were employed here to predict
the asymmetric enhancement factors from the
symmetric enhancement factors and to compare
these calculated values with the experimental
asymmetric data. A correlation between the
enhancer effects under the asymmetric and
symmetric conditions would support the utility of
the mechanistic findings in the previous
symmetric transport studies for transdermal
delivery in practice.

EXPERIMENTAL METHODS
Materials

Corticosterone (CS), thymol, 1-butanol, 1-
pentanol, 1-hexanol, 1-octanol, 2-phenylethanol
(2-PE), and sodium azide (NaN3) were purchased
from Fluka Chemika (Milwaukee, Switzerland).
Carvacrol was purchased from Sigma Chemical
Co. (St. Louis, MO). 1-Hexyl-2-pyrrolidone (HP)
was purchased from ISP Co., Ltd. (Milford, CT).
1-Octyl-2-pyrrolidone (OP) was received as a gift
from ISP (Thailand) Co., Ltd. (Wayne, NJ). 1-
Octyl-2-azacycloheptanone (OAZ) was
synthesized at the Chemical Synthesis Facility,
Department of Medicinal Chemistry (University
of Utah). Sodium dihydrogen orthophosphate
dihydrate (NaH,P0,.2H,0) and disodium
hydrogenphosphate anhydrous (Na,HPO,) were
purchased from Ajax Finechem (NSW, Australia).
Sodium chloride (NaCl) and high pressure liquid
chromatography (HPLC) grade methanol (MeOH)
were purchased from Fisher Scientific
(Leicestershire, UK). Phosphate buffered saline
solution (PBS) pH 7.4 containing 0.02% NaNj
was prepared by dissolving 2.10 g

NaH2P04.2H20, 7.57 g NazHPO4, 4.40 g NaCl,
and 0.2 g NaNj in 1 L distilled water *°. Enhancer
solutions (enhancer/PBS) at different
concentrations were prepared by dissolving the
enhancer in PBS. The enhancer concentrations
used in the present study were lower than the
aqueous solubilities of the enhancers.

Preparation of HEM

Human skin was obtained from
abdominoplastic surgical operations (Department
of Surgery, Yanhee General Hospital, Thailand) of
female patients aged between 35-75 years within a
few hours after operation. HEM, consisting of the
SC and viable epidermis, was prepared by the
removal of the dermis via heat separation '
Briefly, the skin samples freed from fatty tissue
were immersed in water at 60 °C for 60 s. After
heat treatment, the epidermis sheet was separated
from the dermis by roll-peeling using plastic
forceps **. The HEM was soaked in PBS, blotted
dry, wrapped in aluminum foil, and stored at —20
°C for later use. The described experimental
protocol was approved by the committee on
human rights related to human experimentation,
Mahidol University, Bangkok, Thailand.

Human stripped skin, consisting of only the
viable epidermis, was prepared by the removal of
the SC via tape-stripping 30-45 times (fresh tape
for each stripping) using a 2-inch package sealing
tape (3M Co., St. Paul, MN). After tape-stripping,
the viable epidermis sheet was separated by heat
treatment as described above. The efficiency of
the tape-stripping was checked by trypsin
digestion (0.0005% trypsin solution at 37+1°C for
18 h) of the stripped skin '°. Only stripped skin of
more than 95 % SC removal (by surface area) was
used in the asymmetric transport experiments.

HEM Permeability Experiments

Both symmetric (same CPE concentration in
both diffusion cell chambers) and asymmetric
(CPE in the donor only and PBS in the receiver)
transport experiments were carried out in a two-
chamber side-by-side diffusion cell with HEM and
enhancers thymol, carvacrol, 1-butanol, 1-
pentanol, 1-hexanol, 1-octanol, 2-PE, HP, OP, and
OAZ. Prior to mounting the HEM samples in the
diffusion cells, the frozen skin samples were
allowed to thaw at room temperature and hydrate
overnight in PBS. Each HEM was mounted
between the two diffusion half-cells with a
regenerated cellulose membrane (Spectra/Por”™
MWCO 12,000 -14,000, Spectrum Laboratories
Inc., Rancho Dominguez, CA) as a support placed
between the viable epidermis side of the HEM
sample and the receiver chamber. The cellulose
support membrane was previously soaked in PBS
overnight and had permeability coefficient several
orders of magnitude higher than that of HEM.



This cellulose membrane could minimize possible
damage resulting from physical stress placed upon
the HEM during the experiment. Each diffusion
cell compartment had a 2-mL volume and an
effective diffusional area of around 0.71 cm’.

Two milliliters of PBS were pipetted into both
donor and receiver chambers. HEM was then
equilibrated in the well stirred side-by-side
diffusion cells in a circulating water bath at 37 £ 1
°C for 12 h before the transport experiments **.

In the symmetric transport experiments, to
achieve equilibrium of the enhancer with HEM,
the enhancer/PBS solution in both chambers was
replaced several times (9 times of 20 min each)
with fresh solution '°. Following enhancer
equilibration, saturated CS in the enhancer/PBS
solution was added to the donor chamber. The
concentration of the enhancer in both chambers
was checked before and at the end of each
transport run to ensure that no significant
depletion of the enhancer had taken place. Similar
to that described in the symmetric transport
experiments, to achieve a steady-state
concentration profile of the enhancer in HEM in
the asymmetric transport experiments, the
enhancer/PBS solution in the donor chamber and
PBS in the receiver were replaced several times (9
times of 20 min each) with fresh solutions. The
concentration of the enhancer in the donor
chamber was checked before and after the
experiments to ensure that there was no significant
depletion of the enhancer in the donor chamber in
each asymmetric transport run.

In both symmetric and asymmetric transport
experiments, samples were withdrawn from the
donor and receiver chambers at predetermined
time intervals (e.g., 5, 7, 8 and 9 h). Typically,
10-pL aliquots were taken from the donor
chamber and 500-uL aliquots were withdrawn
from the receiver chamber. The same volume of
the fresh solution (same composition as the
starting solution) was added back to the receiver
chamber after each aliquot removal to maintain a
constant volume. The samples were then diluted
in the mobile phase and were analyzed for CS by
HPLC. Experiments were carried out long enough
so that the duration of the experiments was around
three to five times longer than the transport lag
times. The total duration of the skin penetration
experiments from the assembly of HEM in the
diffusion cells to the completion of the experiment
was around 24 h. The total permeability
coefficient (Pt) was determined from the slope in
the steady state region in a cumulative amount
transport across the membrane versus time plot.
Experiments conducted without the enhancers but
with only PBS solution were the baseline control.
The samples in the asymmetric transport
experiments were also analyzed using HPLC or
gas chromatography (GC) to determine the

concentration of the enhancer and to calculate
enhancer permeability coefficient.

Stripped Skin Transport Experiments

The asymmetric transport experiments with
stripped skin were carried out in the same manner
as the asymmetric transport experiments with
HEM to determine the viable epidermis
permeability coefficients for CS, 1-butanol, 1-
octanol, OP, and OAZ.

Solubility Experiments

Solubility of CS was determined as
previously described '*** by adding 2 mg of CS in
1 mL of an enhancer/PBS solution in Pyrex
culture tubes (diameter, 13 mm; length 100 mm).
The drug suspension was equilibrated at 37 £ 1°C
for 72 h, shaken in a thermostatically controlled
water bath. After equilibration, the culture tubes
were centrifuged at 3500 rpm for 15 min (Hettich
Universal 30F, Tuttlingen, Germany) and the clear
supernatants were analyzed for CS concentrations
with HPLC.

GC Analysis

The GC system (Perkin Elmer, Norwalk, CT)
consisted of an injector, controller, flame
ionization detector (FID), and fused silica
capillary column of 0.32-mm column ID, 0.25-pm
film thickness, and 30-m length (Supelco,
Bellefonte, PA). All the analyses were performed
using nitrogen as the carrier gas at a flow rate of
2.5 mL/min. The samples were injected using
split mode with a split ratio of 5:1. The injector
temperature and FID detector temperature were
230 °C and 230 °C, respectively. A temperature
programming of 60-200 °C at 25-45 °C/min was
used. For all the GC analyses performed, an
appropriate internal standard for each alcohol (1-
butanol, 1-pentanol, 1-hexanol, 1-octanol, 2-PE,
thymol, and carvacrol) was prepared and added to
the standard and sample solutions. The standard
solutions were prepared in MeOH and were used
to construct calibration curves on the basis of peak
ratio.

HPLC Analysis

The HPLC system consisted of two
Shimadzu pumps (Kyoto, Japan), a variable
wavelength UV absorbance detector, and a Sil-
10A Shimadzu autoinjector with a 25 cm BDS
Hypersil C18 column (Hypersil, Thermo Electron
Corporation, Runcorn, UK). The detection
wavelengths, mobile phases, flow rates, and
retention times for CS, HP, OP, and OAZ were:
248 nm, 65:35 (v/v) MeOH/water, 1.0 mL/min,
6.5 min; 220 nm, 55:45 (v/v) MeOH/water, 1.0
mL/min, 13.9 min; 220 nm, 80:20 (v/v)
MeOH/water, 1.0 mL/min, 5.9 min; 220 nm, 85:15
(v/v) MeOH/water, 1.0 mL/min and 6.8 min,



respectively. The standard solutions were
prepared in the mobile phases and were used to
construct calibration curves on the basis of peak
area measurement.

Permeability Coefficients and Enhancement
Factors
The total permeability coefficient across

HEM can be modeled by:
o (M
U1 1
+7
P.+P. P,

where Pr is the total apparent permeability
coefficient, Pg,; is the permeability coefficient
across the viable epidermis, Pp is the pore pathway
permeability coefficient and Py is the permeability
coefficient of the lipoidal pathway. Ppand Py
represent the parallel transport pathways across
SC. For the permeation of a moderate lipophilic
compound, such as CS under moderate permeation
enhancement (P << 10 cm/s), the lipoidal
pathway is the rate determining pathway and this
allows the approximation:

Pr=Py (2)

The enhancement factor for transport
across the lipoidal pathway of HEM under the
symmetric condition (Esymm) was determined by

25,

14,25
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where P x sym 18 the CS permeability coefficient
for the lipoidal pathway when the solvent in both
chambers is enhancer/PBS, and Py , is the CS
permeability coefficient when both chambers are
PBS. Sx and S are the CS solubilities in
enhancer/PBS and PBS, respectively. Prxsym and
P1,0,sym Were determined by:

1 dQs
Prysym OF Progm =| ——— || — 2 )
T,X,Sym T,0,5ym [ACD,Sym J( dt J

where A s the effective diffusion area of the
diffusion cell, Cp gy is the concentration of the
permeant in the donor chamber, and dQ gy, /dt is
the slope of the steady-state region of the plot of
cumulative amount of permeant transported into
the receiver chamber versus time under sink
conditions in the symmetric transport experiments.

The enhancement factor for transport across
the lipoidal pathway of HEM under the
asymmetric condition (Eaqm) in the present study
was determined by:

E | Proxasm |[Sx (5)
Asym PL’O ’ SO

where P x aqym 18 the CS permeability coefficients
for the lipoidal pathway when the solvent in donor

chamber and receiver chamber is enhancer/PBS
and PBS, respectively.
Prx.asym and Pro agym Were determined by:

1 dQgym
Prx.asm OF Proagm = [ACJ[(;;;YJ (©)
D,Asym

where Cp aqm is the concentration of the permeant
in the donor chamber, and dQ Ay, /dt is the slope
of the steady-state region of the plot of cumulative
amount of permeant transported into the receiver
chamber versus time under sink conditions.

For the enhancers in the asymmetry transport
experiments, the enhancer permeability
coefficients (Pgphancer) Were determined in a similar
manner as that for CS.

Theoretical Considerations of Permeation
Enhancement under Symmetric and
Asymmetric Conditions

The difficulty of predicting the effects of
CPEs on the skin in the asymmetric transport
experiment is the non-linear concentration profiles
of the enhancers and the permeant across the skin
barrier, schematically illustrated in Fig. 1. For the
purpose of the discussion to follow, we will
assume that steady-state conditions prevail and
therefore, that the concentration profiles for the
enhancer and probe permeant are steady-state
concentrations in the skin. It is generally known
that the SC is the main barrier in transdermal
permeation of moderate lipophilic permeants *°.
Therefore, under the conditions in the asymmetric
transport experiments, the influence of enhancer
upon the probe permeant diffusion coefficient and
partition coefficient in the viable epidermis and
total permeant transport across skin is expected to
be negligible. It is assumed for mathematical
purposes that skin transport enhancement of the
enhancer due to the presence of the enhancer is the
same as that of the permeant when the enhancer
has similar molecular weight and lipophilicity as
the permeant.

Based on the results from previous studies on
permeation enhancement under the symmetric
condition '"'®!%?7 some enhancers exhibit linear
relationships between Egy,, and enhancer aqueous
concentration (C,q) and some enhancers show
exponential relationships between Eg,,, and C,q.
Thus, the permeation enhancement effects under
the symmetric condition can be modeled
empirically by the following:

ESym = k Caq + 1 (7)

for the linear Egyy, vs. C,q relationship where K is a
constant or:

mc,
Ey,, =" ®)

for the exponential Egyy, vs. Cyq relationship where
m is a constant. Assuming that the permeation



enhancement induced by the enhancer on CS and
on the enhancer itself are the same, which is a
reasonable assumption as discussed above when
both the enhancer and permeant utilize the same
lipoidal transport pathway in HEM and have
similar molecular weight, Exqm in the linear
relationship model can be expressed as:

EAsym =% K CD,Asym +1 (9)

where Cp asym 1 the donor aqueous concentration
in the asymmetric transport experiment. In the
exponential relationship model:

mCD.Asym
e -1
Epm=—"7—" (10)
ym
mCD,Asym
The derivation of Egs.9 and 10 is detailed in the
Appendix.

RESULTS
Symmetric and Asymmetric Transport
Experiments and Enhancement Factors

Table 1 summarizes the permeability
coefficients of CS across HEM in the symmetric
and asymmetric transport experiments (column 3
and column 5, respectively), the enhancement
factors for CS transport across the lipoidal
pathways of HEM under the symmetric conditions
(Esym) and those under the asymmetric conditions
(Easym) (column 4 and column 6, respectively),
and the CS solubility ratios (CS solubility in the
enhancer solution divided by CS solubility in
PBS) (column 7). The Egyy, and Exqym were
calculated from the ratio of CS permeability
coefficients in enhancer/PBS to those in PBS for
HEM from each human skin donor according to
Egs. 3 and 5, respectively. Thus, the HEM sample
from the same human donor acted as the control to
determine the enhancement factor in this
experimental design. The Eg,, of carvacrol and
thymol from previous HEM transport experiments
27 are shown in Table 1 for comparison. The Egyp,
data in the present study are consistent with
previous results "'’ In all symmetric
transport experiments, the permeability
coefficients of CS were below 5 x 10 cm/s,
except at 3.5 mM OP, and were significantly
lower than the permeability of the human viable
epidermis for CS (13 + 6 x 10 cm/s). Under the
asymmetric conditions, the permeability
coefficients were lower and were below 3 x 107
cm/s in all cases. The CS solubility ratios ranged
from 1.0 to 1.5 under the enhancer conditions in
the present study, implying that the corrections for
the different activity coefficients of CS in the
aqueous enhancer systems and PBS were
generally not very significant.

Comparison of the Experimental Enhancement
Factors under the Asymmetric and Symmetric
Conditions

The Egym and Eagym values versus enhancer
concentrations in their respective transport
experiments are shown in Fig. 2. The figure
illustrates a trend of increasing enhancement
effects of the enhancer with increasing the
concentration of the enhancer under the
asymmetric conditions similar to those observed
under the symmetric conditions. For carvacrol
and thymol, it was not feasible to study and
compare the enhancement effect of the enhancers
at higher concentrations due to the limitation of
the enhancer aqueous solubilities. As expected,
the results show that E g, was lower than Egy,.
At the lower enhancement factors, e.g., Esym =4,
Easym i close to the baseline and higher
concentrations of the enhancers are required under
the asymmetric conditions to induce the same
permeation enhancement as those when the
enhancers are in equilibrium with the SC under the
symmetric condition. In general, Egyy, is at least 2
times greater than E gy, for all the enhancer
concentrations studied and there is a correlation
between Egyn, and Eagym. The relatively constant
Easym values at the enhancer concentrations of
Esym = 10 for all the enhancers studied suggest that
the enhancement effects on the rate-limiting
barrier induced by the different enhancers at the
concentrations are essentially the same. As
discussed in previous HMS and HEM studies, the
Eqm data show that the potencies of the enhancers
based on their aqueous concentrations in the
diffusion cells are related to the enhancer
lipophilicities ''"'*'°; higher aqueous concentration
is required for the less lipophilic enhancers to
induce the same permeation enhancement as the
more lipophilic enhancers. The Egym data
demonstrate a similar enhancer potency and
lipophilicity relationship as Egyn.

Enhancer Permeation across HEM

Table 2 lists the physicochemical properties
of the enhancers used in the present study and
their permeability coefficients. As shown in the
table, the enhancers employed in the present study
included a range of different classes of enhancers
(i.e., alkyl alcohols, alkyl pyrrolidones, alkyl
azacycloheptanone, and terpenes alcohols),
enhancers of different molecular weight (from 74
to 225) and lipophilicities (Ko from 7.6 to 6354).
The permeability coefficients of these enhancers
across HEM were found to be in the range around
3.3—14.9 x 10 cm/s (column 4, Table 2)
suggesting that the SC is relatively permeable for
these enhancers. To examine the situation further,
the permeability coefficients of human stripped
skin for 4 enhancers of different lipophilicity (1-
butanol, 1-octanol, OP, and OAZ) were



determined. The permeability coefficients of the
enhancers across human stripped skin (i.e., viable
epidermis) are in the range around 15 —21 x 10°°
cm/s (column 5, Table 2). The viable epidermis
does not discriminate the transport of the
enhancers of different molecular weight and
lipophilicities possibly due to the barrier nature of
the viable epidermis layer and the unstirred
boundary layer.

DISCUSSION

Prediction of the Enhancement Factors under
the Asymmetric Conditions using the
Symmetric Enhancement Factors

Fig. 3 summarizes the Egym and Egyp, results
and compares the E gy, data with the theoretical
predictions (Egs. 9 and 10) at the enhancer
concentrations studied in the present experiments.
Note that the concentrations of the enhancers
studied were over two orders of magnitudes from
0.3 to 80 mM. The Exqym data are consistent to the
model prediction within the data scattering.
Although it is difficult to validate the linear and
exponential models with the experimental data
obtained in the present study due to experimental
variability, the Exgm VvS. Esym correlation in Fig. 3
demonstrates the feasibility of using Egym to
estimate Eagym. This suggests that transdermal
permeation enhancement commonly encountered
in practice under asymmetric conditions (Egym)
can be estimated using the Eg,,, data obtained in
previous studies 1161927 The Easym V8. Esym
relationship allows the utilization of the Egyy,
database in transdermal permeation enhancer
development and in studying the quantitative
structure enhancement relationship under the
asymmetric conditions.

It is interesting to point out that the studied
enhancers have molecular weight ranging from 74
to 225 (column 3, Table 2) and lipophilicity
measured by Ko from 7.6 to 6354 (column 2,
Table 2). No significant difference was observed
in the correlations between Egym vs. Egy, for the
low and high molecular weight and low and high
lipophilic enhancers. This suggests that the Exgym
vs. Egym models are not very sensitive to these two
parameters as originally believed (see
Experimental Methods), and the model predictions
are relatively independent of the effects of these
two enhancer parameters.

It should also be pointed out that an
assumption in the derivation of the theoretical
relationships of Egs. 9 and 10 between E gy and
Egym is that the permeation enhancement induced
by the enhancer on CS and on the enhancer itself
across HEM is the same; the presence of the
enhancer enhances its own permeation across
HEM and the extent of permeation enhancement
the enhancer experienced is essentially the same
as that of CS under this assumption. This

assumption requires the enhancers to have similar
molecular weight as CS and the same SC transport
pathways for the enhancers and CS. In addition,
the transport of the enhancers across HEM needs
to be SC barrier controlled. For example, the
viable epidermis permeability coefficients of the
enhancers should be at least three times greater
than the apparent HEM permeability coefficients
of the enhancers, so the contribution of the SC
barrier would be greater than 75%. If this
assumption is not correct (i.e., when the transport
is not SC controlled), the concentration of the
enhancers in the SC will be higher than expected,
and the experimental E gy, determined would be
greater than Eqm predicted (i.e., Eagym predicted <
Easym experimental < Eg,,,,). According to the data
in Table 2, the permeability coefficients of HEM
for the more lipophilic enhancers (e.g., OP)
approached the viable epidermis barrier limit and
the assumption might not hold for these enhancers.
Despite this, the Eqym data were not observed to
significantly deviate from the predictions of Eqgs. 9
and 10. One explanation is that the experimental
errors encountered in the present study do not
allow the examination of small deviations between
the experimental and predicted Eagym. Similarly,
such Eaqm experimental variability does not allow
the testing of the linear and exponential models of
Egs. 9 and 10. The present study did not attempt
to validate the equations of the model
relationships between Eagym and Egyp, but to
examine if the Eqy, data are within the Exgym
range provided by these two models.

Permeation Enhancement Mechanisms under
the Asymmetric Conditions and Transdermal
Permeation

A number of studies that employed a
symmetric and equilibrium approach to investigate
chemical permeation enhancers have provided
several important insights into the mechanism of
action of the enhancers '''*'**". In these studies,
the enhancer is present at equal concentrations in
both the donor and receiver and in equilibrium
with the SC. This configuration avoid the
complications arising from enhancer concentration
(or activity) gradients across the SC in which the
local permeation enhancement varies with the
position across the SC for direct comparison of the
effectiveness of the enhancers 2**°. However, a
major disadvantage of this approach is the
difference between the concentration profiles of
the enhancers in SC under the symmetric
configuration and those in asymmetric
configuration generally encountered in
transdermal drug delivery in practice.

Unlike the symmetric equilibrium enhancer
setup in the previous studies, the experimental
setup in the present study provided a system
resembling those encountered in transdermal drug



delivery in practice. It should be noted that the
present work did not examine the effects of co-
solvents or any potential synergistic effects among
different enhancers as these topics were beyond
the scope of the study. In addition, since the
concentration gradients of the enhancers across SC
were established in a pre-equilibration step before
the start of the transport run in the present study,
the transport lag times observed in this study
would be different from those encountered in
transdermal delivery in reality; whereas steady-
state was established for the enhancers in the
present study so only the lag times for CS
transport contributed to the apparent transport lag
times, the transport lag times in practice (or in
other studies in the literature ***") are a result of
both the transport lag times of the enhancer and
CS. This lag time difference should not affect the
conclusion of the steady-state transport results in
the present study.

The results in the present study suggest that
the findings in the previous studies under the
symmetric conditions such as the proposed
quantitative structure enhancement relationship
would likely to hold in the asymmetric systems
and possibly in transdermal delivery in practice.
For example, it was hypothesized in the previous
studies that (a) the potencies of the enhancers
based on their aqueous concentrations in contact
with the SC on permeation enhancement are
related to enhancer lipophilicities, (b) the intrinsic
potencies of the enhancers based on their
concentrations in the SC intercellular lipids are
relatively the same (for all the tested enhancers)
and independent of the enhancer physiochemical
properties such as enhancer lipophilicities and
molecular weight, and (c) the enhancer site of
action in the SC lipid domain can be mimicked by
liquid n-octanol. Fig. 4 presents a plot of the
logarithm of the aqueous enhancer concentration
in the donor chamber to induce Exqym =6+ 1 vs.
the logarithm of enhancer octanol/water partition
coefficient. The correlation between Epgym =6 £ 1
concentration and enhancer octanol/water partition
coefficient in the figure is consistent with the
hypothesis that the enhancer potencies based on
their aqueous concentrations are related to their
lipophilicities. The similar correlations between
enhancer Eaqm vs. enhancer lipophilicity in the
present study and Egyp, vs. enhancer lipophilicity
observed in previous studies support our
conclusion that the mechanistic findings in the
previous studies can be extrapolated to the
asymmetric configuration. The validation of the
mechanistic findings in the previous studies will
allow scientists to utilize the symmetric
configuration data in these studies directly to
study the mechanisms of action of enhancers, to
estimate transdermal delivery enhancement, and to
develop transdermal enhancer formulation under

the asymmetric condition likely encountered in
practice.

APPENDIX
In general, the permeant/enhancer flux (J) at
steady state in asymmetric transport experiments
can be expressed by the first Fick’s law:
J=-D dc, _ DK% (A1)

dx dx

where D is the diffusion coefficient in the SC, C,,
is the concentration in the SC, and X is the position
in SC of the permeant/enhancer. To express Eq.
Al in the form of aqueous concentration related to
the concentration in the donor chamber, K
represents the SC lipid-to-solvent partition
coefficient, and C,q is the respective aqueous
permeant/enhancer concentration.

Consider now the symmetric condition where
the solvent in both donor and receiver chamber are
the same. Let Dy and Dg be the diffusion
coefficient in the SC when the solvent is PBS and
enhancer/PBS, respectively, and K, and K be the
SC lipid-to-solvent partition coefficient when the
solvent is PBS and enhancer/PBS, respectively.
The enhancement factor under the symmetric
condition can be written as:

DK
Egm=——= (A2)
DK,
From Eq. 7, Egym is modeled by the linear
relationship as the following:
ESym =Kk Caq +1
By combining Eqs. 7, Al and A2:
dc,,
Je =-DyK,.(kC,, +1) g (A3)
X

where Jg is the enhancer flux at steady state

under the asymmetric condition.

Integrating Eq. A3 fromx=0tox=hand C =
Cp,asymto C =0, where h is the effective thickness
of SC and Cp asym is the concentration in the donor
chamber, Jg can be determined:

h 0
[ dedx= L —D,K,.(KCy +1)dC,, (A4)

kCD,Asymz
Jeh=| —2 4 Cpagm DKy (AS)
KCo pgm”
‘]E = D;SYm +CD,Asym .DOhKO (A6)



The flux of the baseline control (in PBS) is:

C
Jo =KDy D’rfsym (A7)

and dividing Eq. A6 by Eq. A7, Eagym for the
enhancer in the linear relationship model becomes
Eq. 9:

EAsym =" k (:D,Asym—i_1
From Eq.8, Egsyn is modeled by the exponential
relationship as the following:

__mCy

Egm =€
Similarly, Jg, flux of enhancer in the asymmetric
condition in the exponential relationship model,

can be determined by:

dC
J. =-D,K,e"™™ d—x""“ (A8)

h 0 MCaq
[} Jedx=]  -D,K,e""dC,, (a9

D, Asym

mC
D, Asym D K
JEh:DOKOe e (;no (A10)
D,K,
Je =ﬁ(e Coam _1) All)

and dividing Eq. A11 by Eq. A7, Eagyn for the
enhancer in the exponential relationship model
becomes Eq. 10:
emcD.Asym _1

EAsym = m C
Assuming that the permeation enhancement
induced by the enhancer on CS and on the
enhancer itself are the same, Eagym for the

permeant therefore can be described by Egs. 9 and
10.

D,Asym
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Table 1 HEM Permeability Coefficients of Corticosterone and Enhancement Factor in Symmetric and

Asymmetric Transport Experiments and Corticosterone Solubility Ratio in PBS and Enhancer/PBS

Solutions
Enhancer | Enhancer * Symmetric Transport Asymmetric Transport CS
. Experiments Experiments Solubility
Concentration e
Ratio
(mM) Permeability |Enhancement | Permeability Enhancement
Coefficient of Factor ¢ Coefficient of Factor ¢
CS (107 cm/s CS (107 cm/s
( | €y ( V1 Ergw)

OAZ 0 2.7+£0.8 -- 2.7+0.8 -- --
0.30 12.8+1.7 52+0.5 6.0+1.2 24+0.7 1.00 £ 0.01
0.46 284+52 10.3+0.2 142+3.1 54+03 1.01 +£0.03
0.54 44.5+14.2 185422 243+0.9 72408  |1.01+0.02

OP 0 2.6+0.9 -- 26109 -- --
1.5 20.1 £3.1 7.1+0.5 6.8 +2.8 2.8+£0.9 1.02 +0.03
2.3 34.1+43 11.3+1.5 13.0+4.3 54+1.5 1.05+0.02
28 45.1+ 10 16.2+2.0 18.5+4.5 63+1.0 1.06 +0.03
3.5 94 + 24 329+49 26.1+4.7 103+1.8 |1.10+0.04

2-PE 0 2.8+£0.8 -- 2.8+0.8 -- --
40 109+3.5 49109 52+2.0 2.6+0.7 1.25+0.03
60 21.4+8.7 10.0£1.8 10.1 £2.4 54+09 1.36 £ 0.08
75 28.6+9.9 153 +4.8 12.6+3.8 69+1.0 |1.43+0.06

1-Octanol 0 -- 2.5%0.6 - -
1.2 3.6+03"F 54+19 2.0£0.6 1.02 +0.05
2.0 96+3.1°F 11.2+2.1 52+19 1.02 +0.07
2.4 196+29° 17.0£2.9 62+1.5 1.03 £0.04

Carvacrol 0 -- 25408 - -
3.0 95+1.7¢ 13.8+3.4 6.0+0.6 1.01 +0.05

Thymol 0 - 26+09 -- -
3.0 109+1.6°% 15.8+5.3 63+13 1.01 £0.03

1-Butanol 0 28+1.0 -- 28+1.0 -- --
218 163+3.5 89+0.6 92+29 5.1+0.7 1.51+0.12

1-Pentanol 0 35104 -- 35+£04 -- -
93 29.8+7.9 11.5+22 12.5+3.1 59+13 1.33 +0.09

1-Hexanol 0 -- 24109 -- -
25 11.7+04°F 10.1£3.9 53+0.6 1.23 +0.09
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HP

28.5

30£0.2
246+19

10.6 £0.2

3002
153+1.8

6.5+0.6

1.25+0.08

* Concentration of enhancer PBS (enhancer/PBS) for the enhancer solution. PBS alone with no enhancer
(0 mM enhancer) was the PBS control.

® Mean + SD (n >4)

¢ Solubility ratio = (CS solubility in enhancer solution)/(CS solubility in PBS).

d Esym Was calculated according to Eq. 3

¢ Easym Was calculated according to Eq. 5

' Eyem data obtained from Chantasart et al.'’
¢ Eypu data obtained from Chantasart et al.?’

Table 2 The Octanol/water Partition Coefficient and Molecular Weight of Enhancers and the Permeability
Coefficients of Enhancer across HEM and Stripped Skin in Asymmetric Transport Experiments

Enhancer Kow Molecular Permeability Permeability
(Log Kom)"* Weight Coefficients of Coefficients of
enhancer Enhancer across
across HEM ® Viable Epidermis
6
(10 cm/s) (107 cm/s)
218 mM 1-Butanol 7.6 (0.88) 74 9.0 £0.6 19.8 +£6.5
93 mM 1-Pentanol 19 (1.28) 88 7.5+0.1 -
25 mM 1-Hexanol 121 (2.08) 102 52+0.2 -
2.0 mM 1-Octanol 1336 (3.12) 130 3.8 £0.3 14.7+3.7
60 mM 2-PE 37 (1.57) 122 53 +1.2 -
28.5 mM HP 80 (1.90) 169 62 19 -
2.3 mM OP 884 (2.54) 197 149+1.1 155+2.1
3.0 mM Thymol 3311 (3.52) 150 13.8+2.3 -
3.0 mM Carvacrol 3311 (3.52) 150 144+48 -
0.46 mM OAZ 6354 (3.80) 225 146+1.3 212+1.8

? Obtained from Interactive Log Kow (KowWin) Demo http://esc.syrres.com/interkow/kowdemo.htm

® Mean + SD (n > 4)

11




Donor chamber Receiver chamber

SC  viable epidermis

Fig 1. Schematic representations of concentration profiles for the enhancer and probe permeant CS in the
SC and viable epidermis of HEM in the asymmetric situation.
It is assumed that the enhancer has similar molecular weight, lipophilicity, and thus SC and viable
epidermis permeability as the probe permeant.
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—e— OAZ(E, )
30 - —o— OAZ(E)
—&— OP(Z,,,)
] _ —o— OP ()
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5 I —a— 1-Octanol (Eg, )
5 —e— 2PE(E,, )
é 10 4 —o0— 2-PE (Ey,)
0 -
0.1 1 10 100 1000

Enhancer Concentration (mM)

Fig 2. Esymand Eaqm versus the concentration of enhancer in enhancer solution
(mean = SD, n > 4). Esym and Eaqym were calculated using Eqgs. 3 and 5,
respectively. Enhancer concentration is expressed in mM enhancer in PBS.
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Fig 3. The Plot of experimental and theoretical predicted Esqym versus Egym. Predicted linear Eagyn, and
predicted exponential E gy, were calculated using Eqs. 9 and 10, respectively (mean = SD, n > 4).
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Fig. 4 Relationship between the enhancer concentration in donor chamber to induce Esqym= 6 = 1 and its
octanol/water partition coefficient (Kony). The aqueous OAZ, OP, 2-PE and 1-octanol concentrations
were determined by interpolation in the Egm versus the concentration of enhancer in enhancer
solution plot in Fig. 2. The aqueous carvacrol, thymol, 1-butanol, 1-pentanol, 1-hexanol and HP
concentrations are estimations directly obtained from the experimental data in Table 1.
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