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ABSTRACT 

The h y d r o p h i l i c i t y  o f  progesterone,  a l i p o p h i l i c  p e n e t r a n t ,  was p rog res -  

s i v e l y  i nc reased  by a d d i t i o n  of one o r  more hydroxy s u b s t i t u e n t s  a t  d i f f e r e n t  

p o s i t i o n s  on t h e  s t e r o i d  ske le ton .  E f f e c t s  o f  these h y d r o p h i l i c  s u b s t i t u e n t s  

on t h e  k i n e t i c s  and thermodynamics o f  permeat ion o f  p roges te rone  molecules 

th rough  p o l y d i m e t h y l s i l o x a n e  and polytrifluoropropylmethylsiloxane membranes 

were s tud ied .  The a d d i t i o n  of OH groups was found t o  reduce s u b s t a n t i a l l y  

t h e  apparent  and i n t r i n s i c  permeat ion r a t e s  of  progesterone.  The magnitude 

*To whom a l l  correspondence shou ld  be addressed. 

303 

Copyright 0 1986 by Marcel Dekker. Inc. 0363-9045/86/1203-0303$3.50/0 

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.



304 GHANNAM, TOJO, A N D  CHIEN 

o f  t h i s  r e d u c t i o n  was observed t o  be dependent upon t h e  number and t h e  

p o s i t i o n  o f  hydroxy groups and c o u l d  be a t t r i b u t e d  t o  t h e  decrease i n  t h e  

polymer s o l u b i l i t y  and t h e  i nc rease  i n  t h e  aqueous s o l u b i l i t y  o f  p roges te rone  

molecules.  A remarkable d i f f e r e n c e  was observed between t h e  i n t r i n s i c  

and apparent  r a t e s  o f  permeat ion f o r  progesterone,  w h i l e  no s i g n i f i c a n t  

d i f f e r e n c e  f o r  t h e  hyd roxy l  d e r i v a t i v e s  o f  p roges te rone .  The r a t e  o f  perme- 

a t i o n  i nc reased  w i t h  temperature as expected f rom t h e  A r r h e n i u s  r e l a t i o n s h i p .  

The energy r e q u i r e d  f o r  membrane permeat ion was no ted  t o  be r e l a t i v e l y  

cons tan t  and independent o f  h y d r o x y l a t i o n .  A f t e r  n o r m a l i z a t i o n ,  t h e  membrane 

p e r m e a b i l i t y  o f  progesterone d e r i v a t i v e s  was found t o  be h i g h e r  i n  p o l y d i -  

methy l  s i  1 oxane than  i n  p o l y t r i f l  uo rop ropy lme thy l  s i  loxane,  which can be 

a t t r i b u t e d  t o  t h e  s u b s t i t u t i o n  o f  methy l  group i n  t h e  p o l y d i m e t h y l s i l o x a n e  

backbone by a more p o l a r  and b u l k i e r  t r i f l u o r o p r o p y l  s u b s t i t u e n t .  The 

s u b s t i t u e n t  e f f e c t  o f  t r i f l u o r o p r o p y l  group i s  s u b s t a n t i a l  f o r  p roges te rone  

b u t  l e s s  s i g n  

Recen t l y  

f i c a n t  f o r  hydroxy d e r i v a t i v e s .  

INTRODUCTION 

po lymer i c  membranes have been i n c r e a s i n g l y  used t o  moderate 

t h e  r a t e  o f  d rug  re lease .  Due t o  i t s  b i o c o m p a t i b i l i t y ,  t h e  p o t e n t i a l  o f  

s i l i c o n e  e lastomer f o r  t h e  f a b r i c a t i o n  o f  d r u g  d e l i v e r y  d e v i c e  was s t u d i e d  

by a number o f  researchers  and i t s  p o t e n t i a l  b iomedica l  a p p l i c a t i o n s  have 

been i n c r e a s i n g l y  recogn ized  f o r  t h e  c o n t r o l l e d  d e l i v e r y  o f  p r o g e s t i n s  

and o t h e r  l i p o p h i l i c  s t e r o i d s  (1-15). 

The mo lecu la r  s t r u c t u r e  was found t o  p l a y  an i m p o r t a n t  r o l e  i n  t h e  

r e l e a s e  o f  s t e r o i d s  f rom s i l i c o n e  e las tomer  m a t r i x  (10, 15-18). S ince  

t h e  d i f f u s i v i t y  o f  s t e r o i d s  v a r i e s  o n l y  s l i g h t l y ,  t h e  d i v e r s e  i n  r e l e a s e  

p a t t e r n s  was p r i m a r i l y  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  po lymer s o l u b i l i t i e s  

as w e l l  as t h e  p a r t i t i o n  c o e f f i c i e n t s ,  which have been known t o  be s e n s i t i v e  

f u n c t i o n s  o f  t h e  s t r u c t u r e  and s u b s t i t u e n t s  on t h e  s t e r o i d  mo lecu le .  
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SILICONE ELASTOMERS. I. 305 

To e v a l u a t e  t h e  mechanism and k i n e t i c s  o f  membrane permeat ion o f  

s t e r o i d s ,  t h e  permeat ion s t u d i e s  shou ld  be conducted i n  a hyd rodynamica l l y  

w e l l - c a l i b r a t e d  d i f f u s i o n  system under a w e l l - m a i n t a i n e d  s i n k  c o n d i t i o n ;  

o the rw ise ,  t h e  permeat ion r a t e  ob ta ined  may be d i s t o r t e d  t o  a s i g n i f i c a n t  

degree by t h e  presence o f  hydrodynamic d i f f u s i o n  l a y e r s  on b o t h  s i d e s  o f  

t h e  membrane. I n  t h e  l i t e r a t u r e ,  t h e  e f f e c t  o f  d i f f u s i o n  boundary l a y e r  

was f r e q u e n t l y  over looked.  I n  t h i s  l a b o r a t o r y ,  however, i t  was c o n s t a n t l y  

observed t h a t  t h e  e f f e c t  o f  mass t r a n s f e r  i n  t h e  hydrodynamic d i f f u s i o n  

l a y e r  is h a r d l y  neg lec ted .  Exper imen ta l l y ,  i t  has been d i s c o v e r e d  t h a t  

u s i n g  a w e l l - c a l i b r a t e d  2 v i t r o  system, t h e  apparent  r a t e  o f  membrane 

permeat ion ob ta ined  can be used t o  c a l c u l a t e  t h e  i n t r i n s i c  r a t e  o f  

permeat ion which is t h e  permeat ion r a t e  w i t h o u t  t h e  e f f e c t  o f  hydrodynamic 

d i f f u s i o n  ayer .  

I n  t h e  f i r s t  r e p o r t  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 ,  t h e  apparent  

and i n t r i n s i c  r a t e s  o f  permeat ion o f  p roges te rone  and s i x  hyd roxy l  

d e r i v a t i v e s  ( w i t h  i n c r e a s i n g  hydrophi  1 i c i  t y )  t h rough  p o l y d i m e t h y l  s i  loxane 

and polytrifluoropropylmethylsiloxane membranes were determined and analyzed. 

Th is  r e p o r t  i n t e n d s  t o  d i s c u s s  t h e  e f f e c t  o f  v a r i a t i o n  i n  d rug  h y d r o p h i l i c i t y  

and i n  polymer compos i t i on  on t h e  k i n e t i c s  and t h e  thermodynamics o f  membrane 

permeat ion through s i l i c o n e  e lastomers.  

EXPERIMENTAL 

A. M a t e r i a l s  

( 1 )  Progesterone d e r i v a t i v e s  - A homologous s e r i e s  o f  progesterone 

d e r i v a t i v e s  w i t h  v a r i a t i o n  i n  t h e  number and t h e  p o s i t i o n  o f  hydroxy 

groups (Table 1) was used i n  t h i s  i n v e s t i g a t i o n :  p roges te rone  , desoxy- 

l l n -hyd roxyp roges te rone  , 17a-hydroxyprogesterone , c o r t i c o s t e r o n e  , 

c o r t i s o n e  , 17a-hydroxycorticosterone2 and h y d r o c o r t i s o n e  . 

Po lye thy lene  g l y c o l  (PEG) 400 - A w a t e r - m i s c i b l e  l i q u i d  polymer' which 

1 

1 1 1 

1 2 

(2) 
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306 G H A N N A M ,  T O J O ,  A N D  C H I E N  

TABLE 1: Chemical s t r u c t u r e  o f  progesterone d e r i v a t i v e s  i n v e s t i g a t e d  

c=o 

DRUGS R2 1 R1 1 R17 

I Progesterone H H. H 

I 1  Desoxyco r t i cos te rone  OH H H 

I11 l la -Hydroxyprogesterone H OH H 

I V  17a-Hydroxyprogesterone H H OH 

V C o r t i c o s t e r o n e  OH OH H 

V I  17a-Hydroxydesoxycorticosterone OH H OH 

V I  I Hydroco r t i sone  OH OH OH 

was b lended w i t h  d i f f e r e n t  volume f r a c t i o n s  o f  d i s t i l l e d  wa te r  t o  

i nc rease  t h e  aqueous s o l u b i l i t y  o f  progesterone d e r i v a t i v e s .  

S i l i c o n e  e lastomers - p o l y d i m e t h y l s i l o x a n e  and polytrifluoropropylmethyl- 

s i l o x a n e  membranes ( F i g u r e  1) were custom made . 
(3) 

3 

B. I n  V i t r o  membrane permeat ion system: 

4 The we1 1 -ca l  i b r a t e d  Ghannam-Chien System ( F i g .  2 )  d e s c r i b e d  p r e v i o u s l y  

(19, 20) was used. 
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SILICONE ELASTOMERS. I 

SILICONE ELASTOMERS 

30 7 

POLYDIMETHYLSILOXANE: R=CH3 

POLYTRI FLUOROPRGPY LMETHY L R =CH&H2CF3 
SILGXANE: 

F i g u r e  1: The t ypes  o f  s i l i c o n e  membranes i n v e s t i g a t e d .  

OHANNAY -CHIEN YLYBRANE PERYEATION CELL - screw 

sampling silicone 
port / stopper 

screw cap 

J suew cap 

receptor 
compartment 

water jacket 

teflon coated 
spin bars 

water inlet - - wafer 

inlet 

I 6 -  station synchronous magnetic stirrer I 

F i g u r e  2 :  The membrane permeat ion system used i n  t h e  i n v e s t i g a t i o n .  
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308 G H A N N A M ,  T O J O ,  A N D  C H I E N  

C. Procedures: 

(1) Membrane permeat ion s t u d i e s :  

Sa tu ra ted  s o l u t i o n  o f  a progesterone d e r i v a t i v e  was prepared by 

suspending an excess amount o f  s t e r o i d  c r y s t a l s  i n  40% aqueous P E G  s o l u t i o n  

and used as t h e  donor s o l u t i o n .  Excess s o l i d  i s  p resen ted  t o  assure t h a t  

t h e  s o l u t i o n  i s  ma in ta ined  a t  a .  c o n s t a n t  d r u g  c o n c e n t r a t i o n  ( a t  s a t u r a t i o n  

s o l u b i l i t y )  t h roughou t  t h e  course o f  t h e  exper iment .  The same aqueous 

s o l u t i o n  ( w i t h  no s t e r o i d  added) was f i l l e d  t o  t h e  r e c e p t o r  compartment 

as t h e  desorb ing medium under s i n k  c o n d i t i o n .  

A t  each predetermined t i m e  i n t e r v a l ,  10 m l  o f  t h e  r e c e p t o r  s o l u t i o n  

was sampled and, q u i c k l y ,  an e q u i v a l e n t  volume o f  t h e  d r u g - f r e e  aqueous 

s o l u t i o n  was added i n t o  t h e  r e c e p t o r  s o l u t i o n  t o  m a i n t a i n  a c o n s t a n t  s o l u t i o n  

volume i n  t h e  r e c e p t o r  compartment. The c o n c e n t r a t i o n  o f  t h e  p roges te rone  

d e r i v a t i v e  i n  t h e  samples was then  analyzed s p e c t r o p h o t o m e t r i c a l l y  . 5 

( 2 )  Dete rm ina t ion  o f  s o l u b i l i t y :  

a )  Aqueous s o l u b i l i t y  - An excess amount o f  a p roges te rone  d e r i v a t i v e  

was e q u i l i b r a t e d  w i t h  40% ( v / v )  aqueous P E G  400 s o l u t i o n  f o r  24 

hours w i t h  c o n s t a n t  shak ing i n  a wa te r  b a t h  a t  37°C. The s a t u r a t e d  

s o l u t i o n  was q u i c k l y  f i l t e r e d  and t h e  d rug  c o n c e n t r a t i o n  i n  t h e  

f i l t r a t e  was then  determined s p e c t r o p h o t o m e t r i c a l l y .  

b )  Polymer s o l u b i l i t y  - An excess amount o f  a p roges te rone  d e r i v a t i v e  

was e q u i l i b r a t e d  i n  s i l i c o n e  f l u i d  f o r  24 hour  w i t h  c o n s t a n t  shak ing 

i n  a wa te r  b a t h  a t  37°C. The s a t u r a t e d  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 .  The f i l t r a t e  was e x t r a c t e d  w i t h  methanol and t h e  d r u g  

c o n c e n t r a t i o n  i n  t h e  methanol was then  determined s p e c t r o p h o t o m e t r i -  

c a l  l y .  

( 3 )  De te rm ina t ion  o f  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  was determined by d i v i d i n g  t h e  so lub  

o f  t h e  d rug  i n  t h e  aqueous s o l u t i o n  ove r  i t s  s o l u b i l i t y  i n  t h e  s i l  

f l u i d .  

l i t y  

cone 
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SILICONE ELASTOMERS. I. 309 

THEORETICAL ANALYSIS 

Permeation o f  drug molecules across a u n i l a y e r  membrane f r o m  t h e  donor 

s o l u t i o n  t o  t h e  r e c e p t o r  s o l u t i o n  can be desc r ibed  by t h e  p h y s i c a l  model 

as shown i n  F i g u r e  3. Th i s  model suggests t h a t  t h e  r a t e  o f  membrane perme- 

a t i o n  ( d Q / d t )  i s  m a t h e m a t i c a l l y  expressed by (19, 20) :  

4 =  c S  

dt - + -  a. K2 - + -  1 1 

KID, K~ K~ K~ 

where C s  i s  t h e  s a t u r a t i o n  s o l u b i l i t y  i n  t h e  donor s o l u t i o n ;  Dm i s  t h e  

d i f f u s i v i t y  i n  t h e  membrane w i t h  th i ckness  o f  a ; K 1  and K2 a r e  t h e  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  between t h e  donor s o l u t i o n  

and the  membrane and between t h e  r e c e p t o r  s o l u t i o n  and t h e  membrane, respec- 

t i v e l y ;  KD and KR a r e  mass t r a n s f e r  c o e f f i c i e n t s  across t h e  d i f f u s i o n  

boundary l a y e r s  on t h e  donor  s i d e  and r e c e p t o r  s i d e  o f  t h e  membrane. 

De te rm ina t ion  o f  I n t r i n s i c  Rate o f  Membrane Permeation: 

I f  t h e  a g i t a t i o n  o f  f l u i d  i s  so v i g o r o u s  t h a t  t h e  d i f f u s i o n a l  r e s i s t a n c e  

across t h e  hydrodynamic d i f f u s i o n  l a y e r s  on b o t h  s ides  o f  t h e  membrane 

becomes n e g l i g i b l y  sma l l ,  Eq. 1 i s  then  reduced t o :  

where ( d Q / d t ) m  i s  t h e  i n t r i n s i c  r a t e  o f  membrane permeat ion.  

The c o r r e c t i o n  f a c t o r  ( Y ) f o r  t h e  c a l c u l a t i o n  o f  t h e  i n t r i n s i c  

permeat ion r a t e  f rom t h e  apparent  permeat ion r a t e  ( d Q / d t ) ,  which was e x p e r i -  

m e n t a l l y  ob ta ined  under a non- ideal  m i x i n g  c o n d i t i o n ,  can be determined 

by  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

where ~1 = KR/KD, D = K2/K1, and Sh = K,d/D 
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Donor Membrane Receofor 

GHANNAM, TOJO, AND C H I E N  

F i g u r e  3: M u l t i l a y e r  Model proposed. C s  i s  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 n  t h e  donor s o l u t i o n ,  C i s  t h e  b u l k  c o n c e n t r a t i o n  i n  t h e  recep- 

t o r  s o l u t i o n ,  hD and hR a r e  t h e  hydrodynamic d i f f u s i o n  l a y e r s  

on t h e  donor and r e c e p t o r  s i d e s  o f  t h e  membrane, KD and KR 

a r e  t h e  mass t r a n s f e r  c o e f f i c i e n t s ,  C 1  and C p  a r e  t h e  d rug  

c o n c e n t r a t i o n s  a t  t h e  solut ion/membrane i n t e r f a c e  o f  t h e  donor- 

s i d e  and r e c e p t o r - s i d e  boundary l a y e r s .  

where Sh i s  t h e  Sherwood number and d i s  t h e  l e n g t h  o f  t h e  s t i r r i n g  magnet. 

A f t e r  rearrangement: 

I n  t h e  p resen t  s tudy,  t h e  same s o l u t i o n  medium and same a g i t a t i o n  

speed were used i n  b o t h  t h e  r e c e p t o r  and donor compartments, Equa t ion  ( 4 )  

can be s i m p l i f i e d  t o :  

2 ( d Q / d t )  y = 1 - -  
Sh DCS/d 

I n  t h i s  case 

m 
The i n t r i n s i c  r a t e  o f  permeat ion (dt )  a i s  t h e n  g i v e n  by: 
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Dete rm ina t ion  o f  Normal ized P e r m e a b i l i t y :  

To account f o r  t h e  v a r i a t i o n  i n  s a t u r a t i o n  s o l u b i l i t i e s  among s t e r o i d a l  

drugs and t h e  d i f f e r e n c e  i n  t h i c k n e s s  f rom one membrane t o  ano the r ,  membrane 

p e r m e a b i l i t y  shou ld  be normal ized.  Normal ized p e r m e a b i l i t y  can be ob ta ined  

f rom t h e  f o l l o w i n g  t r e a t m e n t :  

F i c k s ' s  f i r s t  Law o f  d i f f u s i o n  can be w r i t t e n  as: 

J = drn/Adt = D(C1 - C,)/n. ( 7 )  

where C1 and C 2  a r e  t h e  c o n c e n t r a t i o n s  i n  t h e  membrane a t  t h e  donor and 

r e c e p t o r  s ides ,  r e s p e c t i v e l y ;  k i s  t h e  t h i c k n e s s  o f  t h e  membrane, A i s  t h e  

s u r f a c e  area, dm/dt i s  t h e  amount o f  d r u g  permeated p e r  u n i t  t ime .  Th is  

equa t ion  assumes t h a t  t h e  aqueous boundary l a y e r s  on b o t h  s i d e s  o f  t h e  

membrane do n o t  have any s i g n i f i c a n t  e f f e c t  on t h e  t o t a l  t r a n s p o r t  process. 

The c o n c e n t r a t i o n  C 1  and C 2  can be determined f rom t h e  ( p o l y m e r / 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  K and t h e  c o n c e n t r a t i o n  C d  i n  t h e  donor s o l u t i o n  

o r  Cr  i n  t h e  r e c e p t o r  s o l u t i o n  as f o l l o w s :  

and s i n c e  s i n k  c o n d i t i o n s  a r e  ma in ta ined  i n  t h e  r e c e p t o r  s o l u t i o n ,  i . e . ,  

c =o; so r 

DKCd d m = a = -  
Adt d t  k 

(dQ/d t )  x k = DK Normal i z e d  Permeabi 1 i t y  = 
'd 

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

Apparent and I n t r i n s i c  Rates o f  Permeation: 

The fi v i t r o  permeat ion p r o f i l e s  o f  p roges te rone  d e r i v a t i v e s  ac ross  

po lyd ime thy l  s i  loxane (PDS) and polytrifluropropylmethyl s i  loxane (PTPM) a r e  

shown, r e s p e c t i v e l y ,  i n  F i g u r e  4 and 5. Apparen t l y ,  t h e  permeat ion o f  

progesterone and i t s  hydroxy d e r i v a t i v e s  across t h e  two types o f  s i l i c o n e  
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pOLYDlMETHYLSlLOXANE 

F i g u r e  4: 

500 

400 

I 

N p 
s - 
0 

m 

1CK 

C 
0 50 100 

TIME (HR) 

L i n e a r  r e l a t i o n s h i p  between t h e  c u m u l a t i v e  amount o f  p roges te rone  

d e r i v a t i v e s  permeat ing th rough  a u n i t  s u r f a c e  area o f  p o l y d i -  

m e t h y l s i l o x a n e  membrane ( Q )  and t i m e  ( t )  a t  37°C (membrane 

t h i c k n e s s  = 0.0127cm). 

membranes f o l l o w e d  t h e  membrane p e r m e a t i o n - c o n t r o l  l e d  process ( 1 5 ) .  As 

expected f rom E q .  9, t h e  cumu la t i ve  amount o f  progesterone d e r i v a t i v e  perme- 

a t e d  ( Q )  i s  a l i n e a r  f u n c t i o n  o f  t h e  t ime .  The r e s u l t s  i n  F i g u r e s  4 and 

5 suggest t h a t  p roges te rone  has t h e  h i g h e s t  permeat ion p r o f i l e  ac ross  t h e  

PDS and PTPM membranes; and f o l l o w i n g  t h e  a d d i t i o n  o f  OH groups, t h e  perme- 

a t i o n  p r o f i l e  o f  progesterone decrease. The magnitude o f  r e d u c t i o n  appears 

t o  be dependent upon t h e  number and p o s i t i o n  o f  OH groups added. 

The r a t e  o f  permeat ion can be e s t i m a t e d  f rom t h e  s lope  o f  Q v s . t  p l o t s  

( F i g .  4 and 5 ) .  The r a t e s  o f  permeat ion so o b t a i n e d  a r e  t h e  apparent  perme- 

a t i o n  r a t e s  and they  can be conver ted  t o  t h e  i n t r i n s i c  permeat ion r a t e s  
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POLMqlFl UOROPROPYLMETHYLSlLOXANF 

Figure 5: Linear r e l a t ionsh ip  between the cumulative amount of progesterone 

der iva t ives  permeating t h r o u g h  a un i t  surface area of po ly t r i -  

fluoromethylsiloxane membrane (Q) and time ( t )  a t  37°C (membrane 

thickness = 0.0254~111). 

by using E q .  6. The deviation of the  apparent permeation r a t e  from the  

i n t r i n s i c  r a t e  of permeation was found t o  be mostly s i g n i f i c a n t  f o r  

progesterone with a cor rec t ion  f a c t o r  of 0.35 (Figure 6), while i t  became 

l e s s  s ign i f i can t  f o r  the hydroxyl de r iva t ives  o f  progesterone (Table 2 ) ,  

e spec ia l ly  when two o r  more OH groups were added. The reason f o r  t h i s  

apparently l i e s  i n  t he  f a c t  t h a t  progesterone i s  a l i p o p h i l i c  molecule 

w i t h  high permeability across the  hydrophobic s i l i cone  membrane, so i t s  

mass t r a n s f e r  process across the  hydrodynamic d i f fus ion  layer  on the  membrane 

surface plays a s ign i f i can t  r a t e - l imi t ing  r o l e .  By addition of OH groups, 

t he  progesterone molecule becomes more hydrophilic in na ture ,  so the  ra te -  
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1400 i PROGESTERONE 

INTRINSIC I r 0.351 

TIME (HR) 

F i g u r e  6 :  L i n e a r  r e l a t i o n s h i p  between t h e  cumu la t i ve  amount o f  progesterone 

permeat ing th rough  p o l y d i m e t h y l s i l o x a n e  membrane (Q) and t i m e  

( t )  a t  37°C. I t  compares t h e  i n t r i n s i c  and apparent  permeat ion 

p r o f i l e s ,  which have a c o r r e c t i o n  f a c t o r  (Y) o f  0.35.  

l i m i t i n g  r o l e  o f  mass t r a n s f e r  process becomes s m a l l e r  i n  t h e  whole process 

o f  membrane permeation. 

E f f e c t  o f  hydroxy groups 

The da ta  i n  Table 2 show t h a t  as more hydroxy groups a r e  added t o  

t h e  progesterone molecule,  t h e  r a t e  o f  permeat ion decreases. T h i s  r e d u c t i o n  

was observed t o  be a f u n c t i o n  o f  t h e  number and t h e  l o c a t i o n  o f  hydroxy 

groups. A hydroxy group a t  e i t h e r  t h e  1 1 ~ -  o r  1 7 ~ ~ - p o s i t i o n  has t h e  most 

d r a s t i c  e f f e c t  on the  permeat ion r a t e  o f  progesterone ac ross  s i l i c o n e  

membrane. A d d i t i o n  o f  two hydroxy groups f u r t h e r  reduced t h e  r a t e  o f  

membrane permeation. When a t h i r d  hydroxy group was added, t h e  r a t e  o f  

permeat ion was decreased fu r the rmore .  T h i s  r e d u c t i o n  i n  t h e  r a t e  o f  
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TABLE 2: E f f e c t  o f  hydroxy group on c o r r e l a t i o n  between apparent  and i n t r i n s i c  

r a t e s  o f  membrane permeat ion 

Progesterone 
D e r i v a t i v e s  RATE OF PERMEATION (pg/cm*/hr) 

Apparent I n t r i n s i c  

I 

11 

I 1 1  

I V  

V 

V I  

V I  I 

33.70 

18.07 

1.66 

1.50 

0.55 

0.47 

0.32 

96.3 

19.1 

1.68 

1.56 

0.55 

0.47 

0.32 

permeat ion can be e x p l a i n e d  by examining Eq. (ll), which i s  i n t e g r a t e d  

f rom Eq. ( 2 )  f o l l o w e d  by s u b s t i t u t i o n  w i t h  CsK1 = Cp. 

C D  

t -  II 
(4) z p m  

Equat ion 11 suggests t h a t  t h e  r e d u c t i o n  i n  (Q/t), i n  response t o  t h e  

a d d i t i o n  o f  hydroxy groups cou ld  be a r e s u l t  o f  t h e  changes i n  polymer 

d i f f u s i v i t y  (D,) o r  polymer s o l u b i l i t y  ( C  ) .  I n  theo ry ,  t h e  a d d i t i o n  o f  

hydroxy groups i nc reases  t h e  h y d r o p h i l  i c i t y  and m o d i f i e s  t h e  s tereochemical  

c o n f i g u r a t i o n  o f  progesterone.  I n  t h e  p r e s e n t  s tudy,  t h e  a d d i t i o n  o f  hydroxy 

groups t o  progesterone i s  expected t o  decrease b o t h  Dm and C va lues,  w h i l e  

t h e  s o l u b i l i t y  i n  t h e  aqueous PEG s o l u t i o n  (Cs)  w i l l  be increased.  The 

inc rease  i n  C s  and t h e  decrease i n  C a r e  a p p a r e n t l y  r e l a t e d  t o  t h e  i nc reased  

h y d r o p h i l i c i t y  o f  p roges te rone  molecule due t o  t h e  a d d i t i o n  o f  h y d r o p h i l i c  

hydroxy groups. 

P 

P 

P 
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The p a r t i t i o n  c o e f f i c i e n t  o f  most drugs can be p r e d i c t e d  reasonab ly  

w e l l  by u s i n g  t h e  group c o n t r i b u t i o n  approach (21, 22). T h e o r e t i c a l l y ,  

t h e r e  should be a p r o g r e s s i v e  i nc rease  i n  t h e  p a r t i t i o n  c o e f f i c i e n t  toward 

aqueous s o l u t i o n  i n  response t o  t h e  a d d i t i o n  o f  more hydroxy groups t o  

t h e  progesterone molecule.  S ince p a r t i t i o n i n g  i s  a process i n v o l v i n g  molec- 

u l a r  e q u i l i b r i u m  a t  i n t e r f a c e ,  a p a r t i t i o n  c o e f f i c i e n t  i s ,  t h e r e f o r e ,  an 

e q u i l i b r i u m  cons tan t  d i r e c t l y  r e l a t e d  t o  t h e  s tandard f r e e  energy (aF ) 

o f  d e s o r p t i o n  ( 1 5 ) .  KOBS ( p a r t i t i o n  c o e f f i c i e n t  o f  p roges te rone  and i t s  

hyd roxy l  d e r i v a t i v e s )  i s  t h e o r e t i c a l l y  r e l a t e d  t o  A Fd f o r  a mo lecu le  as 

p a r t i t i o n i n g  f rom t h e  polymer phase i n t o  t h e  aqueous e l u t i o n  s o l u t i o n :  

d 

aFd = -RT I n  KOBS ( 1 2 )  

I t i s  assumed ( 1 5 )  t h a t  aFd can be expressed a d d i t i v e l y  i n  terms o f  t h e  

i n d i v i d u a l  c o n t r i b u t i o n s  o f  t h e  nonpo la r  p roges te rone  s k e l e t o n  (A F ) and 

t h e  p o l a r  hydroxy group (AFoH); then, 
P 

aFd = A F + n (aFOH) 
P 

I t  i s  a l s o  known t h a t :  

P 
AFp = - RT I n  K 

where K i s  t he  ( s o l u t i o n l p o l y m e r )  p a r t i t i o n  c o e f f i c i e n t  f o r  p roges te rone  

i t s e l f .  
P 

Combining Equat ions (12)  - ( 1 4 )  y i e l d s :  

n (AFOH)  
log KOBS = log Kp - 2,303 RT 

Equa t ion  15 suggests t h a t  KOBS va lues a r e  f i r s t  o r d e r  dependent upon t h e  

number o f  hydroxy groups ( n )  on t h e  p roges te rone  molecule.  F i g u r e  7 shows 

t h a t  t h i s  i s  t h e  case. 

KOBS f o r  monosubs t i t u ted  hydroxy p roges te rone  i s  a1 so dependent on 

t h e  s u b s t i t u e n t  hydroxy group p o s i t i o n  (Table 3 )  f rom t h e  f o l l o w i n g  r e l a t i o n -  

s h i p :  
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SILICONE ELASTCMERS. I. 31 7 

A FOH = -2.303 RT (Log  KOBS - Log KP) 

The 

-1.830, -2.993 Kcal /mole,  r e s p e c t i v e l y ,  a t  37°C. 

aFOH v a l u e s  f o r  21-OH, 17a-OH, and l la -OH were e s t i m a t e d  t o  be -1.362, 

A 1 i n e a r  r e l a t i o n s h i p  e x i s t s  between t h e  i n t r i n s i c  r a t e  o f  pe rmea t ion  

and t h e  po lymer  s o l u b i l i t y  o f  p r o g e s t e r o n e  d e r i v a t i v e s  ( F i g u r e  8) .  T h i s  

i s  z o n s i s t e n t  w i t h  t h e  t h e o r e t i c a l  t r e a t m e n t  i n  E q u a t i o n  11. 

E f f e c t  o f  s i l i c o n e  s t r u c t u r e  

The p h y s i c a l  and mechanica l  p r o p e r t i e s  o f  s i l o c o n e  po lymers  a f f e c t  

t h e i r  p e r m e a b i l i t y .  The energy  o f  a c t i v a t i o n  o f  v i s c o u s  f l o w ,  w h i c h  i s  

d e f i n e d  as t h e  energy  r e q u i r e d  t o  make a h o l e  f o r  t h e  po lymer  segment, 

3 

2 

- 
0) 

8 1  

3 

Y 
1 

0 

0 

-1 

0 1 2 3 
N 

F i g u r e  7: Dependence o f  Log Kobs, ( s o l u t i o n / p o l y m e r )  p a r t i t i o n  c o e f f i c i e n t ,  

on t h e  number o f  h y d r o x y  groups (N) on p r o g e s t e r o n e  m o l e c u l e .  
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TABLE 3: Ef fect  o f  hydroxy group on s o l u b i l i t y  i n  40% PEG 400 s o l u t i o n  

( C s ) ,  s o l u b i l i t y  i n  s i l i c o n e  f l u i d  ( C  ) ,  and s o l u t i o n / p o l y m e r  

p a r t i t i o n  c o e f f i c i e n t s  ( K o s s )  o f  p roges te rone  
P 

Progesterone 
D e r i v a t i v e s  

I 

I 1  

I 1 1  

I V  

V 

V I  

V I  I 

SOLUBILITY~), (pg/ml _+ SD) 

c s  - 

198 f 16.8 606.9 * 9.9 

1192 * 26.8 197.9 f 12.5 

813.2 f 10.2 10.4 * 0.74 

336.7 f 5.4 29.7 2 1.05 

899 * 45.1 1.63 f 0 .21  

460.4 * 29.1 1.13 f 0 .12  

2271 f 63 .1  4.57 f 0.25 

0.33 

6.02 

78.19 

11.34 

551.53 

407.43 

496.94 

( 1 )  A t  37°C 

( 2 )  Number o f  hyd roxy l  groups 

v a r i e s  f r o m  one t y p e  o f  s i l i c o n e  e las tomer  t o  ano the r .  I t  was found t h a t  

as t h e  a l k y l  c h a i n  i nc reases  i n  l e n g t h ,  t h e  energy va lues  would i n c r e a s e  

(23 ) .  T h i s  means t h a t  as t h e  pendant s i d e  group inc reases  i n  s i z e  and/or  

p o l a r i t y ,  t h e  cohesive energy d e n s i t y  i nc reases .  PDS and PTPM have d i f f e r e n t  

p o l a r i t i e s :  PTPM has a h i g h e r  p o l a r  component a r i s i n g  f r o m  t h e  v e r y  p o l a r  

CF3CH2CH3. Th is  p o l a r i t y  makes i t  r e l a t i v e l y  more h y d r o p h i l i c .  R e s u l t s  

i n d i c a t e d  t h a t  t h e  permeat ion o f  p roges te rone  d e r i v a t i v e s  th rough  PDS 

membrane i s  h i g h e r  t h a n  th rough  PTPM membrane (Tab le  4 ) .  The most 

s i g n i f i c a n t  e f f e c t  was observed f o r  p roges te rone  s ince  i t  i s  t h e  most 
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10-1 I 
1 10 100 

$1 ugml J 

Figure 8: Dependence of intrinsic rate o f  permeation on the polymer solu- 

bility (C ) of progesterone derivatives in the silicone fluid 

at 37°C. 
P 

TABLE 4 - Effect of polymer composition on normalized permeability* 

Progesterone 
Der i vat i ves PDS (cm2/hr) 

I 30.4 

I1 3.30 

111 2.91 

IV 6 .97 

VI 1 .94  

V 9 .15  x 

VII 2.64 x l om6  

PTPM ( cm2/hr) 

2.57 

1.99 

2.60 

5.39 

1.53 

7.49 x 

1.70 x lom6 

Ratio 

11.97 

1.66 

1.12 

1.29 

1.22 

1.27 

1.55 

*Permeabililty coefficient x membrane thickness 
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TIME (HR 

F i g u r e  9: E f f e c t  o f  temperature on t h e  permeat ion p r o f i l e s  o f  p roges te rone  

across p o l y d i m e t h y l s i l o x a n e  membrane. 

non -po la r  i n  t h i s  s e r i e s  o f  compounds i n v e s t i g a t e d .  The d a t a  i n  Table 

4 a l s o  show t h a t  t h e  e f f e c t  o f  hydroxy group f o l l o w s  t h e  same p a t t e r n  i n  

b o t h  t ypes  o f  membranes, i . e . ,  t h e  r a t e  o f  permeat ion depends on t h e  l o c a t i o n  

o f  hydroxy group and decreases w i t h  t h e  number o f  hydroxy groups. 

E f f e c t  o f  temperature 

The r a t e  o f  permeat ion th rough  membranes was observed t o  i n c r e a s e  

w i t h  temperature.  The temperature dependence o f  Q/t va lues  i s ,  

t h e o r e t i c a l l y ,  l i n k e d  t o  two e n e r g y - a c t i v a t e d  processes:  s o l v a t i o n  and 

d i f f u s i o n  o f  d rug  molecules and i s  d e f i n e d  by t h e  f o l l o w i n g  r e l a t i o n s h i p  

( 1 5 ) :  

Eh + AHT, S 1 
Log ( Q / t )  = c o n s t a n t  - 2.303R T 

where E h  i s  t h e  a c t i v a t i o n  energy o f  d i f f u s i o n  and A H  i s  t h e  energy 

o f  s o l v a t i o n .  F i g u r e  9 shows t h a t  t h e  r a t e  o f  permeat ion i nc reases  w i t h  

T,S 
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POLYDIMETHYL SILOXANE MEMBRANE 
I 

POLYDIMETHYL SILOXANE MEMBRANE 

(WITH FILLER) 

VI I 

F i g u r e  10: L i n e a r  r e l a t i o n s h i p  between t h e  r a t e  o f  permeat ion of 

progesterone d e r i v a t i v e s  ( Q / t )  ac ross  t h e  p o l y d i m e t h y l  s i l o x a n e  

membrane and t h e  r e c i p r o c a l  o f  a b s o l u t e  temperature ( l / T ) .  

temperature and F i g u r e  10 demonstrates t h a t  a l l  t h e  r a t e  p r o f i l e s  follow 

t h e  A r rhen ius  r e l a t i o n s h i p .  Resu l t s  i n d i c a t e  t h a t  t h e  energy requi rements 

f o r  v a r i o u s  p roges te rone  d e r i v a t i v e s  l i e  i n  t h e  range o f  12.5-15.7 Kcal 

(Table 5) .  

CONCLUSION 

The apparent  and i n t r i n s i c  r a t e s  o f  permeat ion th rough  p o l y d i m e t h y l -  

s i l o x a n e  and polytrifluoropropylmethylsiloxane f o r  d i f f e r e n t  progesterone 

d e r i v a t i v e s  was determined. It was found t h a t  t h e  i n t r i n s i c  r a t e  o f  perme- 
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TABLE 5 - Energy r e q u i r e d  f o r  t h e  permeat ion o f  p roges te rone  and i t s  

h y d r o x y - s u b s t i t u t e d  d e r i v a t i v e s  th rough  p o l y d i m e t h y l s i l o x a n e  

Progesterone 
D e r i v a t i v e  

I 

I 1  

I11 

I V  

v 

V I  

V I  I 

(EH ' HT, S) 
( Kca 1 /Mol e ) 

14.43 

12.94 

15.72 

14.95 

13.85 

14.40 

12.48 

a t i o n  f o r  progesterone was most s i g n i f i c a n t l y  a f f e c t e d  by t h e  mass t r a n s f e r  

process i n  t h e  hydrodynamic d i f f u s i o n  l a y e r  and l e s s  s i g n i f i c a n t  i n  t h e  

hyd roxy l  d e r i v a t i v e s .  Th is  can be e x p l a i n e d  by t h e  f a c t  t h a t  t h e  

r a t e - l i m i t i n g  s teps  f o r  t h e  i n t r i n s i c  permeat ion a r e  t h e  r a t e  o f  membrane 

permeat ion and aqueous s o l u b i l i t y  o f  t h e  drug.  Progesterone has t h e  h i g h e s t  

r a t e  o f  permeation among t h e  s t e r o i d s  s t u d i e d  and has t h e  l o w e s t  aqueous 

s o l  u b i  1 i ty. 

H y d r o x y l a t i o n  was found t o  reduce t h e  permeat ion o f  p roges te rone  

s u b s t a n t i a l l y .  The magnitude o f  t h i s  r e d u c t i o n  depended on t h e  number 

and p o s i t i o n  o f  hydroxy groups and c o u l d  be a t t r i b u t e d  t o  decreased polymer 

s o l u b i l i t y  and inc reased  aqueous s o l u b i l i t y .  

Rates o f  permeat ion i nc rease  w i t h  temperature and f o l l o w  t h e  A r r h e n i u s  

r e l a t i o n s h i p .  The o v e r a l l  energy requ i remen ts  were found t o  be r e l a t i v e l y  

c o n s t a n t  and showed no dependence on t h e  e x t e n t  o f  h y d r o x y l a t i o n .  
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SILICONE ELASTOMERS. I. 32 3 

Rates o f  permeat ion were found t o  be h i g h e r  i n  p o l y d i m e t h y l s i l o x a n e  

than  i n  trifluoropropylmethylsiloxane. The most s i g n i f i c a n t  e f f e c t  was 

observed i n  progesterone.  Th is  can be a t t r i b u t e d  t o  a h i g h e r  p o l a r i t y  

o f  p o l y t r i  f 1 uo rop ropy lme thy l  s i  loxane. 
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