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ABSTRACT 

A s k i n  permeation c e l l  was r e c e n t l y  developed t o  overcome t h e  

d e f i c i e n c i e s  noted i n  the  c u r r e n t l y  a v a i l a b l e  i n  v i  t r o  d i f f u s i o n  c e l l s  , 

and t o  prov ide a c e l l  design which i s  s u i t a b l e  f o r  s tudy ing  the  long- 

term drug p e r n a t i o n  k i n e t i c s  through the s k i n  and i s  a l so  s e n s i t i v e  

enough f o r  assessfng the mechanisms o f  s k i n  permeation by a h igh  

performance 1 i q u i d  chromatography. 

To evaluate t h e  r o l e  o f  drug r e s e r v o i r  concentrat ion i n  the 

k i n e t i c s  o f  s k i n  permeation as w e l l  as t o  mainta in  d sink c o n d i t i o n  

i n  the receptor  s o l u t i o n ,  the water-misc ib le  po lyethy lene g l y c o l  

(PEG) 400 was incorporated i n t o  the s a l i n e  s o l u t i o n  t o  a c t  as a 
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952 VALIA, CHIEN, AND SHINAL 

s o l u b i l i z e r  t o  enhance the  aqueous s o l u b i l i t y  o f  the r e l a t i v e  water-  

i nso lub le  e s t r a d i o l .  The e q u i l i b r i u m  s o l u b i l i t y  o f  e s t r a d i o l  a t  37OC 

was observed t o  increase exponen t ia l l y  as i nc reas ing  the volume f rac-  

t i o n  o f  PEG 400 added. 

The ra tes  o f  permeation o f  e s t r a d i o l  across the  male and female 

h a i r l e s s  mouse, whole and s t r i p p e d  sk ins  excised f r e s h l y  f rom the  

abdominal region, were measured a t  var ious PEG concentrat ions and the 

permeabi l i ty  coef f ic ients  were determined. The pe rmeab i l i t y  co- 

e f f i c i e n t s  were found t o  decrease as i nc reas ing  the  PEG concentrat ion.  

A l i n e a r  r e l a t i o n s h i p  was es tab l i shed  between t h e  pe rmeab i l i t y  co- 

e f f i c i e n t s  and the s k i n / s o l u t i o n  p a r t i t i o n  c o e f f i c i e n t s  and the steady- 

s t a t e  d i f f u s i v i t y  was ca lcu lated.  E f f e c t  o f  sex was assessed. 

The r a t e  of permeation and the  pe rmeab i l i t y  c o e f f i c i e n t  across 

the  stratum corneum were determined, using t h e  mu l t i - l am ina ted  d i f -  

f us iona l  res is tance model. Resul ts demonstrated t h a t  t he  s t ra tum 

corneum acts  as the r a t e - l i m i t i n g  b a r r i e r  i n  the  s k i n  permeation o f  

e s t r a d i o l  and the i nco rpo ra t i on  o f  up t o  40% '/v PEG 400 does n o t  i n -  

f luence the  b a r r i e r  p roper t i es  o f  s t ra tum corneum, even though PEG 

400 has been found t o  a f f e c t  t he  aqueous s o l u b i l i t y ,  pe rmeab i l i t y  co- 

e f f i c i e n t ,  and s k i n / s o l u t i o n  p a r t i  t i o n  c o e f f i c i e n t  of e s t r a d i o l .  

INTRODUCTION 

Design o f  a d e l i v e r y  system f o r  t h e  long-term t o p i c a l  adminis- 

t r a t i o n  o f  a drug represents a chal lenging oppor tun i t y  f o r  many b i o -  

medical s c i e n t i s t s .  I n  the past  decades, a t t e n t i o n  has focused on 

s tudy ing the r o l e  o f  physicochemical parameters i n  drug absorpt ion 

from t o p i c a l  formulat ions l i k e  creams o r  ointments. S o l u b i l i t y  of 

the drug i n  a vehic le ,  p a r t i t i o n  c o e f f i c i e n t  o f  the drug between the 

veh ic le  and the stratum corneum, pH and nature o f  t he  veh ic le ,  and 
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LONG-TERM SKIN PERMEATION KINETICS. I 953 

permeation of 

Mater i  a1 s : 

Es t r a d i  o 

pka and molecular c h a r a c t e r i s t i c s  of the drug have been c o n s i s t e n t l y  

i d e n t i f i e d  as the important factors  a f fec t i ng  the e f f i c i e n c y  o f  per-  

cutaneous absorpt ion (1 -3 ) .  

h igh so l ven t  power may produce a p r e f e r e n t i a l  r e t e n t i o n  o f  t he  drug 

i n  the  vehic le .  

For instance, vehic les w i t h  a r e l a t i v e l y  

The l i t e r a t u r e  repo r t s  on the in f luence of vehic les on s k i n  

pene t ra t i on  are confusing and sometimes con t rad i c to ry  t o  one an- 

o the r  which could be due t o  one o r  a combination o f  t h e  f o l l o w i n g  

f a c t s  t h a t  (a)  d i f f e r e n t  animal species and exper imental  designs 

were used i n  the  evaluat ions,  (b)  d i f f e r e n t  methodologies were used 

f o r  t he  est imat ion of s k i n  penetrat ion,  ( c )  l ack  o f  understanding of 

any p o t e n t i a l  drug-vehic le  i n t e r a c t i o n s  and o f  t he  func t i ons  o f  

var ious vehic les (4 ,5 )  and (d )  l ack  of cons iderat ion o f  t he  thermo- 

dynamics i n  the  i n t e r p r e t a t i o n  of r e s u l t s  (6,7). 

The pr imary physicochemical f a c t o r s  i n  r e l a t i n g  a drug w i t h  a 

veh ic le  appear t o  be the s o l u b i l i t y  and d i f f u s i v i t y  o f  t he  drug i n  

the v e h i c l e  and t h e  r a t e  o f  re lease of the drug from t h e  veh ic le .  

The e f f i c i e n c y  o f  var ious vehic les i n  promoting the  s k i n  permeation 

o f  a drug can be reasonably p red ic ted  on t h e  bas is  o f  t h e i r  e f f e c t s  

on (a)  t he  hyd ra t i on  of s t ra tum corneum o r  ( b )  t he  a c t i v i t y  o f  t h e  

bound water i n  the  s t ra tum corneum, which could modify the  s t ra tum 

corneum/vehicle p a r t i  t i o n  c o e f f i c i e n t  (8) .  

This  i n v e s t i g a t i o n  in tends t o  r e p o r t  our f i n d i n g s  o f  t he  e f f e c t  

of s o l u b i l i z e r ,  l i k e  po lyethy lene g l y c o l ,  on the k i n e t i c s  o f  s k i n  

low s k i n  permeabi l i ty ,  l i k e  e s t r a d i o l .  

EXPERIMENTAL 

a drug w i t h  

ene g l y c o l  (PEG) 4002, and a c e t o n i t r i l e  3 
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954 VALIA, CHIEN, AND SHINAL 

( d i s t i l l e d - i n - g l a s s  HPLC grade) were used as obtained. 

water was prepared f r e s h l y  i n  the l abo ra to ry  . 
Skin Permeation C e l l  

HPLC grade 
4 

An i n  v i t r o  s k i n  permeation c e l l  was designed (F ig.  1) and con- 
5 s t r u c t e d  f o r  the i n v e s t i g a t i o n  o f  long-term s k i n  permeation k i n e t i c s .  

Each c e l l  cons is ted o f  two c y l i n d r i c a l  h a l f - c e l l s  i n  m i r r o r  image. 

Each o f  the h a l f - c e l l s  was composed o f  a s o l u t i o n  compartment, which 

was enclosed i n s i d e  a water- jacket  compartment and measured 0.9 cm i n  

diameter and 3.8 cm i n  l e n g t h  and y i e l d e d  a c e l l  volume o f  3.5 m l .  

Each h a l f - c e l l  was equipped w i t h  one sampling p o r t  (-2.0 cm long) ,  

which can be t i g h t l y  c losed w i t h  a matched glass stopper, and a de- 

pression, which measured l o r n  i n  diameter and 4mm i n  he ight ,  i n  the  

s o l u t i o n  compartment as t h e  r o t a t i n g  p l a t f o r m  f o r  a star-head magnet 

(8.5mn i n  diameter; 6mm i n  he igh t ) .  

i n  the h a l f - c e l l s  a t  a constant r a t e  o f  600 rpm by an external  

synchronous d r i v i n g  u n i t  . Both donor and receptor  compartments 

were thermostated a t  constant temperature by '  c i r c u l a t i n g  37OC 

water through the water- jacket  compartment by an ex te rna l  c i r c u -  

l a t o r  . A f t e r  assembly w i t h  s k i n  sample (sandwiched in-between 

the donor and receptor  compartments), t he  whole s k i n  permeation 

c e l l  became a t o t a l l y  enclosed system w i t h  an e f fec t i ve  s k i n  sur-  

6 

The magnets s t i r r e d  t h e  s o l u t i o n  

7 

2 

face f o r  permeation maintained a t  0.6362 cm'. 

Skin Preparat ion 

The s k i n  sample used i n  the present i n v e s t i g a t i o n s  was a 

f u l l - t h i c k n e s s  s k i n  f r e s h l y  excised from a 5-7 weeks o l d  h a i r l e s s  
8 mouse (HRS/J s t r a i n )  . The h a i r l e s s  m u s e  was s a c r i f i c e d  by 

snapping the sp ina l  cord a t  the neck. 

dominal s k i n  (b3x3cm) was s u r g i c a l l y  removed from the animal and 

A square sec t i on  o f  t h e  ab- 
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LONG-TERM SKIN PERMEATION KINETICS. I 

SKIN PERMEATION SYSTEM by VALIA 6 CHIEN 

955 

2 Donor compartment 
(3.5 mi) 

Star- head magnet 
(dia.,8.5 mm; holght.6mm) c- 

skln 

I 

c 

b ;o other calls 
(in series) 

Receptor 
compartment 

Water- ' 
jacketed (37') 

Stirring platform 
(die., 10 mm 

(height,4mm) 

r 
Connecting 

tubing - on-off button 

Revolvlng magnet 
(600 rpm) 

Figure 1: Diagrammatic i l l u s t r a t i o n  o f  t he  s k i n  permeation c e l l  

developed (see the  t e x t  f o r  d e t a i l e d  d e s c r i p t i o n  o f  the 

des ign) .  

t h e  subcutaneous t i s s u e  and blood vessels were cleaned (9,lO). 

A n a l y t i c a l  Methods 
9 A l i q u i d  chromatograph equipped w i t h  a r e c i p r o c a t i n g  pump 

(model 6000A), i n j e c t o r  (model U 6 K ) ,  UV de tec to r  (model 440, c e l l  

volume 15.6 v l ) ,  a reverse-phase UBondapak CI8 column w i t h  a guard 

column conta in ing 37-50 vm Bondapak C18/Corasil packing ma te r ia l  , 
and an Omniscribe recorder" was used i n  t h i s  i n v e s t i g a t i o n .  A 

combination of a c e t o n i t r i l e  and water, a t  a r a t i o  o f  50:50, was used 

as the mobi le phase. A t  ambient cond i t i on ,  a f l ow  r a t e  of 1.5 ml/min 

was used, y i e l d i n g  an operat ing pressure o f  2,000 p s i .  The UV de- 
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956 VALIA, CHIEN, AND SHINAL 

t e c t o r  was operated a t  t he  wavelength o f  280 nm a t  a s e n s i t i v i t y  of 

0,005 AUFS. Another UV detector' '  (model 773, c e l l  volume 12 ~ 1 )  was 

a l so  used a t  205 nm and 0.010 AUFS. Determinat ion o f  e s t r a d i o l  con- 

c e n t r a t i o n  i n  the sample s o l u t i o n  was c a r r i e d  ou t  by f i r s t  measuring 

the peak he igh t  of e s t r a d i o l  peak a t  a r e t e n t i o n  t ime o f  4.9 minutes 

and then computing the concentrat ion (pg/ml) from the c a l i b r a t i o n  

curve constructed from standard so lu t i ons .  

Determinat ion o f  Drug S o l u b i l i t y  

An excess amount of drug was e q u i l i b r a t e d  w i t h  10 m l  o f  a s a l i n e  

s o l u t i o n  conta in ing var ious volume f rac t i ons  of PEG 400 a t  37' f o r  

24 hours with constant shaking i n  a shaking waterbath . The saturated 

drug s o l u t i o n  was then q u i c k l y  f i l t e r e d  through a Te f lon  f i l t e r 1 2 .  

The drug concentrat ion i n  the f i l t e r e d  drug s o l u t i o n  was then deter-  

mi ned , a f t e r  proper d i  1 u ti on, by HPLC . 
Determinat ion of Sk in/Solut ion P a r t i  t i o n  C o e f f i c i e n t  

2 

Skin preparat ions of  known weight  (~100-200 mg) were e q u i l i -  

brated w i t h  e s t r a d i o l  so lu t i ons  ( ~ 1 . 5  u g h 1  i n  3 m l  s a l i n e  s o l u t i o n  

conta in ing 0-40% "/v of PEG 400) i n  screw-capped t e s t  tubes shaken 
2 f o r  24 hours i n  a water bath a t  37OC. The i n i t i a l  and e q u i l i b r i u m  

drug concentrat ions i n  the so lu t i ons  were assayed by HPLC. 

ume o f  s k i n  preparat ions was ca l cu la ted  from the s k i n  weight  before 

equi 1 i b r a t i o n  and i t s  average dens i t y  repor ted i n the 1 i t e r a t u r e  

(1.04 grn/ml) (11). 

The v o l -  

By d e f i n i t i o n ,  the s k i n / s o l u t i o n  p a r t i  t i o n  c o e f f i c i e n t  (KsIw) can be 

determined from the fo l l ow ing  re?a t ionsh ip :  

cs MS/VS 
Ks/w = 7 = 
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LONG-TERM SKIN PERMEATION KINETICS. I 957 

where, Cs and C, are the drug concentrations i n  the sk in  and i n  the 

aqueous solut ion, respectively, a t  equi l ibr ium; Ms and Mw are the 

masses o f  es t rad io l  i n  the sk in  and i n  the aqueous so lut ion,  respec- 

t i v e l y ,  a t  equi l ibr ium; V s  and V, are the volumes o f  the sk in  and the 

aqueous so lut ion,  respectively. The MS may be expressed i n  terms of 

Mw and Mw , the t o t a l  mass o f  drug i n i t i a l l y  present i n  the aqueous ' 0  

sol u ti on : 
0 Ms = M - Mw 

W 

Therefore, Eq. 1 may be rearranged t o  give: 

where Cwo i s  the i n i t i a l  concentration of drug 

By assaying Cwo and C,, Ks,w may be determined 

Measurement o f  Drug Permeation P ro f i l es  

i n  the aqueous phase. 

by Eq. 3. 

The sk in  sample was mounted between the two h a l f - c e l l s  o f  the 

sk in  permeation c e l l  immediately a f t e r  excise. A drug so lu t ion  o f  

known concentration o r  a suspension o f  known loading dose i n  a given 

combination o f  PEG 400 and sa l ine  was f i l l e d  i n t o  the donor compart- 

ment, and a same o r  a d i f f e r e n t  combination o f  PEG 400 and sa l ine  

(without the drug) was added i n t o  the receptor compartment. A t  each 

o f  the predetermined in te rva ls ,  a 50 p1 sample was withdrawn from the 

receptor so lu t ion  and analyzed immediately by HPLC fo r  es t rad io l  con- 

centrat ion i n  the sample so lut ion.  The concentration o f  es t rad io l  i n  

the donor so lu t ion  was a lso determined i n  the same way a t  the end of 

each experiment by f i r s t  f i l t e r i n g  through a Teflon f i l t e r ' * '  The 

drug permeation measurement was so designed t h a t  the drug concentra- 

t i o n  i n the receptor Compartment a1 ways remained under s ink cond i t ion  
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958 VALIA, CHIEN, AND SHINAL 

(12), except those solutions containing low concentration o f  PEG 400. 

Each experiment was carried out i n  t r ip l ica te .  

Effect of Sk in  S t r i p p i n g  

Immediately following sacr i f ice  by cervical dislocation, the 

abdominal surface of the hairless mouse was stripped w i t h  a cello- 

phane tape13 for  25 times. 

animal on a table and the abdominal s k i n  was stripped by placing 

the tape on the stratum corneum surface and moving the thumb back 

and forth a few times, w i t h  a pressure a s  uniform as was possible 

(13). A fresh piece of the tape was used for  each stripping. 

I t  was carried out by securing the 

RESULTS AND DISCUSSION 

Estradiol was selected f o r  investigation i n  the present s k i n  

permeation study, since th i s  natural ly-occurring therapeutically- 

active hormone has been known to be inactivated by extensive he- 

patic first-pass elimination following oral administration (14). 

On the other hand, estradiol was reported to  be absorbed through 

the skin, though i t s  r a t e  of skin permeation was extremely low (15). 

Solubil ization of Estradiol 

The aqueous solubi l i ty  of estradiol is extremely low (3 pg/ml) 

(15) ,  which could be improved by addition o f  a water-miscible hydro- 

philic polymer l i k e  polyethylene glycol into the aqueous solution 

as the so lubi l i te r  for estradiol (12) and, t h u s ,  the reservoir drug 

concentration i n  the donor solution can be varied while a sink 

condition i n  the receptor solution can be maintained. By doing SO, 

only a small solution volume will be needed i n  the studies and a 

h i g h  analytical sensit ivity can be achieved. PEG 400 was reported 

t o  be an excellent solubilizer for many steriods (12, 16). In a 

solution containing 100% PEG 400 a t  37'C, estradiol has achieved 
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LONG-TERM SKIN PERMEATION KINETICS.  I 959 

a s o l u b i l i t y  o f  116 mg/ml (16) .  

was observed t h a t  t he  aqueous s o l u b i l i t y  o f  e s t r a d i o l  increases 

exponen t ia l l y  as i nc reas ing  t h e  volume f r a c t i o n  o f  PEG 400 i n  t h e  

s a l i n e  s o l u t i o n  (12).  

E f f e c t  o f  S o l u b i l  i z e r  on S k i n  Permeation o f  E s t r a d i o l  

I n  the  present  i n v e s t i g a t i o n ,  i t  

The r e s u l t s  a re  i l l u s t r a t e d  i n  F igure 2. 

The cumulat ive amount o f  drug permeating through a u n i t  sur-  

face area o f  s k i n  (Q,) can be expressed mathemat ica l ly  by t h e  f o l -  

lowing r e l a t i o n s h i p  (1) :  

whe e Ps i s  t he  s k i n  pe rmeab i l i t y  c o e f f i c i e n t ;  and C,, and CR a re  

the drug concentrat ions i n  the  donor (D)  and the  recep to r  ( R )  so- 

l u t  ons, hespect ive ly .  

When the  drug concentrat ion i n  the  donor s o l u t i o n  (C,) i s  

maintained a t  a l e v e l  g rea te r  than t h e  e q u i l i b r i u m  s o l u b i l i t y  

( i .e. ,  CD > Ce) and the  drug concentrat ion i n  the recep to r  s o l u t i o n  

(C,) i s  maintained under the  s ink  c o n d i t i o n  ( i .e. ,  CR << C ), Equa- 

t i o n  ( 4 )  can be s i m p l i f i e d  to :  
e 

and a constant  s k i n  permeation p r o f i l e  should be y ie lded .  The r a t e  

o f  s k i n  permeation i s  then def ined by: 

Q 
s = p  c 
t s e  

As expected from Equation (5), when the  e s t r a d i o l  concentrat ion 

i n  t h e  donor s o l u t i o n  was maintained a t  a l e v e l  which was g rea te r  

than i t s  e q u i l i b r i u m  s o l u b i l i t y ,  a constant  s k i n  permeation p r o f i l e  

was achieved (F igure 3).  The r a t e  o f  s k i n  permeation (Qs/t), which 

was measured from the s lope of Qs vs. t p l o t s  (Equat ion 5 ) ,  was 
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t.S t 
0 TO 20 30 40 50 

% V/V POLYETHYLENE GLYCOL 400 

Semjlogarithmic relationship between the equilibrium 

aqueous solubility of ertradiol and the volume fraction 

o f  PEG 400 incorporated into the saline solution ( n  des- 

ignates the number o f  determinations). 
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LONG-TERM SKIN PERMEATION KINETICS. I 961 

0 10 20 30 40 50 

TIME (hours) 

Figure 3: Permeation p r o f i l e  o f  e s t r a d i o l  across male h a i r l e s s  mouse 

s k i n  a t  constant r e s e r v o i r  concentrat ion ( i n  donor s o l u t i o n )  

Keys: A s a l i n e  s o l u t i o n , O  s a l i n e  s o l u t i o n  con ta in ing  40s 

Each data p o i n t  represents the  mean and one / v  PEG 400. V 

standard d e v i a t i o n  o f  3 determinat ions.  

found t o  increase w i t h  the  a d d i t i o n  o f  40% '/v PEG 400 i n  t h e  sa- 

l i n e  s o l u t i o n .  

s k i n  permeation r a t e  ( Q s / t )  was observed t o  be dependent upon t h e  

e q u i l i b r i u m  s o l u b i l i t y  ( C e )  o f  e s t r a d i o l  i n  the  PEG 400/sa l ine so- 

l u t i o n s  (F igure 4 ) ,  where a l i n e a r  r e l a t i o n s h i p  was es tab l i shed  f o r  

the data generated i n  20 t o  40% '/v PEG 400 so lu t i ons .  

o the r  hand, the r a t e  o f  s k i n  permeation o f  e s t r a d i o l  across the  fe- 

As expected from Equat ion (6), t he  increase i n  t h e  

On the  
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0.4 . 

0.3 

0.2 . 

0.1 ' 

T 
Estrad iol 

0% 

I 1 1 I 

0 50 100 150 200 

SATURATION CONCENTRATION (vg/rnl) 

Figure 4: Dependency of the s k i n  permeation r a t e  o f  e s t r a d i o l  across 

the  male h a i r l e s s  mouse s k i n  on the s a t u r a t i o n  concentra- 

t i o n  of  e s t r a d i o l  i n  the donor s o l u t i o n .  Each data p o i n t  

represents the mean and one standard d e v i a t i o n  o f  3 de te r -  

minat ions where the % under the data p o i n t s  represents the 

volume f r a c t i o n  o f  PEG 400 used. 
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LONG-TERM SKIN PEWATION KINETICS, I 963 

male hairless mouse skin showed no dependency on the equilibrium 

solubility of estradiol in the saine PEG 400 concentration range 

(20 - 40% '/v) (Figure 5). 

The low rate of s k i n  permeation of estradiol observed i n  the 

saline solutions containing less than 20% PEG 400 (Figures 4 & 5) 

could be attributed to the fact  that the sink condition i s  di f f i -  

cult  to maintain i n  these solutions. 

Effect of PEG 400 on the permeability coefficient (Ps) o f  

estradiol across male and female hairless muse s k i n  can be deter- 

mined by the use of Equation ( 7 ) :  

- Qslt 
ps c, 

The results (Table 1) indicated that t h e  s k i n  petmeability 

efficient (P,) decreases as increasing the volume fraction 

400 i n  the saline solution. 

co- 

of PEG 

The primary requirements i n  topical medication are that  a drug 

incorporated in a vehicle should be capable of release and should 

reach the skin surface a t  a rate adequate for absorption, so a 

therapeutic dose can be administered. 

proaches which can be applied i n  the development of a vehicle which 

may enhance the skin penetration of drug: one f s  t o  incorporate an 

agent in the vehicle that could affect  the barrier function of the 

stratum corneum so as to  promote the penetration of a therapeutic 

compound (17, 18); and another approach is to a l t e r  the physico- 

ckmical characteristics of the vehicle so as to  affect  the delivery 

of the drug from the vehicle t o  the skin (19, 20). 

tors i n  the second approach are the solubility and diffusivity o f  

the drug  in the vehicle and the rate of interfacial partitioning 

There are two general ap- 

The major fac- 
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0.4 

- 
w 

L 
N\ 
E 
Y 
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Q 
% 0.2 

: 

0.3 
+I 

- 
z 

a 
a 
z 
w 

Y fn 

8 0.1 

% 
w 

a 

0.0 

20 % /, 30% 40% 

I 1 I I I 

0 40 80 120 160 200 240 

SATURATION CONCENTRATION (rg/ml) 

F igu re  5:  Dependency of  t h e  s k i n  permeat ion r a t e  o f  e s t r a d i o l  across 

t h e  female h a i r l e s s  mouse s k i n  on t h e  s a t u r a t i o n  concen- 

t r a t i o n  o f  e s t r a d i o l  i n  t h e  donor s o l u t i o n .  Each da ta  

p o i n t  represents  t h e  mean and one s tandard  e r r o r  o f  

3 de terminat ions  where t h e  X under t h e  data p o i n t s  rep re -  

sents  t h e  volume f r a c t i o n  o f  PEG 400 used. 
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LONG-TERM SKIN PERMEATION KINETICS. I 

TABLE 1 

E f f e c t  o f  PEG 400 on Permeabi l i ty  Coeffi 

Ha i r l ess  Mouse Sk in  

PEG 400 
(% V V )  

0 

10 

20 

30 

40 

i 

965 

n t  (P,) o f  E s t r a d i o l  Across 

's (cm/hrx103 S.D.) 
Ma1 e Female 

62.96 2 10.12 

19.90 2 5.05 

7.12 2 0.11 

2.81 0.50 

1.86 + 0.32 

80.91 t 19.67 

17.45 2 3.83 

6.85 t 0.99 

2.22 2 1.03 

1.11 0.06 

o f  t he  drug molecules from the  v e h i c l e  onto the s k i n  (2, 19). 

co rpo ra t i on  o f  PEG 400 i n t o  the donor s o l u t i o n  i s  expected n o t  on l y  

t o  enhance the e q u i l i b r i u m  s o l u b i l i t y  o f  e s t r a d i o l  i n  the  vehic le ,  

which leads t o  a reduc t i on  o f  the s k i n / s o l u t i o n  p a r t i t i o n  c o e f f i -  

c i e n t ,  b u t  a l so  t o  reduce the  s o l u t i o n  d i f f u s i v i t y  due t o  t h e  i n -  

crease i n  v i s c o s i t y .  The combination o f  these e f f e c t s  may r e s u l t  

i n  t h e  increase o r  the decrease o f  the r a t e  o f  s k i n  permeation o f  

e s t r a d i o l  o r  produce no e f f e c t  a t  a l l .  

I n -  

The e f f e c t  o f  t he  v a r i a t i o n  i n  PEG 400 concentrat ion i n  t h e  

receptor  s o l u t i o n  on the  r a t e  of s k i n  permeation was a l so  examined. 

When the  volume f r a c t i o n  o f  PEG 400 i n  t h e  donor s o l u t i o n  was kep t  

a t  constant  (40% '/v) t o  prov ide a constant  r e s e r v o i r  concentrat ion 

o f  e s t r a d i o l  w h i l e  t h e  volume f r a c t i o n  o f  PEG 400 i n  the receptor  
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966 VALIA, CHIEN, AND SHINAL 

so lu t ion  varied from 10 to  40% "/v to  see the e f f e c t  on the r a t e  o f  

sk in  permeation. 

meation p r o f i l e  i s  also achieved; however, the r a t e  o f  sk in  per- 

meation o f  est rad io l  was observed t o  increase as increasing the 

concentration o f  PEG 400 i n  the receptor so lu t ion  (Figure 6 ) .  The 

increases could be ra t iona l i zed  as due t o  the increase i n  the r a t e  

of i n t e r f a c i a l  pa r t i t i on ing  o f  es t rad io l  from the dermis t o  the 

receptor so lu t ion  as increasing the PEG concentration. 

E f fec t  o f  So lub i l i zer  on Skin/Solution P a r t i t i o n  Coef f i c ien t  and 

Skin D i f f u s i v i t y  

The resu l t s  ind icated t h a t  a constant sk in  per- 

The p a r t i t i o n  coe f f i c i en t  o f  es t rad io l  f r o m  PEG/saline solu- 

t i o n  t o  sk in  was found t o  reduce as increasing the concentration 

o f  PEG 400 i n  the sa l ine so lu t ion  (Table 2) ;  i t  i s  the resu l t s  of 

the increase i n  the aqueous s o l u b i l i t y  o f  es t rad io l  fo l lowing the 

addi t ion o f  PEG 400 i n  the so lu t ion  (Figure 2 )  against a constant 

s o l u b i l i t y  i n  the sk in  t issue. 

The e f f e c t  o f  PEG 400 on the sk in /so lut ion p a r t i t i o n  coeffi- 

c i en t  was observed t o  occur on both the abdominal and dorsal skins, 

though the mean values o f  p a r t i  t i o n  coe f f i c i en t  toward the abdominal 

sk in  were frequently greater than those toward the dorsal sk in  

(Table 2 ) .  

I t  i s  in te res t ing  t o  observe tha t  a l i n e a r  re la t ionsh ip  

(Figure 7)  ex is ts  between the sk in  permeabil i ty coef f ic ient  (P,) 
and the sk in /so lut ion p a r t i t i o n  c o e f f i c i e n t  (K 

the fo l lowing re1 ationship: 

) as expected from s/w 

(Eq.  8) p = -  
s h, K ~ / ~  

where DSs i s  the steady-state d i f f u s i v i t y  and hs i s  the thickness 

o f  the skin. 
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12 

10 

n e t f J 8  
E * m 6  a 

d 

+I 
(Y 

v 

4 

2 

0 

0 4 8 

Figure 6: E f f e c t  of  the var 

12 16 20 24 28 

TIME (hours) 

a t ion  in PEG 400 concentrat ion i n  

receptor so lu t i on  on the r a t e  o f  sk in  permeation across 

the male ha i r l ess  mouse sk in .  Keys: 0 10%,@30%, and 

e40% '/v PEG 400. 

so lu t i on  was maintained a t  40%). 

sents the mean and one standard dev ia t ion  o f  3 deter-  

m i  na ti ons . 

(PEG 400 concentrat ion i n  the donor 

Each data p o i n t  repre- 
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TABLE 2 

E f f e c t  o f  PEG 400 on the Skin/Solution P a r t i t i o n  Coef f ic ient  o f  Estradiol  

P a r t i  t i o n  Coeff icient ')  (Mean k S.D. 1 

PEG 400 Abdominal Skin2) Dorsal Skin 2) 

- Ma1 e Female Male Female - (% v/v) 

0 58.90 -+ 3.95 85.56 f 2.10 36.01 ?r 21.29 65.54 f 4.33 

10 15.20 f 1.63 19.13 f 7.88 9.97 f 1.15 16.90 f 3.80 

20 9.02 k 0.83 6.90 2 0.76 5.66 I 1.77 8.81 f 0.98 

30 6.84 f 0.50 5.37 ?r 0.72 3.60 f 1.48 6-13 f 2.36 

40 2.53 f 0.19 2.15 I 0.17 1.56 k 1.70 4.98 f 0.89 

1) T r i p l i c a t e  determinations 

2) Hair less mouse, 5-7 week o l d  
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LONG-TERM SKIN PERMEATION KINETICS. I 969 

I f  h, i s  known o r  predetermined, t h e  s teady-state d i f f u s i v i t y  

p l o t s  as (Dss) may be c a l c u l a t e d  from the slope o f  t he  P, vs. K 

f o l l ows :  
s/w 

Dss = s lope x h, (Eq. 9) 

The r e s u l t s  i n  F igure 7 i n d i c a t e  t h a t  t he  l i n e a r  r e l a t i o n s h i p  
3 between Ps and Ks/w has a s lope value o f  1 . 1 4 3 ~ 1 0 ~ ~  and 0.963~10-  

cm/hr, respec t i ve l y ,  f o r  male and female h a i r l e s s  mouse sk in .  Taking 

the l i t e r a t u r e  h, value of 0.0379 cm ( l l ) ,  the s teady-state d i f f u -  

s i v i t y  ( D s s )  can be determined from the  slope as 1 . 2 0 4 ~ 1 0 - ~  and 

1 . 0 1 3 ~ 1 0 - ~  cm2/sec, respec t i ve l y ,  f o r  male and female h a i r l e s s  mice. 

The observat ion suggested t h a t  t he  s teady-state d i f f u s i v i  ty o f  e s t r a -  

d i o l  across the  h a i r l e s s  mouse s k i n  i s  f a i r l y  constant  and b a s i c a l l y  

independent o f  t h e  sex d i f ference.  

Sk in Permeation P r o f i l e  from Unsaturated E s t r a d i o l  S o l u t i o n  

When the  PEG 400/sal ine so lu t i ons  contained a constant  con- 

c e n t r a t i o n  o f  e s t r a d i o l  a t  a l e v e l  below i t s  s a t u r a t i o n  s o l u b i l i t y  

i n  the  pure s a l i n e  s o l u t i o n  ( 2  pg/ml), a constant r a t e  o f  s k i n  per-  

meation was s t i l l  obta ined as observed e a r l i e r  i n  t h e  case o f  sa t -  

u ra ted  s o l u t i o n  (F igure 3), b u t  t he  r a t e  o f . s k i n  permeation o f  

e s t r a d i o l  was lower  and observed t o  decrease as i nc reas ing  the  

volume f r a c t i o n  o f  PEG 400 (Table 3).  

be i n  a reverse t r e n d  as compared t o  t h a t  observed w i t h  a sa tu ra ted  

s o l u t i o n  i n  t h e  donor compartment (F igures 3-5). 

can be explained by t h e  f a c t  t h a t  t he  p a r t i t i o n  c o e f f i c i e n t  f o r  t he  

i n t e r f a c i a l  p a r t i t i o n i n g  o f  e s t r a d i o l  f rom the  s o l u t i o n  toward t h e  

s k i n  decreases when the  volume f r a c t i o n  o f  PEG 400 i n  t h e  s a l i n e  

s o l u t i o n  increases (Table 2) .  

Th is  behavior was found t o  

This  observat ion 

I n  the  case o f  a saturated so lu t i on ,  
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Figure 7: Linear relationship between the skin permeability co- 

efficient (P,) of estradiol across the male and female 

hairless mouse skin and the p a r t i t i o n  coefficient ( K  

of estradiol from PEG/saline solution t o  the intact 

abdominal skin. Each data  p o i n t  represents the mean and 

one standard deviation of 3 determi nations . 

) S/W 

H 

W 
U 
c 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



972 VALIA, CHIEN, AND SHINAL 

TABLE 3 

E f f e c t  o f  PEG 400 on the  Rate of Permeation') o f  E s t r a d i o l  from 

Unsaturated Sol u t i  on2) 

PEG 4003) 
( %  v/ " )  

0 

20 

30 

40 

Rate o f  S.kin Permeation 
(ug/cm2/hr x 10 2 k S.D.) 

4.91 k 0.20 

1.87 f 0.71 

1.21 ? 0.60 

1.00 ? 0.03 

1) Male h a i r l e s s  mouse abdominal s k i n  

2 )  Es t rad io l  concentrat ion i n  the  donor s o l u t i o n  = 2 pg/ml 

3 )  Both donor and receptor  so lu t i ons  con ta in  the  same PEG 400 concentrat ion 

the e f f e c t  of decreasing p a r t 1  t i o n  c o e f f i c i e n t  on s k l n  permeation 

was compensated by the  increase i n  e s t r a d i o l  concentrat ion by PEG 

s o l u b i l i z a t i o n  (F igure 2), w h i l e  i n  t h e  case o f  a non-saturated 

s o l u t i o n  a constant  e s t r a d i o l  concentrat ion ( 2  ug/ml) was main- 

ta'ined i n  the  donor s o l u t i o n .  

Sk in Permeation P r o f l l e  o f  E s t r a d i o l  Across a S t r i pped  Skin% 

The e f f e c t  o f  s t ra tum corneum on t he  s k i n  pe rmeab i l i t y  of  

e s t r a d i o l  was evaluated by s tudy ing t h e  s k i n  permeation across a 

s t r i p p e d  s k l n  f r o m  the  h a i r l e s s  mouse. Resul ts i n d i c a t e d  t h a t  the 

s k i n  permeation p r o f i l e s  o f  e s t r a d i o l  across the  s t r i p p e d  s k i n  (no 

s t ra tum corneum) a lso f o l l o w  the same l i n e a r  r e l a t i o n s h i p ,  as de- 
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LONG-TERM SKIN PERMEATION KINETICS.  I 973 

f ined by Equation (5),  as does the  whole s k i n  ( w i t h  s t ra tum corneum) 

(Figures 3 and 8). 

whole s k i n  (Table 4), s t r i p p i n g  appears t o  promote s u b s t a n t i a l l y  

the s k i n  pe rmeab i l i t y  of the r a t h e r  impermeable e s t r a d i o l  by e l im-  

i n a t i o n  o f  t h e  r a t e - l i m i t i n g  s t ra tum corneum. 

behavior observed w i t h  the whole sk in ,  t h e  removal o f  st ratum co r -  

neum made the  s k i n  l o s e  i t s  i nhe ren t  b a r r i e r  p roper t i es  and the  

s k i n  permeation r a t e  of e s t r a d i o l  became s e n s i t i v e  t o  the  v a r i a t i o n  

of  PEG concentrat ion i n  the  donor s o l u t i o n  (Table 4).  

permeation o f  e s t r a d i o l  across the  s t r i p p e d  s k i n  was observed t o  

increase p r o p o r t i o n a l l y  as i nc reas ing  the  s a t u r a t i o n  concen t ra t i on  

o f  e s t r a d i o l  i n  t h e  donor so lu t i on ,  w h i l e  t h e  r a t e  o f  permeation 

across the  whole s k i n  stayed very much independent of t he  increase 

i n  t h e  s a t u r a t i o n  e s t r a d i o l  concentrat ion app l i ed  (F igu re  9). The 

observat ion f u r t h e r  suggests t h a t  t he  s t ra tum corneum presents a 

g rea t  d i f f u s i o n a l  res i s tance  t o  t h e  perfneation o f  e s t r a d i o l  across 

t h e  sk in .  

Compared t o  the data generated e a r l i e r  i n  t h e  

In c o n t r a s t  t o  t h e  

The r a t e  o f  

The sk in / so l  u t i o n  p a r t i  t i o n  c o e f f i c i e n t  o f  e s t r a d i o l  was a1 so 

determined w i t h  s t r i p p e d  s k i n  a t  var ious PEG 400/sal ine combinations. 

Resul ts i n d i c a t e d  t h a t  there i s  no d i f f e r e n c e  i n  p a r t i t i o n i n g  behav- 

i o r  between whole s k i n  and s t r i p p e d  sk in .  

Permeabi l i ty  o f  Stratum Corneum 

The d i f f u s i o n a l  res i s tance  across t h e  s t ra tum Corneum (Rsc)  

can be determined, mathematical ly,  from t h e  d i f f u s i o n a l  res i s tance  

across the whole s k i n  (Rws)  and the  d i f f u s i o n a l  res i s tance  across 

the v i a b l e  s k i n  (Rvs) by the  f o l l o w i n g  r e l a t i o n  (21): 

Rsc = a s  - Rvs 
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0 4 8 12 16 20 24 

TIME (hours) 

Figure 8: Effect of PEG 400 on the rate of permeation of estradiol 

through the hairless mouse skin w i t h o u t  stratum corneum. 

Each da ta  p o i n t  represents the mean and one standard devi- 

ation of 3 determinations. 

where R,, is  the sum of the diffusional resistances across the viable 

epidermis (without stratum corneum) and dermis. 

valid if the permeation across the whole skin or viable skin is  the 

rate-limiting step in the course of skin permeation study. I t  can 

be accomplished by maintaining the hydrodynamic diffusion boundary 

layers on both sides of the skin barrier a t  a thickness w h i c h  is  

Equation (10) is  
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TABLE 4 

E f f e c t  o f  PEG 400 on t h e  Rate o f  Permeation o f  E s t r a d i o l  through H a i r l e s s  

Mouse Sk in  1) 

PEG 400 
(% v/v)  

0 

10 

20 

30 

40 

2 Rate o f  Sk in Permeation (ug/cm / h r  c S.D.) 

Whole Sk in 2) 

0.192 f 0.025 

0.225 ? 0.032 

0.247 f 0.032 

0.245 f 0.103 

0.247 f 0.008 

V iab le  Sk in 3 )  

0.728 5 0.140 

1.782 f 0.414 

4.124 f 0.409 

4.925 k 0.500 

5,639 f 0.812 

1) Female (5-7 weeks o l d ) ;  abdominal s k i n  

2) Whole s k i n  = s t ra tum corneum + v i a b l e  s k i n  

3) Stratum corneum was removed by s t r i p p i n g  25 t imes 

n e g l i g i b l y  smal l .  

w i t h  t h e  i n  v i t r o  s k i n  permeation system developed f o r  t h i s  i n -  

v e s t i g a t i o n  (22). 

Th is  experimental c o n d i t i o n  has been achieved 

Theore t i ca l l y ,  t he  d i f f u s i o n a l  res i s tance  o f  a membrane ( R )  

i s  r e l a t e d  t o  the  r e c i p r o c a l  of t he  pe rmeab i l i t y  o f  t h e  membrane 

(P); so, Equation (10) can be expressed a l t e r n a t i v e l y  by: 

(Eq. 11) 1=1-- 1 
psc R s  %s 

where the  Psc, Pws, and Pvs stand f o r  t he  pe rmeab i l i t y  c o e f f i c i e n t  

across t h e  s t ra tum corneum, whole s k i n  and v i a b l e  skin,  r e s p e c t i v e l y .  

Using Equation (ll), t he  pe rmeab i l i t y  c o e f f i c i e n t  across t h e  
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T 

Stripped skin 
(No stratum corneum) 

Whole skin 

40 80 120 160 200 240 280 

SATURATION CONCENTRATION <pg/ml) 

Figure 9: E f f e c t  o f  s t ra tum corneum on the  concentrat ion dependency 

of the s k i n  permeation r a t e  o f  e s t r a d i o l  through female 

h a i r l e s s  mouse. 

one standard devi a t i  on o f  3 determi nat ions . 
Each data p o i n t  represents the  mean and 

s t ra tum corneum (Psc)  a t  var ious PEG 400 concentrat ions can be c a l -  

cu la ted  from t h e  correspondent Pws and Pvs values (Table 5). Resul ts 

i n d i c a t e d  t h a t  t he  Psc va lue decreases as i nc reas ing  the  PEG 400 con- 

c e n t r a t i o n  i n  the-donor  s o l u t i o n ,  as due t o  the increased s o l u b i l -  

i z a t i o n  o f  e s t r a d i o l  i n  the  s a l i n e  s o l u t i o n  (F igu re  2).  

show t h a t  t he  Psc values a re  very much i n  agreement w i t h  t h e  Pws 

The data 
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TABLE 5 

Effect of PEG 400 on Permeability Coefficient (Psc)  o f  Estradiol  Across 
Stratum Corneum 1) 

PEG 400 
( %  v /v )  

0 

10 

20 

30 

40 

21 
ps c 

3 (cm/hr x 10 k S.D.) 

115.06 

20.53 

7.37 

2.34 

1.17 

1) Female hairless mouse 
2 )  Calculated from Equation (11) 

values i n  magnitude a t  various PEG 400 concentrations (Table 1). 

The observation further suggests that  the stratum corneum i s  the 

principal permeabiJity barrier i n  the course of s k i n  permeation; 

so, the permeation of estradiol across the stratum corneum has a 

permeability coefficient very close t o  the permeability coefficient 

across the whole skin. 

The permeability coefficient of a skin tissue i s ,  theoretically, 

related t o  the rate of permeation across the skin t issue (Equa- 

tion 7 ) ;  if i t  i s  the case, the rate  of permeation across the 

stratum corneum ( Q / t f S c  can be determined from the following 

relationship (Equation 1 2 )  when the rates of permeation across 

the whole skin, ( Q / t ) w s ,  and the viable skin, ( Q / t ) v s ,  are mea- 
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TABLE 6 

Rate o f  Permeation of E s t r a d i o l  Across Stratum Corneum (Q/t),, 

PEG 400 
(% v/v)  2 (vg/cm / h r  + S.D.) 

0 0,279 

10 0.285 

20 0.290 

30 0,259 

40 0.281 

2 0.279 

(2 S.D.) (k0.012) 

1) Calcu lated from Equat ion (12) ,  us ing the  data i n  F igu re  2 and 

Table 4. 

sured w i t h  the  same 

r 

e q u i l i b r i u m  drug concentrat ion (Ce): 

r r 
L 

* = & - *  ws vs 

The r e s u l t s  are tabu la ted  i n  Table 6. The data suggest t h a t  

t h e  r a t e  o f  permeation o f  e s t r a d i o l  across the s t ra tum corneum stays 

very much a t  a constant  value and i s  i n v a r i a n t  w i t h  the v a r i a t i o n  i n  

PEG concentrat ion i n  the  donor s o l u t i o n .  

p l a i n  the  observat ion made e a r l i e r  (F igure 9) t h a t  t he  r a t e  of per- 

meation across the whole s k i n  s tays very much a t  constant  w h i l e  the  

r a t e  of permeation across the  v i a b l e  s k i n  increases g r e a t l y  as i n -  

This  behavior cou ld  ex- D
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creas ing the s a t u r a t i o n  e s t r a d i o l  concentrat ion i n  t h e  a p p l i e d  

phase. 

neum, (Q/t)sc, a r e  very much smal ler  than the magnitude of ( Q / t )  

t he  r a t e s  o f  permeation across the v i a b l e  s k i n  a t  var ious PEG con- 

cen t ra t i ons  (Table 4);  On the o the r  hand, the  (Q/t),, values a re  

approximately the  same magnitude as the r a t e s  o f  permeation across 

the  whole sk in ,  (Q/t),,. 

t h a t  t he  s t ra tum corneum acts  as the  p r i n c i p a l  b a r r i e r  i n  the  per-  

meation o f  e s t r a d i o l  across the  sk in .  This b a r r i e r  p roper t y  has 

no t  been modi f ied w i t h  the a d d i t i o n  o f  up t o  40% '/v PEG 400. 

As expected, the ra tes  o f  permeation across t h e  s t ra tum co r -  

vs , 

Again, the r e s u l t s  f u r t h e r  demonstrate 
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