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ABSTRACT 

The e f f e c t  o f  d i f f u s i o n  boundary l a y e r s  i n  an fi v i t r o  membrane 

permeation system on t h e  membrane d i f f u s i v i t y  o f  drugs was i n v e s t i g a t e d  

based on t h e  t h r e e - l a y e r  model. A s imp le  method f o r  e v a l u a t i n g  t h e  

i n t r i n s i c  d i f f u s i v i t y  through t h e  membrane was developed and t h e  i n t r i n s i c  

d i f f u s i v i t y  o f  progesterone and t e s t o s t e r o n e  through a s i l i c o n e  membrane 

were determined u s i n g  t h i s  approach. 

INTRODUCTION 

The membrane d i f f u s i v i t y  o f  d rug  molecules has been f r e q u e n t l y  

determined from t h e  t ime- lag  method o f  Daynes[ 11: 

where i s  t h e  th i ckness  of membrane. to i s  t h e  t ime- lag ob ta ined  f rom t h e  
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1364 TOJO ET AL. 

T i m e  

F I G U R E  1 
H y p o t h e t i c a l  d r u g  pe rmea t ion  p r o f i l e s .  Keys: (- ) Apparen t  p r o f i l e  
w i t h  d i f f u s i o n  boundary l a y e r  e f f e c t ,  (-----) I n t r i n s i c  p r o f i l e  w i t h o u t  
d i f f u s i o n  boundary l a y e r  e f f e c t .  

X-axis i n t e r c e p t  o f  t h e  r e l e a s e  p r o f i l e ( F i g .  1) .  E q u a t i o n (  1 )  i s  a p p l i c a b l e  

o n l y  when an i d e a l  f l o w  c o n d i t i o n ,  i.e., no d i f f u s i o n  boundary l a y e r  

r e s i s t a n c e  and under  a s i n k  c o n d i t i o n  i s  ma in ta ined ,  i n  a membrane 

pe rmea t ion  system. I f  t h e  boundary l a y e r  r e s i s t a n c e  t o  d r u g  t r a n s p o r t  i s  

a p p r e c i a b l e  i n  t h e  membrane pe rmea t ion  system, 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  on t h e  t i m e - l a g  must a l s o  be t a k e n  i n t o  accoun t  i f  one 

i n t e n d s  t o  de te rm ine  t h e  t r u e (  i n t r i n s i c )  v a l u e  o f  membrane d i f f u s i v i t y .  

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  p r e s e n t  a s i m p l e  method f o r  t h e  

e v a l u a t i o n  o f  i n t r i n s i c  t i m e - l a g  and i n t r i n s i c  d i f f u s i v i t y  t h r o u g h  a 

p o l y m e r i c  membrane. A s  t h e  example, t h e  i n t r i n s i c  d i f f u s i v i t y  o f  

p r o g e s t e r o n e  and t e s t o s t e r o n e  i s  o b t a i n e d  by c o r r e c t i n g  t h e  apparen t  

d i f f u s i v i t y  u s i n g  t h e  p r e s e n t  approach. 

CORRECTION METHOD 

The apparen t  t i m e  l a g  tw f o r  d r u g  pe rmea t ion  t h r o u g h  a membrane w i t h  

two  d i f f u s i o n  boundary l a y e r  on each s u r f a c e  o f  t h e  membrane, as shown i n  

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.



MEMBRANE-MODERATED CONTROLLED RELEASE 

DONOR MEMBRANE RECEPTOR 
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F I G U R E  2 
C o n c e n t r a t i o n  p r o f i l e  o f  d r u g  i n  a membrane pe rmea t ion  system. Same 
e l u t i o n  medium and same i n t e n s i t y  o f  f l u i d  m i x i n g  a r e  m a i n t a i n e d  i n  t h e  
donor  and r e c e p t o r  compartments.  

Fig.2,  can be r e p r e s e n t e d  by Eq.(2) based on t h e  t h r e e - l a y e r  mode l [2 ] :  

k m I  
2 + -  

t w =  "' 

OmK 
where DS= t h e  d r u g  d i f f u s i v i t y  i n  t h e  donor  and r e c e p t o r  s o l u t i o n s ,  

D = t h e  d r u g  d i f f u s i v i t y  i n  t h e  polymer membrane, m 

k = t h e  mass t r a n s f e r  c o e f f i c i e n t  wh ich  i s  d e f i n e d  as Ds/h, m 

P = t h e  t h i c k n e s s  o f  membrane, 

K = t h e  p a r t i t i o n  c o e f f i c i e n t ( =  Csolution /C membrane). 

I f  t h e  r e s i s t a n c e  t o  t h e  d r u g  t r a n s p o r t  ac ross  t h e  d i f f u s i o n  boundary 

l a y e r s  i s  n e g l i g i b l e ,  Eq.(2) can be s i m p l i f i e d  t o :  

2 
to = l i m  (t,) = - 9, 

km- OD 6% 
( 3 )  

where to i s  d e f i n e d  as t h e  i n t r i n s i c  t ime- lag .  

From Eqs.(2) and (3) ,  t h e  r a t i o  o f  t h e  t i m e - l a g s  (to/tw) i s  

r e p r e s e n t e d  b y  
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1366 T O J O  ET AL. 

where 

( 6 )  
2 B = D,/(tw$,, 1 

and (dQ/dt ) i ,  t h e  i n t r i n s i c  r a t e  o f  permeat ion,  can be e v a l u a t e d  i f  an 

apparen t  s t e a d y - s t a t e  r a t e  o f  pe rmea t ion  i s  o b t a i n e d  i n  an fi v i t r o  

membrane pe rmea t ion  system, i n  wh ich  t h e  hydrodynamics i s  f u l l y  c a l i b r a t e d  

and t h e  mass t r a n s f e r  c o e f f i c i e n t  km i s  a v a i l a b l e [ 3 ] .  

EXPERIMENTAL 

The pe rmea t ion  o f  p r o g e s t e r o n e  and t e s t o s t e r o n e  t h r o u g h  s i l i c o n e  

(PDMS) membrane w i t h  and w i t h o u t  f i l l e r  was i n v e s t i g a t e d  by u s i n g  a 

r e c e n t l y  developed fi v i t r o  membrane pe rmea t ion  systern(F ig.3) .  The 

t h i c k n e s s  and t h e  f i l l e r  c o n t e n t  i n  t h e  membrane were v a r i e d  and b o t h  t h e  

t i m e - l a g  and t h e  s t e a d y - s t a t e  r a t e  o f  pe rmea t ion  were measured. The 

membrane was mounted between t h e  two h a l f - c e l l s  o f  t h e  membrane p e r m e a t i o n  

system. A 170ml o f  40% v / v  aqueous PEG 400 s o l u t i o n  w i t h o u t  d r u g  was 

f i l l e d  i n t o  t h e  r e c e p t o r  compartment, and a d r u g  suspens ion  i n  t h e  same 

valume o f  aqueous PEG 400 s o l u t i o n  was added i n t o  t h e  donor  compartment. 

A t  each o f  t h e  p rede te rm ined  t i m e  i n t e r v a l s ,  a sample was w i t h d r a w n  and 

ana lyzed  by a U V / V I S  spec t ropho tomete r .  The t i m e - l a g  and t h e  s t e a d y - s t a t e  

r a t e  o f  pe rmea t ion  were t h e n  de te rm ined  f r o m  t h e  Q vs. t p r o f i l e s .  The 

d e t a i l s  o f  e x p e r i m e n t a l  s e t u p  and i t s  p rocedure  were d e s c r i b e d  i n  o u r  

p r e v i o u s  paper [3 ] .  

RESULTS AND DISCUSSION 

The s t e a d y - s t a t e  r a t e  o f  pe rmea t ion  and t h e  t i m e - l a g  o b t a i n e d  

e x p e r i m e n t a l l y  a r e  l i s t e d  i n  Tab le  1. 
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MEMBRANE-MODERATED CONTROLLED RELEASE 1367 
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FIGURE 3 
Membrane p e r m e a t i o n  sys tem used i n  t h i s  i n v e s t i g a t i o n .  The s o l u t i o n  i n  
donor  and r e c e p t o r  c e l l  i s  m a i n t a i n e d  i n  a t o t a l l y  e n c l o s e d  e n v i r o n m e n t  - 
f o r  t e m p e r a t u r e  s t a b i l i t y  and f o r  m i n i m i z a t i o n  o f  volume l o s s  t o  s o l v e n t  
e v a p o r a t i o n .  Water -Jacketed  c e l l s  a l l o w  i s o t h e r m a l  c o n t r o l  w i t h  e x t e r n a l  
c i r c u l a t i n g  w a t e r  ba ths .  

The i n t r i n s i c  and a p p a r e n t  d i f f u s i v i t i e s  c a l c u l a t e d  f r o m  Eqs. (2 )  and 

( 3 )  u s i n g  t h e  i n t r i n s i c  t i m e - l a g  and t h e  a p p a r e n t  t ime- lag ,  r e s p e c t i v e l y ,  

a r e  compared i n  F ig .4  f o r  p r o g e s t e r o n e  and i n  F i g . 5  f o r  t e s t o s t e r o n e ,  as a 

f u n c t i o n  o f  membrane t h i c k n e s s .  As can be seen f r o m  Fig.4,  f o r  t h e  

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

i ndependen t  o f  t h e  membrane t h i c k n e s s .  The a p p a r e n t  d i f f u s i v i t y  o f  

p r o g e s t e r o n e  f o r  b o t h  f i l l e d  and f i l l e r l e s s  membranes was obse rved  t o  

i n c r e a s e  as t h e  membrane t h i c k n e s s  i n c r e a s e d .  T h i s  i s  m a i n l y  due t o  t h e  

decreased c o n t r i b u t i o n  o f  d i f f u s i o n  boundary  l a y e r  r e s i s t a n c e  as i n c r e a s i n g  
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1368 TOJO ET AL.  

TABLE 1 

Rate o f  d rug  permeat ion and t ime- lag th rough  s i l i c o n e  membrane. 

Membrane th i ckness (cm1 

0.025 0.16 0.27 
F i l l e r  con ten t (% w/w)  Drug* 

Rate o f  permeation(ug/cm2-hr) 

0 P 32.2 10.2 6.02 

T 10.1 2.01 1.25 

10 P 29.1 9.16 5.60 

T 6.34 1.46 0.88 

23.4 P 16.9 7.10 4.26 

T 4.57 1.20 0.68 

Time-lag(sec x ~ O - ~ )  

0 P 0.36 11.5 14.6 

T 0.32 9.43 22.7 

10 P 0.71 15.3 32.4 

T 0.58 20.2 41.0 

23.4 P 3.42 26.2 51.7 

T 0.94 23.8 59.0 

*) P: progesterone, T: t es tos te rone .  

t h e  membrane th ickness.  The c o r r e c t e d  d i f f u s i v i t y  o f  progesterone th rough  

f i l l e r l e s s  membrane, however, was a lmost  independent o f  t h e  membrane 

th i ckness  and p r o v i d e d  t h e  i n t r i n s i c  d i f f u s i v i t y .  The c o r r e c t e d  

d i f f u s i v i t y  o f  progesterone through t h e  membrane w i t h  low f i l l e r  

con ten t (  10%) was a l s o  e s s e n t i a l l y  unchanged by t h e  membrane th i ckness ,  

w h i l e  t h e  d i f f u s i v i t y  o f  progesterone through t h e  membrane w i t h  h i g h  f i l l e r  

content(23.4%) i nc reased  s i g n i f i c a n t l y  as i n c r e a s i n g  t h e  membrane 

th i ckness .  T h i s  f i n d i n g  i m p l i e s  t h a t  t h e  a d s o r p t i o n  process of d rug  
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lo@, i 1 2 3 

Membrane thickness (mm) 

F I G U R E  4 
E f f e c t  o f  membrane t h i c k n e s s  on t h e  p r o g e s t e r o n e  d i f f u s i v i t y  t h r o u g h  
s i l icone(PDMS) membrane. Keys: (0 ) w i t h o u t  f i l l e r ,  ( 0 )  w i t h  f i l l e r ( l O %  
w/w) .  ( A )  w i t h  f i l l e r ( 2 3 . 4 2  w/w). (-) Apparent  d i f f u s i v i t y  based on 
tw, (-----) C o r r e c t e d  ( i n t r i n s i c )  d i f f u s i v i t y  based on t 0’ 

FIGURE 5 
E f f e c t  o f  membrane t h i c k n e s s  on t h e  t e s t o s t e r o n e  d i f f u s i v i t y  t h r o u g h  
s i l icone(PDMS) membrane. Keys: (0 ) w i t h o u t  f i l l e r ,  ( 0  ) w i t h  f i l l e r ( l O %  
w / w ) ,  (- ) Apparen t  d i f f u s i v i t y  based on 
tw, (-----I c o r r e c t e d  ( i n t r i n s i c )  d i f f u s i v i t y  based on to. 

(A) w i t h  f i l l e r ( 2 3 . 4 %  w / w ) .  
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1370 TOJO ET AL. 

3 
0.11 " ~ ' J " ' i ' " ' ' J  
0 1 2 

Membrane thickness Imml 

FIGURE 6 
E f f e c t  o f  membrane t h i c k n e s s  on t h e  s o l u b i l i t y  o f  p r o g e s t e r o n e  and 
t e s t o s t e r o n e ,  c a l c u l a t e d  f r o m  Eq . (7 ) ,  i n  PDMS membrane w i t h o u t  f i l l e r .  
Keys: (0) proges te rone ,  ( 0 )  t e s t o s t e r o n e .  

mo lecu les  o n t o  t h e  s u r f a c e  o f  f i l l e r  p a r t i c l e s  m i g h t  a l s o  need t o  be  

c o n s i d e r e d  f o r  t h e  polymer membrane w i t h  h i g h  f i l l e r  c o n t e n t .  

On t h e  o t h e r  hand, t h e  e f f e c t  o f  hydrodynamics o f  t h e  v i t r o  

membrane pe rmea t ion  system on t h e  t e s t o s t e r o n e  d i f f u s i v i t y  was r e l a t i v e l y  

i n s i g n i f i c a n t  and an apparen t  d i f f u s i v i t y  can be c o n s i d e r e d  a p p r o x i m a t e l y  

equa l  t o  t h e  i n t r i n s i c  d i f f u s i v i t y ( F i g . 5 ) .  T h i s  o b s e r v a t i o n  i s  a p p a r e n t l y  

due 

sma 

s i  1 

t o  t h e  f a c t  t h a t  t h e  p a r t i t i o n  c o e f f i c i e n t  o f  t e s t o s t e r o n e  i s  marked ly  

l e r  t h a n  t h a t  o f  p r o g e s t e r o n e [ 3 ] .  

The s o l u b i l i t y  o f  p r o g e s t e r o n e  and t e s t o s t e r o n e  i n  t h e  f i l l e r l e s s  

cone membrane can be  c a l c u l a t e d  f r o m  t h e  i n t r i n s i c  s t e a d y - s t a t e  r a t e  o f  

permeat on and t h e  i n t r i n s i c  d i f f u s i v  t y :  

The r e s u l t s  a r e  p l o t t e d  as a f u n c t i o n  o f  membrane t h i c k n e s s  i n  F ig .6.  The 

s o l u b i l i t y  c a l c u l a t e d  appears t o  be r a t h e r  i ndependen t  o f  t h e  v a r i a t i o n  i n  

membrane t h i c k n e s s .  I t  i s  a l s o  i n t e r e s t i n g  t o  obse rve  t h a t  t h e  mean 

s o l u b i l i t y  v a l u e s  (567ug/rnl f o r  p r o g e s t e r o n e  and 186pg/m1 f o r  t e s t o s t e r o n e )  

a r e  i n  good agreement w i t h  t h e  s o l u b i l i t i e s  de te rm ined  i n d e p e n d e n t l y  i n  t h e  

s i l i c o n e  med ica l  f l u i d  (594ug/ml f o r  p r o g e s t e r o n e [ 4 ]  and 156pg/m1 f o r  

t e s t o s t e r o n e [  51) .  
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CONCLUSION 

A s i m p l e  method f o r  t h e  e v a l u a t i o n  o f  i n t r i n s i c  t i m e - l a g  was deve loped  

f r o m  t h e  t h r e e - l a y e r  f i l m  t h e o r y .  The d i f f u s i v i t i e s  o f  p r o g e s t e r o n e  and 

t e s t o s t e r o n e  t h r o u g h  s i l i c o n e  membrane w i t h  and w i t h o u t  f i l l e r  were w e l l  

e x p l a i n e d  i f  t h e  f i l l e r  c o n t e n t  i s  sma l l (< lO%) .  F o r  t h e  membrane w i t h  h i g h  

f i l l e r  con ten t (23 .4%) ,  t h i n  membrane gave a d i f f u s i v i t y  wh ich  i s  

a p p r e c i a b l y  l o w e r  t h a n  t h a t  c o r r e c t e d  f o r  t h e  t h i c k e r  membrane. T h e r e f o r e ,  

t h i s  approach s h o u l d  be  a p p l i e d  c a r e f u l l y  i n  t h e  membrane w i t h  a t h i c k n e s s  

o f  g r e a t e r  t h a n  0.16cm and h i g h  f i l l e r  c o n t e n t  (>23.4% w / w > .  
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