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SUMMARY 

The permeation o f  testosterone analogs through silicone membranes 

was studied. The variation in the lipophilicity of testosterone molecules 

was accomplished by the addition or elimination of methyl group and the 

formation of ester. Furthermore, the effects of replacing one o f  the CH3 

groups on the dimethylsiloxane unit in the silicone polymer chains by a 

polar CH2CH2CF3 group, which changes polymer characteristics and thus affects 

the membrane permeability, was investigated as well. It was found that 

3 2 1  
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568 ZATZ,  F I G L E R ,  AND L I V E R 0  

po ten t i a l  which m i g h t  prevent f l o c c u l a t i o n  a1 toge the r .  This  

can lead t o  caking.  The lowest concen t r a t ion  e f f e c t i v e  i n  prevent-  

ing coagulum formation should be used. 

Suspensions made from a f l u i d  aluminum hydroxide concen t r a t ion  

were easy  t o  r ed i spe r se  a f t e r  six weeks of  s to rage .  The sedimenta- 

t i o n  volume was 0.64.  Addition of 0 . 2 %  xanthan gum r a i s e d  the 

sedimentat ion volume t o  a value o f  1.0. There was no evidence 

o f  coagulum formation i n  t h i s  system. 
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S I L I C O N E  ELASTOMERS. 11. 329  

elastomer t o  s t e ro ids  has been widely applied to  the  development of 

drug- f i l l ed  s i l i cone  capsules ( 6 )  and drug-dispersed s i l i cone  matr ces 

( 7 )  f o r  long-acting hormonal contraception. Although a number of 

inves t iga t ions  have been i n i t i a t e d  t o  study the  permeation o f  various 

s t e r o i d s ,  including tes tos te rone ,  across the  s i l i cone  membrane (8)  under 

various conditions,  a review of the l i t e r a t u r e  has revealed t h a t  no systemic 

study has been i n i t i a t e d  t o  quan t i t a t e  the e f f e c t s  o f  s t e ro ida l  s t ruc tu re  

and polymer composition on the  k ine t ics  and thermodynamics o f  membrane 

permeation. 

One of the objec t ives  f o r  this s e r i e s  o f  s tud ie s  i s  t o  e s t a b l i s h  the 

quan t i t a t ive  re la t ionship  among membrane permeabili ty,  s t e ro ida l  s t ruc tu re  

and polymer composition. In t h i s  second repor t ,  both the k ine t ics  and 

thermodynamics f o r  the  membrane permeation of tes tos te rone  der iva t ives  

wi l l  be analyzed quan t i t a t ive ly .  

E XPE R I MENTA L 

Materials 
1 

1 1 2 
17 a -methyltestosterone , 

t es tos te rone  ace t a t e  , t es tos te rone  propionate , t es tos te rone  pentanoate , 

t es tos te rone  heptanoate , t es tos te rone  cyclohexanoate , t es tos te rone  

cypionate , t es tos te rone  benzoate , polyethylene glycol ( P E G )  4003 a n d  

s i l i cone  f l u i d 4  were used a s  received. S i l icone  (polydimethylsiloxane, 

polytrifluoropropylmethyl s i  loxane) membranes were custom prepared . 

1 19-nortestosterone , 1 Testosterone 

1 2 

1 1 

4 

Determination of So lub i l i t y  

The s o l u b i l i t y  of tes tos te rone  a n d  i t s  analogs in e i t h e r  40% aqueous 

PEG 400 so lu t ion  o r  s i l i cone  f l u i d  was determined by equ i l ib ra t ing  a n  excess 

amount of a s t e ro id  i n  each medium a t  a spec i f i c  temperature with constant 

shaking f o r  48 hours. The sample was then withdrawn from each medium using 
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330 SUN, T O J O ,  AND C H I E N  

a preheated s y r i n g e  equipped w i t h  0.45 pm f i l t e r .  The s t e r o i d  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 by UV s p e c t r ~ p h o t o m e t r y ~  f rom t h e  peak 

absorbance a t  245 nm. Fo r  t h e  samples f rom t h e  s i l i c o n e  f l u i d ,  t h e  f i l t r a t e s  

were f i r s t  e x t r a c t e d  w i t h  methanol and then  assayed by UV spec t ropho tomet r i c  

measurements . 

Permeation throuqh S i l i c o n e  Membrane 

To s tudy  t h e  membrane permeat ion k i n e t i c s  o f  t e s t o s t e r o n e  and i t s  

analogs, a hydrodynamical ly  w e l l - c a l i b r a t e d  Ghannam-Chien membrane permeat ion 

system ( 9 )  was used. A f t e r  assembling t h e  s i l i c o n e  membrane between t h e  

donor and r e c e p t o r  compartments, a suspension o f  s t e r o i d  i n  40% aqueous 

PEG 400 s o l u t i o n  was added i n t o  t h e  donor compartment and t h e  aqueous medium 

( w i t h  no d rug )  was f i l l e d  i n t o  t h e  r e c e p t o r  compartment. A t  each 

predetermined i n t e r v a l ,  10 m l  o f  r e c e p t o r  s o l u t i o n  was sampled and rep laced  

w i t h  t h e  same volume o f  f r e s h ,  d r u g - f r e e  PEG s o l u t i o n .  The s t e r o i d  

c o n c e n t r a t i o n  i n  t h e  sample was analyzed b y  UV spect rophotometry  f rom t h e  

peak absorbance a t  245 nm. 

THEORETICAL CONSIDERATIONS 

The p h y s i c a l  model f o r  membrane permeat ion process i s  shown i n  F i g u r e  

1. Assuming a pseudosteady-state i s  achieved and s i n k  c o n d i t i o n  i s  

mainta ined,  t h e  apparent  r a t e  o f  permeat ion t h u s  can be rep resen ted  by: 

where D = D i f f u s i v i t y  o f  t h e  d rug  th rough  t h e  po lymer i c  membrane 
P 

K1 = P a r t i t i o n  c o e f f i c i e n t  between t h e  donor phase and t h e  membrane 

K2 = P a r t i t i o n  c o e f f i c i e n t  between t h e  r e c e p t o r  phase and t h e  membrane 

kD = Mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  donor -s ide  boundary l a y e r  

kR = Mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  r e c e p t o r - s i d e  boundary l a y e r  

and a = Thickness o f  t h e  po lymer i c  membrane. 
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S I L I C O N E  ELASTOMERS. 11. 331 

Donor Membrane Receptor 

Figure 1: Physical model for the permeation across a polymeric membrane 

sandwiched between two aqueous diffusion layers. 

Rearranging Eqn (1) yields: 

4 =  KICs 

K1 !L K2 
dt 

- + - + -  
kD Dp kR 

where Kl/kD, a/Dp and K2/kR denote the resistances due to the donor-side 

boundary layer, membrane and receptor-side boundary layer, respectively. 

If the agitation of the solution medium is so vigorous that the 

diffusional resistance in the boundary layers on both donor and receptor 

sides of the polymeric membrane becomes negligible, Eqn (2) can be reduced 

to: 

The correction factor ( y  ) for the calculation of the intrinsic 

permeation rate (dQ/dt)m, which is defined as the permeation rate through 

a membrane with negligibly thin thickness of diffusional boundary layer, 

can be determined from the experimental data of apparent permeation rate 

(dQ/dt)obtained under non-ideal mixing condition: 
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332 SUN, TOJO, AND CHIEN 

where CL = kR/kD, B = K2/K1, t h e  Sherwood number (ShR) i s  a d imens ion less  

parameter which c h a r a c t e r i z e s  t h e  hydrodynamics o f  t h e  membrane permeat ion 

system and d i s  t h e  c h a r a c t e r i s t i c  d iamete r  o f  t h e  s t i r r e r  used. DS i s  

d i f f u s i v i t y  o f  t h e  drug i n  t h e  aqueous medium. 

For  t h e  s p e c i a l  case when t h e  same aqueous medium and same a g i t a t i o n  

speed a r e  used i n  t h e  donor and r e c e p t o r  compartments, Eqn. ( 4 )  can be 

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

The i n t r i n s i c  r a t e  o f  membrane permeation, 

where ( d Q / d t )  i s  t h e  apparent  permeat ion r 

i s  t h u s  o b t a i n e d  

d i n  t h e  exper im 

E f f e c t  o f  S t e r o i d a l  S t r u c t u r e  M o d i f i c a t i o n  on L i p o p h i l i c i t y  

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

by : 

( 6 )  

n t .  

The s t r u c t u r e s  o f  t e s t o s t e r o n e  and i t s  analogs used i n  t h e  i n v e s t i g a t i o n  

a r e  shown i n  Table I .  I t  has been known t h a t  t h e  chemical m o d i f i c a t i o n  

o f  s t e r o i d  r e a d i l y  r e s u l t s  i n  t h e  change o f  p h y s i c a l  p r o p e r t i e s  (10). 

E s t e r i f i c a t i o n  o f  t h e  17-OH group i n  t e s t o s t e r o n e  mo lecu le  was r e p o r t e d  

t o  i nc rease  t h e  l i p o p h i l i c i t y  o f  t h e  s t e r o i d s  and t o  decrease t h e  s o l u b i l i t y  

i n  aqueous medium (11). Also,  t h e  a l k y l  c h a i n  l e n g t h  o f  e s t e r  was no ted  

t o  have a profound i n f l u e n c e  on t h e  phys icochemical  p r o p e r t i e s  o f  s t e r o i d s  

and, thus, a f f e c t  t h e i r  permeation. Table I 1  summarizes t h e  exper imen ta l  

obse rva t i ons  on t h e  s t ruc tu re -dependen t  v a r i a t i o n s  i n  t h e  s o l u b i l i t y  and 

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  and i t s  d e r i v a t i v e s .  The r e s u l t s  

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

e i t h e r  wa te r  o r  40% aqueous PEG 400 s o l u t i o n  than  t e s t o s t e r o n e ;  t h e  l o n g e r  

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.



SILICONE ELASTOMERS. 11. 333 

Table I - Chemical S t r u c t u r e  o f  Testosterone Analogs and t h e  Arrangement 

o f  Var ious S ide  Chains 

19-Nor testosterone 

Testosterone ( T )  

17a-me t h y l  t e s t  0s t e  rone 

T-Acetate 

T-Propionate 

T-Pentanoate 

T-Heptanoate 

T-Cyclohexanoate 

T-Benzoate 

T-Cypionate 

H 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

H 

H 

CH3 

H 

H 

H 

H 

H 

H 

H 
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S I L I C O N E  ELASTOMERS. 11. 3 3 5  

t h e  e s t e r  cha in  l e n g t h ,  t h e  l ower  t h e  aqeuous s o l u b i l i t y .  On t h e  o t h e r  

hand, t h e  i nc rease  i n  e s t e r  cha in  l eng th ,  which enhances the  s t e r o i d a l  

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 ,  e l e v a t e s  t h e  va lue  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  ( K )  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 

s i l i c o n e  membrane and aqueous medium i s  d e f i n e d  by: 

P 

where C and C s  a r e  t h e  s o l u b i l i l t i e s  i n  po l ymer i c  membrane and aqueous 

medium, r e s p e c t i v e l y .  I t  was a l s o  noted t h a t  t h e  aqueous s o l u b i l i t y  f o r  

t e s t o s t e r o n e  analogs i n  aqueous medium was enhanced 5 t o  31  t imes  when 

40% PEG 400 was added i n t o  t h e  water, i . e .  t h e  w a t e r - m i s c i b l e  PEG 400 served 

as a good c o s o l v e n t  t o  enhance t h e  aqueous s o l u b i l i t y  o f  s t e r o i d s .  

Therefore,  aqueous 40% v/v  PEG 400 s o l u t i o n  was used as t h e  s o l u t i o n  medium 

i n  b o t h  donor and r e c e p t o r  compartments t o  m a i n t a i n  t h e  system under the  

s i n k  c o n d i t i o n .  I n  t h i s  i n v e s t i g a t i o n  s i l i c o n e  f l u i d ,  which i s  

p o l y d i m e t h y l s i l o x a n e  w i t h  low mo lecu la r  we igh t ,  was used t o  determine t h e  

s t e r o i d a l  s o l u b i l i t y  i n  polymer. The p a r t i t i o n  c o e f f i c i e n t  determined 

f rom t h e  r a t i o  o f  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  o v e r  t h a t  i n  40% PEG 400 

s o l u t i o n  was found t o  i nc rease  as i n c r e a s i n g  a l k y l  c h a i n  l e n g t h ,  as a 

consequence o f  t h e  decrease i n  aqueous s o l u b i l i t y  and t h e  i nc rease  i n  the  

polymer s o l u b i  1 i ty.  

P 

E f f e c t  o f  S t e r o i d a l  S t r u c t u r e  M o d i f i c a t i o n  on Permeation 

I t  has been r e p o r t e d  (12)  t h a t  t h e  aqueous s o l u b i l i t y  o f  each member 

o f  a homolog s e r i e s  can u s u a l l y  be r e l a t e d  t o  a l k y l  cha in  l e n g t h  by: 

where Cs,o and C s  a r e  t h e  s o l u b i l i t i e s  o f  t h e  r e f e r e n c e  congener and 

t h e  n t h  l i n e a r  a l k y l  homolog o f  t h e  s e r i e s ,  r e s p e c t i v e l y ;  6 i s  a cons tan t  

f a c t o r  as t h e  s e r i e s  ascended ( 1 3 ) .  The r e l a t i o n s h i p  between t h e  p a r t i t i o n  

,n 
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c o e f f i c i e n t  (K,) and t h e  a l k y l  cha in  l e n g t h  f o r  t h e  n t h  compound i n  a s e r i e s  

can be expressed by: 

l o g  Kn = l o g  KO t an ( 9 )  

where KO i s  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 h e  r e f e r e n c e  congener and a i s  

a cons tan t ,  whose va lue  depends upon t h e  n a t u r e  o f  t h e  two i m m i s c i b l e  

p a r t i t i o n i n g  phases (14).  The i n t r i n s i c  permeat ion r a t e ,  ( d Q / d t )  -, as 

a f u n c t i o n  of s t e r o i d a l  s t r u c t u r e  t h u s  can be o b t a i n e d  by  s u b s t i t u t i n g  

Eqn (8 )  and Eqn ( 9 )  i n t o  Eqn ( 3 )  and i s  shown as f o l l o w s :  

o r .  
D .K .C 

l o g  (2) = l o g  ( ; S . 0 )  t ( I T -  6 
co 

-6 )n  

n 

The permeation p r o f i l e s  o f  t e s t o s t e r o n e  and i t s  d e r i v a t i v e s  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  (PDMS) membrane a r e  shown i n  F i g u r e  2. The 

l i n e a r i t y  o f  these permeat ion p r o f i l e s  i n d i c a t e s  t h a t  F i c k i a n  d i f f u s i o n  

i s  f o l l owed .  From 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  t h e  apparent  

r a t e  o f  membrane permeat ion ( Q / t )  can be c a l c u l a t e d  f o r  each compound. 

Us ing  Eqn (6), t h e  i n t r i n s i c  r a t e  o f  permeat ion can be determined and a l s o  

shown i n  F i g u r e  2 as dashed l i n e s .  The r e s u l t  i n  F i g u r e  3 shows t h a t ,  

as i n d i c a t e d  by Eqn (111, t h e  i n t r i n s i c  r a t e  o f  permeat ion i s  f i r s t  l i n e a r l y  

i n c r e a s i n g  w i t h  n f o r  t h e  homologs wi th  n<3 and then  dec reas ing  as n>3. 

The d i r e c t i o n  o f  change i s  dependent upon t h e  r e l a t i v e  magnitude o f  IT and 6 

va lues.  I f  TI i s  g r e a t e r  t h a n  6 , t h e  i n t r i n s i c  permeat ion r a t e  w i l l  be 

enhanced as t h e  number ( n )  o f  carbon atoms i n  t h e  s i d e  cha ins  i nc reases ,  

w i t h  t h e  excep t ion  o f  19 -no r tes tos te rone .  T h i s  unusual b e h a v i o r  was 

p o s t u l a t e d  by t h e  au tho rs  i n  a p r e v i o u s  work t h a t  t h e  removal o f  19-methyl 

group m igh t  i nc rease  t h e  f l e x i b i l i t y  o f  s t e r o i d a l  con fo rma t ion ,  which, 

t h e r e f o r e ,  y i e l d s  t h e  o b s e r v a t i o n  o f  e x c e p t i o n a l l y  h i g h  p e r m e a b i l i t y  ( 1 5 ) .  
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I 
1 

300-  I 
I 
I 

250- I 
1 h 

cy E I 

150-, 

p 200-1 
I 
I 

I 

v 

TIME (hours) 

F i g u r e  2: Permeation p r o f i l e s  o f  t e s t o s t e r o n e  and i t s  d e r i v a t i v e s  

PDMS membrane: 

Key: t e s t o s t e r o n e  (o), 17 a - m e t h y l t e s t o s t e r o n e  

t e s t o s t e r o n e  p r o p i o n a t e  (a), t e s t o s t e r o n e  enanthate (v). 

i r o i  

0 

When IT i s  s m a l l e r  t h a n  6 , as f o r  t h e  case where n > 3, a decrease i n  t h e  

i n t r i n s i c  r a t e  of permeat ion w i l l  be observed when a d d i t i o n a l  carbon atoms 

a r e  i n c o r p o r a t e d  i n t o  t h e  e s t e r  cha in .  Acco rd ing  t o  Eqn (8),  t h e  aqueous 

s o l u b i l i t i e s  o f  t e s t o s t e r o n e  and i t s  d e r i v a t i v e s  shou ld  be e x p o n e n t i a l l y  

decreased w i t h  t h e  number ( n )  o f  carbon atoms i n  t h e  s i d e  chains.  The 

r e s u l t  i n  F i g u r e  4 demonstrates reasonably  we1 1 t h i s  1 i n e a r  r e l a t i o n s h i p  

f o r  t h e  aqueous s o l u b i l i t y  w i t h  a s lope  ( 6 )  o f  0.168 (r = 0.94). The 

dependency o f  p a r t i t i o n  c o e f f i c i e n t  d a t a  on t h e  number of carbon atoms 

i n  t e s t o s t e r o n e  s i d e  cha ins  i s  shown i n  F i g u r e  5 .  As suggested by  Eqn 

(91, t h e  va lue  o f  l o g  K i nc reases  as i n c r e a s i n g  t h e  carbon number i n  t h e  
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Carbon Number ( n ) 

F i g u r e  3: Dependency o f  i n t r i n s i c  permeat ion r a t e  across PDMS membrane 

on t h e  number o f  carbon atoms i n  t h e  s i d e  cha ins .  

s i d e  chains.  The data i n d i c a t e  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  shows a 

b i p h a s i c  dependency on t h e  a l k l y  cha in  l e n g t h  w i t h  a b r e a k i n g  p o i n t  o c c u r i n g  

a t  n = 3. Th is  obse rva t i on  c o u l d  p o s s i b l y  be a t t r i b u t e d  t o  t h e  impact  

o f  s t r u c t u r e  b u l k i n e s s  o f  l o n g  a l k y l  c h a i n  i n  t h e  r e g i o n  w i t h  n>3. I n  

t h e  f i r s t  reg ion ,  t h e  v a l u e  o f  t h e  i nc remen ta l  l i p o p h i l i c i t y  p e r  methy l  

group i s  0.479 ( rl). And i n  t h e  second r e g i o n  where n i s  g r e a t e r  t han  

3, t h e  incrementa l  l i p o p h i l i c i t y  i s  reduced by a lmost  7 f o l d s   IT^ = 0.0711). 

Th is  r e d u c t i o n  i n  t h e  i nc remen ta l  l i p o p h i l i c i t y  a p p a r e n t l y  a f f e c t s  t h e  

dependency o f  i n t r i n s i c  permeat ion r a t e  on carbon number and thus  produces 

t h e  r e s u l t  observed e a r l i e r  i n  F i g u r e  3. Therefore,  t h e  d a t a  p o i n t s  

determined e x p e r i m e n t a l l y  show a good agreement w i th  t h e  t h e o r e t i c a l  l i n e  

c o n s t r u c t e d  f rom Eqn (11) u s i n g  t h e  va lues o f  IT and 6 o b t a i n e d  a t  two 

d i  f f e r e n t  reg ions  . 
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Carbon Number ( n ) 

F i g u r e  4: Semi loga r i t hm ic  r e l a t i o n s h i p  between t h e  s o l u b i l i t y  and t h e  

number o f  carbon atoms i n  t h e  s i d e  cha ins .  

E f f e c t  o f  Membrane Composit ion on Permeation 

The permeat ion ac ross  a po l ymer i c  membrane i s  determined by t h e  polymer 

c h a i n  segmental m o b i l i t y .  The l o c a l  segmental m o b i l i t y  o r  c h a i n  s t i f f n e s s  

may be a f f e c t e d  by  t h e  i n t e r a c t i o n  between ne ighbor ing  polymer cha ins  as 

t h e  r e s u l t  o f  hydrogen bonding, p o l a r  i n t e r a c t i o n s ,  or s imp le  Van d e r  Waals 

i n t e r a c t i o n s .  Polytrifluoropropylmethylsiloxane (PFMS) membrane, w i t h  

t h e  s u b s t i t u t i o n  of one CH3 by a more p o l a r ,  b u l k i e r  CH2CH2CF3 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, i s  more p o l a r  and s t i f f e r  t h a n  PDMS membrane. 

The e l e c t r o - n e g a t i v e  c h a r a c t e r i s t i c s  o f  f l u o r i n e  atoms c o u l d  promote t h e  

p o l a r  i n t e r a c t i o n s  between polymer cha ins .  Consequently, t h e  i nc rease  

i n  polymer c h a i n  p o l a r i t y  and polymer backbone s t i f f n e s s  w i l l  produce a 

g r e a t e r  r e s i s t a n c e  t o  t h e  membrane permeat ion o f  t h e  1 i p o p h i l i c  t e s t o s t e r o n e  
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100 

10 

Kn 

1. 

0. 

P 
Carbon Number ( n ) 

Figure 5: Biphasic dependency of p a r t i t i o n  coe f f i c i en t  

carbon atoms i n  the s ide  chains.  

on the number of 

analogs. The d a t a  in Figure 6 show the  reduction i n  permeation r a t e  of 

tes tos te rone  and i t s  der iva t ives  across PFMS membrane a s  compared to  PDMS 

membrane. The ex ten t  of reduction i n  permeation r a t e  was observed t o  be 

g rea t e r  f o r  those analogs w i t h  higher permeabili ty.  The r e s u l t s  imply 

t h a t  molecules w i t h  higher permeability a r e  more suscept ib le  t o  the  var ia t ion  

in membrane po la r i ty  o r  membrane composition. However, t he  i n t r i n s i c  r a t e  

o f  permeation across the  PFMS membrane bas i ca l ly  showed the  same trend 

o f  dependency on the  number o f  carbon atoms in the  s ide  chains o f  

t es tos te rone  analogs. 

The r e s u l t s  in Figure 7 show t h a t  the presence of f i l l e r  i n  the membrane 

a l so  remarkably decreases the permeability of tes tos te rone  analogs. I t  
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100 , 

n 

s L 

w 
E 
\ 

3 10 I 

a n 

% 
0 
. 
-u 
v 

1.0 . 

0.1 
-1 0 1 3 5 7 

Carbon Number ( n )  

Figure 6: Effect of polymer composition on the  r e l a t ionsh ip  between the 

i n t r i n s i c  permeation r a t e  and  t he  number of carbon atoms i n  

the s i d e  chains.  

Key: PDMS (o), PFMS (0). 

may be a t t r i b u t e d  t o  the  decrease i n  the  volume f r ac t ion  of continuous 

phase and  the increase i n  the  to r tuos i ty  of d i f fus ion  path. The former 

one may account f o r  most of the reduction in permeation r a t e  according 

t o  some e a r l i e r  inves t iga t ions  (16 ) .  However, the  i n t r i n s i c  r a t e  of 

permeation across the  PDMS membrane w i t h  f i l l e r  bas i ca l ly  showed the same 

trend of dependency on the  number of carbon atoms i n  t he  s ide  chains of 

tes tos te rone  analogs a s  the  f i l l e r l e s s  membrane. I t  i s  i n t e re s t ing  t o  

point out t h a t  the  presence o f  an e a s i l y  polar izable  benzene group i n  the 

e s t e r  renders the  s t e ro id  to  be adsorbed ex tens ive ly  by the f i l l e r .  
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F i g u r e  7 

100 ' 
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Carbon Number ( n )  

E f f e c t  o f  f i l l e r  on t h e  r e l a t i o n s h i p  between t h e  i n t r i n s i c  

permeat ion r a t e  o f  s t e r o i d s  and t h e  number o f  carbon atoms i n  

t h e  s i d e  chains.  Key: PDMS w i t h  f i l l e r  (0) and PDMS w i t h o u t  

f i l l e r  (0). 

Thermodynamics o f  Permeation 

Permeation o f  s t e r o i d s  across a po l ymer i c  membrane r e q u i r e s  energy 

t o  f a c i l i t a t e  t h e  mass t r a n s f e r  o f  s t e r o i d  molecules th rough  t h e  m a t r i x  

o f  polymer b a r r i e r .  The Ar rhen ius  r e l a t i o n s h i p  f o r  t h e  i n t r i n s i c  membrane 

permeat ion process can be w r i t t e n  as: 

where ( E  + A H  ) i s  t h e  t o t a l  energy r e q u i r e d  f o r  t h e  permeat ion th rough  

t h e  membrane and i s  equal t o  t h e  sum o f  a c t i v a t i o n  energy f o r  po lymer 
P P 
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SILICONE ELASTOMERS. 11. 3 4 3  

d i f f u s i o n  (E ) and t h e  energy f o r  t h e  s o l v a t i o n  o f  t h e  s t e r o i d  i n  t h e  polymer 

media ( A H  ). 
P 

I t  can be e a s i l y  d e r i v e d  f rom Eqn ( 3 ) :  
P 

so, 

D  ope - E  p /RT 
P 

(dQ/dt Im = (dQ/dt):e -(Ep +  AH^) (16)  

The t o t a l  energy r e q u i r e d  f o r  t h e  membrane permeat ion o f  v a r i o u s  

s t e r o i d s  through t h e  s i l i c o n e  polymers can be determined e x p e r i m e n t a l l y  

f rom t h e  membrane permeat ion k i n e t i c s  s t u d i e s  a t  v a r i o u s  temperatures 

by  u s i n g  Eqn ( 1 2 ) .  The r e s u l t s  i n  Table I11 i n d i c a t e  t h a t  t h e  a d d i t i o n  

o f  a methyl group t o  17a - p o s i t i o n  and t h e  e l i m i n a t i o n  o f  19-methyl group 

f rom t e s t o s t e r o n e  seems t o  m in im ize  t h e  t o t a l  energy r e q u i r e d ,  whereas 

t h e  e s t e r i f i c a t i o n  s l i g h t l y  i nc reased  t h e  energy requi rement .  On t h e  o t h e r  

hand, t h e  i nc rease  i n  t h e  p o l a r i t y  o f  t h e  membrane, such as PFMS, 

s u b s t a n t i a l l y  r a i s e s  t h e  energy requi rement  due t o  t h e  i n c r e a s e  i n  polymer 

s t i f f n e s s  and t h e  decrease i n  polymer c h a i n  m o b i l i t y  o r i g i n a t e d  f r o m  hydrogen 

bonding and/or p o l a r  i n t e r a c t i o n  between n e i g h b o r i n g  polymer cha ins .  

However, presence o f  s i l i c a  f i l l e r  had l i t t l e  e f f e c t  on t h e  energy 

requi rements f o r  t e s t o s t e r o n e  analogs except  t h a t  f o r  benzoate (Tab le  I V ) .  

The g r e a t e r  energy requi rement  observed f o r  t h e  permeat ion o f  t e s t o s t e r o n e  

benzoate across t h e  PDMS membrane w i t h  f i l l e r  c o u l d  be t h e  r e s u l t  of  

a d s o r p t i o n  o f  benzoate on to  f i l l e r  p a r t i c l e s  i n  t h e  membrane. 

E f f e c t  o f  Ring S t r u c t u r e  i n  E s t e r  Chain 

The e f f e c t  of s a t u r a t e d  and u n s a t u r a t e d  r i n g  s t r u c t u r e s  i n  t h e  e s t e r  

c h a i n  on t h e  l i p o p h i l i c i t y  and t h e  k i n e t i c s  and thermodynamics o f  membrane 

permeat ion o f  t e s t o s t e r o n e  analogs was s t u d i e d  u s i n g  heptanoate, 
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344 S U N ,  TOJO, AND C H I E N  

Table I 1 1  - Thermodynamics o f  Membrane Permeation: 

S t e r o i d s  Energy Requi red f o r  Permeation (Kcal /mole)  

PDMS PDMS P FMS 

( F i l l e r )  ( F i l l e r l e s s )  ( F i l l e r l e s s )  

19-Nor testosterone 

Testosterone 

17a -Met hy 1 t e s t  o s t e r o  ne 

Tes tos te rone  a c e t a t e  

Testosterone p r o p i o n a t e  

Testosterone pentanoate 

Testosterone heptanoate 

Testosterone cyp iona te  

10.6 

14.7 

12.7 

15.4 

15.4 

15.7 

15.8 

15.7 

10.6 15.8 

14.6 18. 5 

12.4 16.6 

15.6 23.8 

16.9 23.9 

17.1 24.9 

17.2 25.3 

17.2 25.5 

cyc lohexanoate and benzoate, a l l  o f  these t h r e e  e s t e r s  have t h e  same number 

o f  carbon atoms (n=7)  (Tab le  I ) .  

The r e s u l t s  summarized i n  Table I V  i n d i c a t e  t h a t  t h e  presence o f  a 

s a t u r a t e d  r i n g  s t r u c t u r e  (e.9. , cyclohexane r i n g )  improves t h e  l i p o p h i l i c i t y  

o f  t e s t o s t e r o n e  toward s i l i c o n e  polymer b u t  s i g n i f i c a n t l y  reduces t h e  

i n t r i n s i c  r a t e  o f  permeat ion across t h e  PDMS membrane ( w i t h  and w i t h o u t  

f i l l e r )  and PFMS membrane ( w i t h  no f i l l e r ) .  However, t h e  e f f e c t  on t h e  

energy requi rement  f o r  membrane permeat ion i s  i n s i g n i f i c a n t .  

On t h e  o t h e r  hand, t h e  presence o f  an unsa tu ra ted  r i n g  s t r u c t u r e  (e.g., 

benzene r i n g )  was found t o  s u b s t a n t i a l l y  decrease t h e  l i p o p h i l i c i t y  o f  

t e s t o s t e r o n e  toward s i l i c o n e  polymer and a l s o  t h e  i n t r i n s i c  r a t e  o f  
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permeation across the PDMS and PFMS membranes, especially the PDMS membrane 

with filler and the fillerless PFMS membrane. The energy required for 

membrane permeation became greater for filler-containing PDMS membrane 

as the result of filler adsorption and decreased for fillerless PDMS 

membrane, whereas the energy requirement for permeation across the polar 

PFMS membrane showed no difference from the ester with straight chained 

hydrocarbon or with saturated ring structure. 

CONCLUSION 

The results of this investigation demonstrate that the permeation of 

testosterone and its derivatives across the silicone membrane is dependent 

upon the lipophilicity of the steroids and the polarity of the membrane. 

Partition coefficient and solubility in the polymer phase are the two major 

factors that will determine the permeation behavior. The location and 

the type of alkyl side chains on the steroidal skeleton are additional 

factors affecting the kinetics and thermodynamics of membrane permeation. 
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FOOTNOTES 

1. 

2. 

3. 

4. 

Sigma Chemical Company, Saint Louis, Missouri 63718 

Custom synthesis by Pioneer Laboratories Inc., San Francisco, California 

94127 

Fisher Scientific, Fairlawn, New Jersey 07410 

Silicone polymer membranes, PDMS and PFMS with or without filler, and 

silicone medical fluid were provided by Dow Corning Corporation, Midland, 

Michigan 48640 

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.



SILICONE ELASTOMERS. 11. 347 

5. 

1. 

2. 

3 .  

4.  

5. 

6 .  

7. 

8. 

9 .  

Perkin-Elmer model 559A U V / V I S  Spectrophotometer ,  Perkin-Elmer 

Corpora t ion ,  Elmwood Park,  New J e r s e y  07407 
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