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ABSTRACT 

Based on the  r e s u l t s  o f  s imultaneous s k i n  permeat ion and b ioconvers ion  

p r o f i l e s ,  a Transdermal B i o a c t i v a t e d  Hormone D e l i v e r y  (TBHD) System was 

developed f rom t h e  m i c r o r e s e r v o i r  p a r t i t i o n - c o n t r o l l e d  d rug  d e l i v e r y  

techno logy  f o r  t h e  t ransdermal c o n t r o l l e d  d e l i v e r y  o f  e s t r a d i o l  p rodrugs .  

Using t h e  i n  v i t r o  s k i n  permeat ion appara tus  developed e a r l i e r ,  t h e  

k i n e t i c s  o f  re lease  and s k i n  permeat ion o f  e s t r a d i o l  p rodrugs  f rom t h e  

TBHD system and t h e  regenera t i on  o f  e s t r a d i o l  were s imu l taneous ly  s tud ied .  

Resu l t s  i n d i c a t e d  t h a t  a l l  prodrugs a r e  t o t a l l y  conver ted  by t h e  es te rase  

t o  e s t r a d i o l  d u r i n g  t h e  course  o f  s k i n  permeat ion.  

The re lease  r a t e  o f  e s t r a d i o l  was found t o  be f i r s t  enhanced by t h e  

e s t e r i f i c a t i o n  o f  t he  OH groups a t  3- and 1 7 - p o s i t i o n  and then decreased 

as the  a l k y l  cha in  l e n g t h  inc reased.  

The r a t e  o f  regenera t i on  o f  e s t r a d i o l  f rom t h e  prodrugs  was found 

t o  f o l l o w  the  o r d e r  o f :  d i a c e t a t e  > v a l e r a t e  > heptanoate > a c e t a t e  > 

cyp ionate .  

Copyright 0 1985 by Marcel Dekker, Inc. 
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INTRODUCTION -- 

C H I E N ,  VALIA, AND D O S H I  

Prodrug has been desc r ibed  as a compound which undergoes a chemical  

t r a n s f o r m a t i o n  i n  t h e  body p r i o r  t o  e x h i b i t i n g  t h e i r  pharmacologic a c t i o n s  

(1). The prodrug approach i n  dermal d rug  d e l i v e r y  has been i n  i t s  i n f a n c y .  

Only a few s e r i e s  o f  p rodrugs  a r e  w e l l  s t u d i e d  and r e p o r t e d  i n  l i t e r a t u r e .  

The main purpose o f  t h i s  s tudy  was t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  

o f  deve lop ing  a Transdermal B i o a c t i v a t e d  Hormone System t o  d e l i v e r  a s e r i e s  

o f  l i p o p h i l i c  p rodrugs  o f  e s t r a d i o l  a t  c o n t r o l l e d  r a t e s  f o r  b e t t e r  s k i n  

permeat ion.  I n  t h e  v i a b l e  s k i n  l aye rs ,  t h e  prodrugs  w i l l  be q u i c k l y  

metabo l ized  t o  regenera te  t h e  b i o l o g i c a l l y  a c t i v e  e s t r a d i o l .  As demonstrated 

i n  e a r l i e r  r e p o r t s  o f  t h i s  s e r i e s  o f  i n v e s t i g a t i o n s  (2 ,  3 )  t h a t  t h e  

l i p o p h i l i c  p rodrugs  o f  e s t r a d i o l  a r e  absorbed by t h e  s k i n  a t  a r a t e  g r e a t e r  

than e s t r a d i o l  i t s e l f  and a r e  metabo l ized  by t h e  es te rases  i n  t h e  s k i n  

t o  regenera te  t h e  b i o a c t i v e  e s t r a d i o l .  

"What a r e  t h e  f a c t o r s  c o n t r o l l i n g  t h e  r a t e  o f  s k i n  a b s o r p t i o n  o f  a 

d rug?"  The consc ien t i ous  response must i n c l u d e  a c a r e f u l  a p p r a i s a l  o f  

t h e  physicochemical  p r o p e r t i e s  o f  t h e  p e n e t r a n t  species,  o f  t h e  d e l i v e r y  

system from which t h e  pene t ran t  mo lecu les  a re  d e l i v e r e d  t o  t h e  sk in ,  and 

t h e  s t r u c t u r e  and f u n c t i o n  o f  t h e  s k i n .  F o l l o w i n g  i s  a sequence o f  t r a n s p o r t  

events which a re  b e l i e v e d  t o  be taken by a d rug  molecu le  when d e l i v e r e d  

by a t ransdermal d e l i v e r y  system t o  become a v a i l a b l e  i n  t h e  sys temic  

c i r c u l a t i o n :  a )  d rug  d i s s o l u t i o n  and d i f f u s i o n  w i t h i n  t h e  d e l i v e r y  system, 

b )  d rug  re lease  f rom t h e  d e l i v e r y  system and p a r t i t i o n i n g  on to  t h e  s t ra tum 

corneum, c )  d rug  t r a n s p o r t  across t h e  s t ra tum corneum i n t o  t h e  v i a b l e  

epidermal t i s s u e ,  d)  d rug  movement th rough t h e  v i a b l e  t i s s u e ,  e )  d rug  

up take by t h e  cutaneous m i c r o c a p i l l a r y  network f o r  subsequent systemic 

d i  s t r i  b u t  i on. 

Several  approaches can be u t i l i z e d  t o  e f f e c t i v e l y  c o n t r o l  t h e  re lease  

o f  s y s t e m i c a l l y - a c t i v e  drugs  f o r  permeat ion  a t  a programmed r a t e  th rough 

t h e  s k i n  t i s s u e :  a )  membrane-moderated d rug  d e l i v e r y .  b )  m a t r i x  d i f f u s i o n -  
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LONG-TERM PERMEATION KINETICS OF ESTRAJIIOL. V 1197 

c o n t r o l l e d  drug  d e l i v e r y  and c )  m i c r o r e s e r v o i r  p a r t i t i o n - c o n t r o l l e d  d rug  

d e l i v e r y  (4,  5 ) .  

Recent ly,  o p t i m i z a t i o n  o f  es t rogen s u b s t i t u t i o n  i n  postmenopausal 

women was achieved by an e s t r a d i o l - r e l e a s i n g  transdermal d e l i v e r y  system 

developed f rom t h e  membrane-moderated drug  d e l i v e r y  system and designed 

t o  p r o v i d e  cont inuous  t ransdermal  d e l i v e r y  o f  17B - e s t r a d i o l  a t  a r a t e  

s u f f i c i e n t  t o  m a i n t a i n  p h y s i o l o g i c a l  l e v e l s  o f  es t rogen i n  the  systemic 

c i r c u l a t i o n  s i m i l a r  t o  those i n  t h e  e a r l y  f o l l i c u l a r  phase o f  t h e  menst rua l  

c y c l e  ( 6 ) .  

The p resen t  i n v e s t i g a t i o n  desc r ibes  t h e  development o f  a Transdermal 

B i o a c t i v a t e d  Hormone D e l i v e r y  System f rom t h e  m i c r o r e s e r v o i r  

p a r t i t i o n - c o n t r o l l e d  d rug  d e l i v e r y  system. I t  i s  capab le  o f  r e l e a s i n g  

n a t u r a l  e s t r a d i o l  and i t s  l i p o p h i l i c  p rodrugs  a t  programmed r a t e s  f o r  

c o n t r o l l e d  percutaneous abso rp t i on  th rough  i n t a c t  s k i n .  Dur ing  t h e  course  

o f  s k i n  permeat ion t h e  prodrug i s  metabo l ized  by t h e  enzyme, such as 

es terase,  t o  regenera te  t h e  b i o l o g i c a l l y - a c t i v e  e s t r a d i o l .  I t  was designed 

w i t h  t h e  o b j e c t i v e  o f  h y b r i d i z i n g  t h e  cons tan t  d rug  r e l e a s e  mechanism o f  

m i c r o r e s e r v o i r  p a r t i t i o n - c o n t r o l l e d  d rug  d e l i v e r y  system w i t h  t h e  concept 

o f  cutaneous enzymatic b i o a c t i v a t i o n  o f  p rodrugs .  

I n  t h i s  i n v e s t i g a t i o n ,  we i n t e n d  t o  r e p o r t  o u r  f i n d i n g s  on t h e  k i n e t i c s  

o f  re lease  o f  a s e r i e s  o f  e s t r a d i o l - 1 7 - e s t e r s  f rom t h e  newly developed 

t ransdermal  d e l i v e r y  system and t h e i r  s k i n  permeat ion,  u s i n g  t h e  female 

h a i r l e s s  mouse s k i n  as t h e  animal model, and a l s o  t h e  k i n e t i c s  o f  

b ioconvers ion  o f  17 -es te rs  t o  regenera te  t h e  n a t u r a l  e s t r a d i o l .  

EXPERIMENTAL 

Ma t e r  i a 1 s : 
2 3 

(EV), estradiol-176-heptanoate (EH) ( o r  e s t r a d i o l  enantha te) ,  e s t r a d i o l - 1 7 ~ -  

cYpionate2 (EC), estradiol-3,17-diacetate' (ED), s i l i c o n e  medical  f l u i d 4  

176-Es t rad io l '  (E), e s t r a d i o l - 1 7 6 - a c e t a t e  (EA), e s t r a d i o l - 1 7 6 - v a l e r a t e  

3 
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1198 CHIEN,  VALIA, AND DOSHI 

4 4 

7 
(DC-360) (20 cps) ,  s i l a s t i c  382 med ica l -g rade e las tomer  , stannous oc tanoate  

( c a t a l y s t  M), p o l y e t h y l e n e  g l y c o l  (PEG) 4005, sodium c h l o r i d e 6 ,  a c e t o n i t r i l e  

and methanol' ( b o t h  a r e  d i s t i l l e d - i n - g l a s s  HPLC grade)  were used as ob ta ined.  

HPLC-grade d i s t i l l e d  wa te r  was prepared f r e s h l y  i n  t h e  l a b o r a t o r y  . a 

A n a l y t i c a l  Method: 

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), an i n j e c t o r '  (model U6K),  a UV d e t e c t o r "  (model 773, w i th  a c e l l  

volume o f  11 ~ l ) ,  a reverse-phase p-Bondapak C18 column' ( w i t h  a guard 

column c o n t a i n i n g  37-50 pm Bondapak C18/Corasil pack ing  m a t e r i a l ) ,  and 

an Omniscr ibe recorder ' '  was used i n  t h i s  i n v e s t i g a t i o n .  The UV d e t e c t o r  

was opera ted  a t  t h e  wavelength o f  205 nm t o  d e t e c t  b o t h  e s t r a d i o l  and 

e s t r a d i o l  es te rs .  D i f f e r e n t  combina t ions  o f  a c e t o n i t r i l e :  water  (40:60, 

50:50, 55:45, 70:30, and 75:25) were used as t h e  mob i l e  phase f o r  t h e  e l u t i o n  

and separa t i on  o f  e s t r a d i o l  f rom v a r i o u s  e s t r a d i o l  e s t e r s .  A t  ambient 

c o n d i t i o n ,  a f l o w  r a t e  o f  2 ml/min was used. 

De te rm ina t ion  o f  d rug  concen t ra t i ons  i n  t h e  sample s o l u t i o n  was c a r r i e d  

o u t  by f i r s t  measur ing t h e  peak h e i g h t  o f  drugs and t h e n  comput ing t h e  

c o n c e n t r a t i o n  (Hg/ml) f rom t h e  c a l i b r a t i o n  curves  c o n s t r u c t e d  f rom a s e r i e s  

o f  s tandard  s o l u t i o n s .  

S k i n  Permeation C e l l :  

The same j r ~  vitro s k i n  permeat ion system 12'13 r e p o r t e d  e a r l i e r  ( 7 )  

was used i n  t h i s  i n v e s t i g a t i o n .  

Sk in  P repara t i on :  

F o r  t h i s  study, a f u l l - t h i c k n e s s  s k i n  sample was f r e s h l y  exc i sed  f rom 

a 5 - t o  7-week o l d  h a i r l e s s  mouse (HRS/J s t r a i n )  . The h a i r l e s s  mouse 

was s a c r i f i c e d  j u s t  p r i o r  t o  t h e  exper iment  by t h e  same method o u t l i n e d  

i n  t h e  p rev ious  r e p o r t  (2, 3 ) .  A square s e c t i o n  ( - 3  x 3 cm) o f  t h e  abdominal 

s k i n  was s u r g i c a l l y  removed f rom t h e  animal and t h e  subcutaneous t i s s u e  

and b lood  vesse ls  were c leaned. 

14 
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1199 LONG-TERM PERMEATION KINETICS OF ESTRADIOL. V 

Dete rm ina t ion  o f  Druq S o l u b i l i t y :  

The s o l u b i l i t y  o f  e s t r a d i o l  and e s t r a d i o l  e s t e r s  i n  saline-PEG 

s o l u t i o n  (60/40) and i n  s i l i c o n e  f l u i d  were c a r r i e d  o u t  as desc r ibed  ea r  

( 2 ) .  

400 

i e r  

De te rm ina t ion  o f  ( S k i n / s i l i c o n e  F l u i d )  P a r t i t i o n  C o e f f i c i e n t :  

The p a r t i t i o n  c o e f f i c i e n t  ( s k i n / s i l i c o n e  f l u i d )  o f  e s t r a d i o l  and 

e s t r a d i o l  e s t e r s  were determined i n  t h e  same manner as desc r ibed  e a r l i e r  

( 2 ) .  

F a b r i c a t i o n  o f  Transdermal B i o a c t i v a t e d  Hormone D e l i v e r y  System: 

The methodology o u t l i n e d  e a r l i e r  (8 -11)  was u t i l i z e d  i n  t h i s  

i n v e s t i g a t i o n  f o r  t h e  f a b r i c a t i o n  o f  Transdermal B i o a c t i v a t e d  Hormone 

5 D e l i v e r y  (TBHD) System. B r i e f l y ,  i n  a d i sposab le  p o l y e t h y l e n e  beaker 

( 2 5  m l ) ,  0.5 gm o f  e s t r a d i o l  o r  an e s t r a d i o l  e s t e r  was d i spe rsed  w e l l  i n  

one m l  o f  40% PEG 400 i n  s a l i n e  s o l u t i o n  u s i n g  a h i g h  to rque  l a b o r a t o r y  

s t i r r e r 1 5  a t  1000 rpm ( s e t t i n g  6 )  f o r  2 min.  t o  fo rm drug-PEG paste.  

8 gm o f  s i l a s t i c  e las tomer  382 was added t o  t h e  drug-PEG pas te  and mixed 

w e l l  by t h e  s t i r r e r  a t  1000 rpm f o r  5 min.  To reduce t h e  v i s c o s i t y ,  0.5 

gm o f  s i l i c o n e  f l u i d  was added and mixed f o r  2 min.  aga in  a t  1000 rpm. 

The d i s p e r s i o n  was deaerated under vacuum ( a t  20 guage) f o r  20 min. Then, 

2 drops o f  stannous oc tanoate  ( c a t a l y s t  M )  was added, as t h e  c r o s s l i n k i n g  

agent, and mixed w e l l  f o r  1 min., and deaera ted  f o r  another  2 min.  

Immediately,  t h e  d i s p e r s i o n  was poured on to  a s t a i n l e s s - s t e e l  dev i ce  maker 

and pressed t o  a th i ckness  o f  about 250 Hm. The whole dev i ce  maker was 

then kep t  i n  a cons tan t  temperature oven16 a t  60°C f o r  1 h r .  The TBHD 

sheet formed was removed and then c u t  i n t o  disc-shaped dev i ce  ( 2  cm i n  

d iamete r ) .  

Then, 

Each dev i ce  was examined f o r  any entrapped a i r .  

Measurement o f  Drug Release, Permeat ion and Metabol ism P r o f i l e s  

The TBHD system, which con ta ins  2 d r u g - r e l e a s i n g  sur faces ,  was a p p l i e d  

on to  a s k i n  specimen and then mounted between t h e  donor and r e c e p t o r  

compartments o f  t h e  s k i n  permeat ion c e l l  ( F i g .  1A). The saline/PEG 400 

(60/40) s o l u t i o n  ( 3  m l )  was added i n t o  each o f  t h e  donor and r e c e p t o r  
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1200 CHIEN, VALIA, AND DOSHI 

II (600 rpm) 

akln 

to othar calla P (in sarima) 

Rocaptor I commartmant 

Donor comp~rtmont 
(3.5 mi) 

Star - haad magna 
(dia.,8.5 mm; halght.6 

Ravolvlng magnat 

(35ml)  

wat.1- 
jackatad (37') 

Stirring platform 

r a v n c h r o n o u a  motora II \ 

(dla., 10 mm) 
(haight,4mm) 

I. , I- on 
Connoctlng 11 . tublnq -off button 

n 

F i g u r e  1A 

Schematic i l l u s t r a t i o n  o f  t h e  exper imenta l  se tup  f o r  t h e  s imu l taneous s tudy  
o f  t h e  c o n t r o l l e d  r e l e a s e  and t h e  s k i n  permeat ion o f  e s t r a d i o l  and e s t e r s  
f rom transdermal b i o a c t i v a t e d  hormone d e l i v e r y  (TBHD) system. 

compartments. Us ing  t h i s  arrangement, d rug  r e l e a s e  i n t o  t h e  donor s o l u t i o n  

and permeat ion across t h e  s k i n  t i s s u e  were i n v e s t i g a t e d  s imu l taneous ly .  

A t  each o f  t he  predetermined i n t e r v a l s ,  a 50 v l  sample was withdrawn f rom 

t h e  r e c e p t o r  s o l u t i o n  and analyzed immedia te ly  by HPLC f o r  e s t r a d i o l  and 

e s t r a d i o l  e s t e r s  us ing  a g i v e n  mob i l e  phase compos i t ion .  To m a i n t a i n  a 

s i n k  c o n d i t i o n  i n  t h e  donor s o l u t i o n ,  t h e  whole volume o f  t h e  donor s o l u t i o n  

was t o t a l l y  wi thdrawn and 50 u1 o f  which was sampled and assayed f o r  t h e  

d rug  by HPLC. Immediately,  t h e  donor compattment was r e f i l l e d  w i t h  t h e  

same volume o f  d rug - f ree  e l u t i o n  s o l u t i o n .  Each exper iment  was c a r r i e d  

o u t  i n  t r i p l i c a t e .  
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LONGTERM PERMEATION KINETICS OF ESTRADIOL. V 

' I  

(DRUG)- 
t 

IOCONVERSION 

I 

1201 

STRATUM PAPI L LARY BLOOD 
CORN EUM LAYER CIRCULATION 

F i g u r e  16 

An expanded diagram o f  TBHD sys tem/sk in  t i s s u e  combina t ion  t o  i l l u s t r a t e  
t h e  s imultaneous k i n e t i c  processes o f  re lease  and s k i n  permeat ion  o f  
pro-drugs f rom TBHD system and o f  regenera t i on  o f  d rug  by enzymatic 
metabol ism o f  prodrugs. 

RESULTS AND D I S C U S S I O N  

E f f e c t  o f  E s t e r  Chain Length on P a r t i t i o n  C o e f f i c i e n t  

The a p p l i c a t i o n  o f  p rodrug concept i n  t ransdermal  d rug  d e l i v e r y  can 

be viewed as t h e  a l t e r a t i o n  o f  s k i n  p e r m e a b i l i t y  by chemical  m o d i f i c a t i o n s  

o f  t h e  drug  s t r u c t u r e  t o  enhance i t s  r a t e s  o f  s k i n  up take  and t ransdermal  

permeat ion.  I n  t h i s  i n v e s t i g a t i o n ,  t h e  h y d r o p h i l i c  OH groups a t  3- and 

1 7 - p o s i t i o n  of  e s t r a d i o l  were e s t e r i f i e d  t o  fo rm e s t r a d i o l  e s t e r s  w i t h  

va r ious  a l k y l  cha in  l e n g t h s  ( F i g u r e  2 ) .  The p a r t i t i o n  c o e f f i c i e n t s  f o r  

t h e  i n t e r f a c i a l  p a r t i t i o n i n g  i n t o  t h e  saline/PEG s o l u t i o n  ( f o r  d rug  re lease  

s t u d i e s )  and on to  t h e  s k i n  ( f o r  permeat ion s t u d i e s )  f rom t h e  l i p o p h i l i c  

s i l i c o n e  polymer were observed t o  decrease as i n c r e a s i n g  t h e  a l k y l  cha in  

l e n g t h  f rom ace ta te  t o  heptanoate (Tab le  I ) .  The p a r t i t i o n  c o e f f i c i e n t  

o f  3, 17 -d iace ta te  was found t o  be f u r t h e r  reduced f rom 17-aceta te .  

Release o f  E s t r a d i o l  and E s t r a d i o l  E s t e r s  f rom TBHD System 

A TBHD system i s  composed o f  a homogeneous m i c r o d i s p e r s i o n  o f  e s t r a d i o l  

o r  e s t r a d i o l  e s t e r  suspension ( i n  40% aqueous PEG 400 s o l u t i o n )  i n  a s o l i d  
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1202 C H I E N ,  VALIA,  AND DOSHI  

Estradiol -17-p  

Estradiol - 17 - Acetate 

Estradiol - 3,17 - Diacetate 

Estradiol- 17 - Valerate 

Estradiol- 17- Hemanoate 

Estradiol - 17 - Cypionate 

-H  - H  

-C-CH, -H  
I1 
0 

II II 
0 0 

-C-<CH2),- CH, - H  
II 
0 

-C-CCH2),- CH3 - H  
II 

-C-CH3 -C-CH, 

0 

Figure 2 

Chemical structure of estradiol and prodrug-type esters of estradiol. 

silicone polymer matrix. These drug-containing microscopic spheres 

distribute homogeneously throughout the cross1 inked polymer matrix as a 

discrete, immobilized, unleachable liquid compartment. The molecules of 

estradiol or estradiol ester can elute out of the TBHD system only by first 

dissolution in the liquid compartment, partition into and then diffusion 

through the polymer matrix, and finally partition into the elution solution 

surrounding the TBHD system (Figure 3 ) .  The theoretical analysis suggested 

that the controlled release of estradiol and estradiol esters from the 

TBHD system should be zero-order as defined by the linear Q v s .  t 

relationship (11). 
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. V 

Table I :  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  and E s t r a d i o l  Es te rs :  

1203 

[)rugs 

E s t r a d i o l  

E s t r a d i o l  Aceta te  

E s t r a d i o l  Va le ra te  

E s t r a d i o l  Heptanoate 

Es t r a d  i o 1 Cypi ona t e  

E s t r a d i o l  O iace ta te  

P a r t i t i o . 1  C o e f f i c i e n t *  

Kp K, 
71.477 20.15 

1.117 7.67 

0.071 2.84 

0.010 * 09 

0.012 2.81 

0.012 1.76 

- E q u i l i b r i u m  drug  conc. i n  saline/PEG 400 s o l u t i o n  
*Kp E q u i l i b r i u m  drug  conc. i n  s i l i c o n e  f l u i d  

E q u i l i b r i u m  drug  conc. i n  s k i n  t i s s u e  
E q u i l i b r i u m  drug  conc. i n  s i l i c o n e  f l u i d  Ks = 

As shown i n  F i g u r e  4, cons tan t  ( ze ro -o rde r )  r e l e a s e  p r o f i l e s  were 

ob ta ined  f o r  t h e  c o n t r o l l e d  re lease  o f  e s t r a d i o l  and i t s  e s t e r s  f rom TBHD 

system. The r a t e s  o f  r e l e a s e  ( Q / t )  f o r  e s t r a d i o l  and e s t r a d i o l  e s t e r s ,  

as c a l c u l a t e d  f rom t h e  s lope o f  t h e  l i n e a r  Q vs. t r e l a t i o n s h i p ,  a r e  

summarized i n  Table 11. The r a t e  o f  re lease  f o r  e s t r a d i o l  was found t o  

be 1.826 0.074 vg/cm / h r .  E s t e r i f i c a t i o n  o f  t h e  17-OH group i n  e s t r a d i o l  

t o  fo rm 17-acetate,  t h e  re lease  r a t e  was observed t o  i nc rease  more than 

2 

2 f o l d s  t o  4.133 * 0.525 vg/cmL/hr. E s t e r i f i c a t i o n  o f  bo th  OH groups a t  

3- and 1 7 - p o s i t i o n  t o  fo rm 3, 17 -d iace ta te  f u r t h e r  enhanced t h e  re lease  

r a t e  by another  2 f o l d s  t o  9.388 * 1.160 vg/cm /h r .  On t h e  o t h e r  hand, 

as t h e  a l k y l  c h a i n  l e n g t h  o f  17-es ter  i nc reased  f rom ace ta te  t o  cyp ionate ,  

t h e  r a t e  o f  re lease  decreased. The observed r e d u c t i o n  i n  r e l e a s e  r a t e  

i n  response t o  t h e  i nc rease  i n  a l k y l  cha in  l e n g t h  cou ld  be p a r t i a l l y  

exp la ined  by t h e  decreas ing  K va lue  (Tab le  I ) .  

2 
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1204 C H I E N ,  V A L I A ,  AND D O S H I  

polymer motrix 

(cross-1inked.soltd ' 

drug reservoir 

(microscopic liquid 
comportments I 

polymer /solution 
interface 

F igu re  3 

Photomicroscopic v iew o f  a c r o s s - s e c t i o n  o f  t h e  t ransdermal  b i o a c t i v a t e d  
hormone d e l i v e r y  (TBHD) system, i n  which d rug  r e s e r v o i r  i s  d i spe rsed  as 
d i s c r e t e ,  immobi l i zed ,  un leachab le  m ic roscop ic  spheres i n  t h e  c r o s s l i n k e d  
polymer m a t r i x .  

Sk in  Permeat ion and Metabo l ism o f  E s t r a d i o l  and E s t r a d i o l  E s t e r s  

Permeat ion o f  e s t r a d i o l  o r  e s t r a d i o l  e s t e r s  th rough ha r l e s s  mouse 

sk in ,  under i n  v i t r o  c o n d i t i o n s ,  f o l l o w i n g  t h e  r e l e a s e  f rom t h e  rBHD systems 

were a l s o  eva lua ted  u s i n g  t h e  same s k i n  permeat ion c e l l s  m i n t a i n e d  a t  

cons tan t  body temperature.  The d rug - re leas ing  su r face  o f  TBHD system was 

p laced i n  i n t i m a t e  c o n t a c t  w i t h  t h e  s t r a t u m  corneum su r face  o f  t h e  sk in ,  

w h i l e  t h e  dermal su r face  o f  t h e  s k i n  was immersed i n  sal ine/PEG s o l u t i o n  

( F i g u r e  1). 

Fo r  t h e  purposes o f  mechan is t i ca l  a n a l y s i s ,  t h e  s k i n  c o u l d  be cons ide red  

as a two-p l y  laminate ,  which i s  composed o f  t h e  s t ra tum corneum and cutaneous 
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KINETICS OF ESTRADIOL. V 1205 

I T ED 

0 8 1 6 2 4 3 2 4 0 4 8 5 6  
Tim. Ihourrl 

Figure 4 

The time course for the cumulative release of estradiol and esters from 
TBHD system. Key: 0 ,  estradiol; (>, estradiol-17-acetate (EA); , 
estradiol -3, 17-diacetate. 

Table 11: Release Rate Profiles of Estradiol and Estradiol Esters from 

Transdermal Bioactivated Hormone Delivery System 

Species 

Estradiol 

Estradiol Esters 

1) Diacetate 

2) Acetate 

3) Valerate 

4 )  Heptanoate 

5) Cypionate 

Release Rate 
(pg/cm2/hr t. SD) 

1.826 * 0.074 

9.388 _+ 1.160 

4.133 _+ 0.525 

3.732 * 0.662 
2.082 2 0.768 

0.567 t 0.169 
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1206 C H I E N ,  VALIA, AND D O S H I  

0 8 1 6 2 4 3 2 1 0 4 8 5 6  
Tim. Ihourrt 

F i g u r e  5 

Transdermal c o n t r o l l e d  a d m i n i s t r a t i o n  o f  e s t r a d i o l  ac ross  female h a i r l e s s  
mouse f rom e s t r a d i o l - r e l e a s i n g  TBHD system. 

t i s s u e  (ep ide rm is  and dermis )  ( F i g u r e  1B); and t h e  r e l e v a n t  enzymes a r e  

assumed t o  be homogeneously d i s t r i b u t e d  i n  t h e  cutaneous t i s s u e  ( 1 2 ) .  

When an e s t r a d i o l - r e l e a s i n g  TBHD system was a p p l i e d  on t h e  s t r a t u m  

corneum. a cons tan t  s k i n  permeat ion p r o f i l e  was ob ta ined  ( F i g u r e  5 ) .  The 

r a t e  o f  s k i n  permeat ion ( d Q / d t ) ,  which was measured f rom t h e  s lope  o f  4 
p l o t s ,  was found t o  be 11.7 x ug/cm2/hr. 

F o r  t h i s  study, i t  i s  a l s o  assumed t h a t  t h e  s k i n  has a homogeneous 

d i s t r i b u t i o n  o f  enzymes, and t h e  enzymatic r e a c t i o n s  occur ,  f o r  t h e  

s i m p l i c i t y  o f  mathematical  t rea tment ,  a t  s imp le  f i r s t - o r d e r  r a t e  processes 

(2, 3 ) .  

F i g u r e  6 shows t h e  t ime  course f o r  t h e  s k i n  permeat ion  and metabo l ism 

of e s t r a d i o l - 1 7 - a c e t a t e  (EA). The b ioconvers ion  o f  EA t o  e s t r a d i o l  (E )  

appeared t o  occu r  d u r i n g  t h e  d i f f u s i o n  th rough  t h e  cutaneous t i s s u e .  The 

r a t e  o f  appearance o f  e s t r a d i o l  i n  t h e  dermal s o l u t i o n  was found t o  be 

5.7 x A f t e r  a l ag - t ime  o f  app rox ima te l y  10 

h r ,  EA a l s o  began t o  appear i n  t h e  dermal s o l u t i o n .  

pg/cm2/hr (Tab le  111). 
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LONGTERM PERMEATION KINETICS OF ESTRADIOL. V I 207 

€ A + €  E A  skin 

A 

Tim. (hours] 

Figure 6 

The time course for the transdermal controlled permeation o f  
estradiol-17-acetate (EA) from EA-releasing TBHD system and its metabolism 
to estradiol (E). Key: 0 ,  E; 0 ,  EA. 

0- 8 16 24 32 40 48 56 
Time (hours) 

Figure 7 

The time course for the regeneration o f  estradiol (E) during the s k i n  
permeation of various estradiol-17-esters by metabolism following transdermal 
controlled administration from various ester-releasing TBHD systems. Key: 

Estradiol-17-valerate (EV); 0 ,  Estradiol-17-heptanoate (EH); , 
Estradiol-17-cypionate (EC). No intact ester was detected. 
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1208 C H I E N ,  VALIA, AND DOSHI 

Table 111: Appearance Rate P r o f i l e s  o f  E s t r a d f o l  f o l l o w i n g  Transdermal 

C o n t r o l l e d  A d m i n i s t r a t i o n  o f  E s t r a d i o l  and E s t e r s  f rom 

Transdermal B i o a c t i v a t e d  Hormone D e l i v e r y  System 

Species 

E s t r a d i o l  

E s t r a d i o l  Es te rs  

1 )  D l a c e t a t e  

2) Ace ta te  

3 )  V a l e r a t e  

4 )  Heptanoate 

5 )  Cyp ionate  

Rate o f  Appearance 
(wg/cmZ/hr t SD) 

0.117 f 0.027 

0.490 * 0.250 

0.057 * 0.013 

0.227 f 0.042 

0.061 f 0.013 

0.016 f 0.002 

The t ime course f o r  t h e  f o r m a t i o n  o f  e s t r a d i o l  f rom o t h e r  

e s t r a d i o l - 1 7 - e s t e r s  d u r f n g  t h e  course of  s k i n  permeat ion i s  shown i n  F i g u r e  

7. I n t e r e s t i n g l y ,  no i n t a c t  e s t r a d i o l - 1 7 - e s t e r  was de tec ted  i n  t h e  dermal 

s o l u t i o n  d u r i n g  t h e  course  o f  48-hr s tudy ,  i n d i c a t i n g  t h e  complete 

b ioconvers ion  o f  e s t e r  t o  e s t r a d i o l .  From t h e  e s t r a d i o l  appearance data,  

t h e  r a t e  o f  s k i n  permeat ion was c a l c u l a t e d  t o  be 22.7 x l om2,  6.1 x 

and 1.6 x pg/cm / h r  f o r  va le ra te ,  heptonoate and cyp iona te ,  r e s p e c t i v e l y  

(Tab le  111). I t  was p r e v i o u s l y  shown t h a t  as t h e  a l k y l  c h a i n  l e n g t h  o f  

a l k a n o l s  inc reases ,  t h e  r a t e  o f  permeat ion i s  enhanced t o  a maximum va lue  

when a l k a n o l  has 5 CH2 u n i t s  (hexano l )  and then decreases as t h e  number 

o f  methylene (CH2) group i s  g r e a t e r  than f i v e  (13-15).  S i m i l a r l y ,  t h e  

r e s u l t s  o f  t h e  p resen t  i n v e s t i g a t i o n  suggested t h a t  t h e  maximum r a t e  f o r  

t h e  fo rmat ion  o f  e s t r a d i o l  f rom permeat ing  e s t e r s  i s  reached as t h e  

e s t r a d i o l - 1 7 - e s t e r  has an a1 k y l  c h a i n  w i t h  5 carbons ( e s t r a d i o l  v a l e r a t e )  

(Tab le  11). 
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LONGTERM PERMEATION KINETICS OF ESTRADIOL. V 1209 

l imo (hounl 

F igu re  8 

The t ime course  f o r  t h e  s k i n  permeat ion  o f  e s t r a d i o l - 3 ,  17 -d iace ta te  (ED) 
and i t s  metabol ism t o  e s t r a d i o l  ace ta te  (EA) and e s t r a d i o l  (E )  f o l l o w i n g  
t h e  transdermal c o n t r o l l e d  a d m i n i s t r a t i o n  f rom ED-re leas ing  TBHD system. 
No i n t a c t  ED was de tec ted .  

E s t r a d i o l - 3 ,  17 -d iace ta te  (ED) c o u l d  be metabo l ized  c o n s e c u t i v e l y  

by es te rase  f i r s t  t o  e s t r a d i o l - 1 7 - a c e t a t e  ( E A )  and then t o  e s t r a d i o l  (E )  

d u r i n g  t h e  course o f  permeat ion th rough t h e  s k i n  (2,  3 ) .  The t ime course  

f o r  t h e  s k i n  permeat ion and metabol ism of ED i s  shown i n  F i g u r e  8. The 

r a t e  o f  appearance o f  e s t r a d i o l  (E) seemed t o  be much f a s t e r  t han  t h a t  

o f  e s t r a d i o l  a c e t a t e  (EA) i n i t i a l l y  and then g r a d u a l l y  slowed down. The 

r a t e  o f  appearance o f  e s t r a d i o l  i n  dermal s o l u t i o n  was 49.0 x lo-’ Mg/cm / h r  

(Tab le  111). 

2 

Again, no ED was de tec ted .  

The r a t e  o f  appearance o f  e s t r a d i o l  f rom e s t r a d i o l  e s t e r s  was found 

t o  decrease i n  t h e  o r d e r  o f :  d i a c e t a t e  > v a l e r a t e  > heptanoate  > a c e t a t e  > 

cyp ionate .  There was a lmost  & f o l d  i nc rease  i n  t h e  r a t e  o f  e s t r a d i o l  
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f o rma t ion  as t h e  a l k y l  cha in  l e n g t h  i nc reased  f rom a c e t a t e  t o  v a l e r a t e .  

But,  f u r t h e r  i nc rease  i n  t h e  cha in  l e n g t h  f rom v a l e r a t e  t o  heptanoate showed 

a reve rse  t r e n d  w i th  a decrease i n  t h e  f l u x .  The r a t e  o f  f o rma t ion  o f  

e s t r a d i o l  f rom t h e  v a l e r a t e  was found t o  be 2 t imes h i g h e r  than  t h e  r a t e  

o f  appearance f o r  e s t r a d i o l  i t s e l f ,  w h i l e  t h e  r a t e  o f  e s t r a d i o l  f o rma t ion  

f rom t h e  heptanoate and a c e t a t e  was o n l y  h a l f  o f  t h a t  o f  e s t r a d i o l .  I t  

i s  i n t e r e s t i n g  t o  n o t e  t h a t  by e s t e r i f y i n g  b o t h  OH groups a t  3- and 

17 -pos i t i ons  t o  fo rm d i a c e t a t e ,  t h e  f l u x  was improved s u b s t a n t i a l l y .  S i m i l a r  

obse rva t i ons  were made e a r l i e r  ( 2 )  when t h e  e s t r a d i o l  and i t s  e s t e r s  was 

d e l i v e r e d  t ransderma l l y  f rom a suspension i n  s i l i c o n e  f l u i d ,  wh ich  i s  a l s o  

a s i l i c o n e  e las tomer  w i t h  s i m i l a r  compos i t ion  as t h a t  used i n  t h e  TBHD 

system. 
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FOOTNOTES 

1. Cour tesy  o f  Roussel-UCLAF, Par i s ,  France. 

2. Sigma Chemical Company, S t .  Lou is ,  M i s s o u r i .  

3. Cour tesy  o f  E. R. Squibb & Sons, Inc . ,  P r ince ton ,  New Jersey .  

4. 

5. 

6. J. T. Baker Chemical Company, P h i l l i p s b u r g ,  New Jersey. 

7. Bu rd i ck  & Jackson, Muskegon, Michigan. 

Cour tesy  o f  Dow Corn ing  Corpora t ion ,  Midland, Michigan. 

F i s h e r  S c i e n t i f i c  Company, Fa i r l awn ,  New Jersey .  
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8. Nanopure, SybrodBarnstead,  Boston, Massachusetts. 

9. Waters Associates,  M i l f o r d ,  Massachusetts. 

10. Kratos A n a l y t i c a l  Inst ruments,  Ramsey, New Jersey. 

11. Houston Inst ruments,  Aus t i n ,  Texas. 

12. Crown Glass Company, Somerv i l le ,  New Jersey. 

13. Caton I n d u s t r i e s ,  Inc. ,  Edison, New Jersey 

14. Jackson Labora to r ies ,  Bar Harbor, Maine. 

15. Model 4380-00, Cole-Parmer Inc. ,  Chicago, I l l i n o i s .  

16. Isotemp Oven (Model 126G), F i she r  S c i e n t i f i c  Co., Fa i r l awn ,  New Jersey. 
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