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FOREWORD 
The A C S S Y M P O S I U M SERIES was founded in 1974 to provide 

a medium for publishin
format of the SERIES parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the A C S S Y M P O S I U M SERIES 

are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



PREFACE 

he "controlled release" concept has made significant advances in the 
A last decade because of substantial research efforts by private com

panies, institutions, and governmental agencies directed towards solving 
some specific problems by this method. While there are many recognized 
uses of controlled release, most of the above-mentioned programs have 
been concerned with either the prolonged delivery of drugs at optimal 
rates or control of a wide range of pests with minimal pollution of the 
environment. Previous symposi
A number of common techniques or concepts applicable to the different 
areas of application have emerged, each of which employs polymeric 
materials as a vital part of the controlled release mechanism. Therefore, 
controlled release technology has become a new area in which to apply 
or develop interesting concepts of polymer chemistry and engineering. 

It was timely to organize a symposium on controlled release within 
the two divisions of the American Chemical Society most concerned with 
polymer chemistry and engineering for the purpose of focusing on the 
polymer-related aspects of this subject. The contents of this book are 
based on 25 of the 28 papers presented at this symposium. An attempt 
was made to include papers that traversed the spectrum from funda
mentals to commercial products while also covering a wide range of 
applications and techniques. The individual papers deal with the role 
of the polymer to varying levels of detail, but the overall objective is 
served by the total collection of papers. 

The manuscripts for this book were collected several weeks after 
the symposium so that the authors could incorporate their most recent 
results and take cognizance of the discussions that took place at the 
symposium. An introductory chapter, not presented at the symposium, 
is included here primarily as background and perspective for the reader 
who is new to this field and wishes to use this book as a beginning point 
to learn the state of the art in controlled release technology. 

University of Texas D . R . PAUL 

Austin, Texas 78712 
May 10, 1976 
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Polymers in Controlled Release Technology 

D. R. PAUL 
Department of Chemical Engineering, University of Texas, Austin, Texas 78712 

Controlled release technology emerged actively 
from the 1960's with promises to solve a diversity of 
problems that have in common the application of some 
active agent to a system with the objective of accom
plishing a specific purpose while avoiding certain 
other possible responses this agent might cause. A 
number of techniques for effecting controlled release 
have been identif ied and analyzed, and most of these 
have been considered for or embodied in commercial 
devices or formulations which already are or soon 
w i l l be on the market. Most of these concepts have 
been described in the l i terature (patents, journals, 
books, etc.) The proceedings of previous symposia 
(1-3) and recent reviews (4-16) provide a rapid way 
to learn the present state of the art of this tech
nology. One of the common features of many of these 
techniques or formulations is the judicious selection 
of a polymeric material to act as a rate controll ing 
device, container, or carrier for the agent to be 
released. The contents of this book are the results 
of an American Chemical Society Symposium organized 
primarily to emphasize the role of the polymer and 
i ts selection as opposed to focusing on a particular 
application or methodology although aspects of the 
latter are included by necessity. The polymer 
choices in some cases are the result of sophisticated 
considerations while in others evolution from his 
tor ica l successes had dictated this selection. Both 
extremes i l lus tra te the considerable opportunity for 
ta i lor ing polymers to meet the demands of this 
developing technology. 

The purposes of this introductory chapter are to 
make this book somewhat more autonomous and, therefore, 

1 
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2 CONTROLLED RELEASE POLYMERIC FORMULATIONS 

h o p e f u l l y of more v a l u e to the r e a d e r by p l a c i n g 
i t s c o n t e n t s i n p e r s p e c t i v e by r e v i e w i n g b r i e f l y 
p r e v i o u s developments i n c o n c e p t s , t e c h n i q u e s , p r i n 
c i p l e s , a r e a s o f a p p l i c a t i o n , and commercial p r o d u c t s . 
T h i s purpose i s l a r g e l y f u l f i l l e d by i n c l u d i n g i n 
the b i b l i o g r a p h y a compendium of symposium p r o c e e d 
i n g s , r e v i e w a r t i c l e s , books, and o t h e r r e f e r e n c e s 
which have been s e l e c t e d to p r o v i d e the r e a d e r w i t h a 
q u i c k i n t r o d u c t i o n to the l i t e r a t u r e o f t h i s f i e l d . 
From these r e f e r e n c e s and the comments t h a t f o l l o w , 
the r e a d e r w i l l see t h a t the p r e s e n t p a p e r s d e a l w i t h 
o n l y some of the c o n c e p t s which have d e v e l o p e d i n 
t h i s a r e a a l t h o u g h a broad and i m p o r t a n t s a m p l i n g i s 
r e p r e s e n t e d . 

R a t i o n a l e f o r C o n t r o l l e

C o n v e n t i o n a l l y , a c t i v e agents a r e a d m i n i s t e r e d 
to a system by n o n - s p e c i f i c , p e r i o d i c a p p l i c a t i o n . 
For example, i n m e d i c i n e drugs a r e i n t r o d u c e d a t 
p e r i o d i c i n t e r v a l s by i n g e s t i o n of p i l l s , l i q u i d s , 
e t c . or by i n j e c t i o n and then d i s t r i b u t e d t h r o u g h o u t 
much of the body r a t h e r than d i r e c t e d to a s p e c i f i c 
t a r g e t . S i m i l a r l y i n a g r i c u l t u r a l p r a c t i c e , f e r t i 
l i z e r s , p e s t i c i d e s and the l i k e a r e d i s t r i b u t e d to 
c r o p s a t p e r i o d i c i n t e r v a l s by b r o a d c a s t i n g , s p r a y 
i n g , e t c . Immediately f o l l o w i n g t h e s e a p p l i c a t i o n 
p u l s e s the c o n c e n t r a t i o n of the a c t i v e agent r i s e s 
to h i g h l e v e l s system-wide. In some c a s e s , t h e s e 
i n i t i a l l y h i g h c o n c e n t r a t i o n s may produce u n d e s i r e d 
s i d e e f f e c t s e i t h e r to the t a r g e t a r e a of the system 
and/or the environment around the t a r g e t . As time 
p a s s e s a f t e r t h i s s p i k e of a c t i v e agent, i t s c o ncen
t r a t i o n b e g i n s to f a l l because of n a t u r a l p r o c e s s e s 
such as e l i m i n a t i o n from the system, consumption, or 
d e t e r i o r a t i o n . B e f o r e the next a p p l i c a t i o n , the 
c o n c e n t r a t i o n of the a c t i v e agent may f a l l below the 
n e c e s s a r y l e v e l f o r the d e s i r e d r e s p o n s e . Thus 
p e r i o d i c a p p l i c a t i o n s a r e f r u s t r a t e d by c o n c e n t r a 
t i o n s of a c t i v e agent which may be a l t e r n a t e l y too 
h i g h or too low w i t h i n the same c y c l e when the time 
between doses i s l o n g w h i l e on the o t h e r hand more 
f r e q u e n t a p p l i c a t i o n of s m a l l e r doses r e s u l t s i n 
more i n c o n v e n i e n c e and expense of a p p l i c a t i o n . In 
a d d i t i o n , a c y c l i c regime i s u s u a l l y r a t h e r i n e f f i 
c i e n t i n t h a t a c o n s i d e r a b l e f r a c t i o n of the a c t i v e 
agent never g e t s to p e r f o r m the i n t e n d e d f u n c t i o n 
e i t h e r because of d e t e r i o r a t i o n or l o s s to the system 
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1. P A U L Polymers 3 

environment. In many cas e s the l a t t e r may be q u i t e 
s e r i o u s , and i n a l l c a s e s b o t h f a c t o r s i n f l a t e the 
c o s t of the t r e a t m e n t . C e r t a i n l y a more d e s i r a b l e 
regime would be to r e l e a s e the a c t i v e agent a t a c o n 
t r o l l e d r a t e t h a t m a i n t a i n s i t s c o n c e n t r a t i o n i n the 
system w i t h i n optimum l i m i t s , and i t would be even 
b e t t e r to r e l e a s e t h i s agent d i r e c t l y to the t a r g e t 
a r e a of the system i f one e x i s t s or can be i d e n t i f i e d . 
The l a t t e r a r e the o b j e c t i v e s of c o n t r o l l e d r e l e a s e 
t e c h n o l o g y i n g e n e r a l whether the a c t i v e agent i s a 
drug, p e s t i c i d e , or sex a t t r a c t a n t or whether the 
purpose i s to c o n t r o l the growth of weeds or to p r e 
v e n t b a r n a c l e s from f o r m i n g . 

Areas of A p p l i c a t i o

C o n t r o l l e d r e l e a s e t e c h n o l o g y has been c o n s i d e r e d 
f o r a wide v a r i e t y of a p p l i c a t i o n s of which a l a r g e 
f r a c t i o n are e i t h e r m e d i c a l l y r e l a t e d or f o r p e s t 
c o n t r o l . Some of the papers i n c o r p o r a t e d i n t h i s 
book are g e n e r a l i n scope and the f o r m u l a t i o n s or 
p r i n c i p l e s d i s c u s s e d might be a p p l i c a b l e to a number 
of d i f f e r e n t a r e a s ; however, most d e a l w i t h p a r t i c u 
l a r o b j e c t i v e s . I t i s of i n t e r e s t , t h e r e f o r e , to 
summarize these o b j e c t i v e s here and to mention ex
amples of o t h e r s p e c i f i c problems of a c t i v e i n t e r e s t 
which are not d e a l t w i t h i n t h i s book. 

In the m e d i c a l a r e a , c o n t r a c e p t i o n or f e r t i l i t y 
c o n t r o l has h i s t o r i c a l l y been one of the most p u b l i 
c i z e d a p p l i c a t i o n s , and t h i s i s r e f l e c t e d i n the 
papers which f o l l o w . However, a l s o c o v e r e d here more 
b r i e f l y , a r e f o r m u l a t i o n s to d e l i v e r n a r c o t i c a n t a g o 
n i s t s , f l u o r i d e f o r d e n t a l purposes and drugs to com
bat c a n c e r and c a r d i a c a r r h y t h m i a and a drug to i n 
duce h y p e r t e n s i o n f o r e x p e r i m e n t a l s t u d i e s . Many of 
these papers d e a l w i t h t e c h n i q u e s of g e n e r a l a p p l i 
c a b i l i t y as drug d e l i v e r y systems. An example of a 
m e d i c a l a r e a not c o v e r e d here i s the r e c e n t l y commer
c i a l i z e d d e v i c e f o r c o n t r o l of glaucoma ( 8 ) . 

A number of the f o l l o w i n g papers d e a l w i t h the 
c o n t r o l of p e s t s such as s n a i l s , weeds, marine f o u l 
i n g organisms, r o a c h e s , f l y s t h r o u g h the r e l e a s e of 
t o x i c a n t s or pheromones. None of the p r e s e n t papers 
d e a l i n d e t a i l w i t h the r e l e a s e of f e r t i l i z e r s , 
p e s t i c i d e s , or growth r e g u l a t o r s f o r a g r i c u l t u r a l 
p urposes but a c t i v i t i e s i n t hese a r e a s a r e summarized 
by one of the a u t h o r s . 
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4 CONTROLLED RELEASE POLYMERIC FORMULATIONS 

T e c h n i q u e s and R e l e a s e K i n e t i c s 

One of the c e n t r a l problems i n c o n t r o l l e d r e l e a s e 
f o r m u l a t i o n s i s to combine the a c t i v e agent w i t h i t s 
c a r r i e r i n an e c o n o m i c a l manner y e t a c h i e v e a r e l e a s e 
p r o f i l e t h a t b e s t f i t s the s i t u a t i o n . These two de
s i r e s are o f t e n i n o p p o s i t i o n of one a n o t h e r so com
promises must be made. F r e q u e n t l y the d e s i r e d r e l e a s e 
p r o f i l e i s a c o n s t a n t r a t e of d e l i v e r y of the a c t i v e 
agent which i n an a l o g y w i t h c h e m i c a l k i n e t i c s has be
come known as a " z e r o o r d e r " p r o c e s s s i n c e i t does not 
depend on how much of the agent has been d e l i v e r e d or 
remains. Many of the f o r m u l a t i o n s used i n c o n t r o l l e d 
r e l e a s e t e c h n o l o g y do not meet t h i s o b j e c t i v e . At 
t h i s p o i n t i t w i l l
as g e n e r a l l y as p o s s i b l
t h a t are employed i n the subsequent p a p e r s and to d i s
cuss t h e i r i n h e r e n t r e l e a s e k i n e t i c c h a r a c t e r i s t i c s . 
F o l l o w i n g t h i s , some o t h e r t e c h n i q u e s not employed 
here w i l l be mentioned. 

The c l a s s i f i c a t i o n scheme p r e f e r r e d here d i v i d e s 
the d e v i c e s of i n t e r e s t i n t o the f o l l o w i n g b a s i c t y p e s 
which i n some cases may be combined i n v a r i o u s ways: 

I. E r o d i b l e D e v i c e s t h a t D i s a p p e a r 

In t h i s c a t e g o r y the a c t i v e agent i s r e l e a s e d as 
the c a r r i e r i s eroded away by the environment t h r o u g h 
p h y s i c a l p r o c e s s e s such as d i s s o l u t i o n i n g or by chemi
c a l p r o c e s s e s such as h y d r o l y s i s of the polymer back
bone or c r o s s l i n k s . The k i n e t i c s of r e l e a s e cannot be 
s i m p l y s t a t e d s i n c e they depend on the d e t a i l s of the 
e r o s i o n mechanism and geometry. The c e n t r a l d i s t i n c 
t i o n i s the complete d i s a p p e a r a n c e of the d e v i c e i n 
time which has o b v i o u s advantages p r o v i d i n g the 
e r o s i o n p r o d u c t s a r e of no h e a l t h or e n v i r o n m e n t a l 
c o n c e r n . 

I I . Membrane E n c a p s u l a t e d R e s e r v o i r D e v i c e s 

In t h i s c a t e g o r y a r a t e c o n t r o l l i n g membrane 
c o m p l e t e l y e n c l o s e s a c a v i t y which c o n t a i n s the a c t i v e 
agent a p p r o p r i a t e l y d i s p e r s e d . These systems have 
a l s o been r e f e r r e d to as depot d e v i c e s ( 8 ). The mem
brane may be porous or non-porous, and i n the case of 
the l a t t e r the e n v i r o n m e n t a l f l u i d s may or may not 
a p p r e c i a b l y s w e l l the membrane. The most u s e f u l s i t u 
a t i o n i s when the r e s e r v o i r c o n t a i n s a s u s p e n s i o n of 
the a c t i v e agent i n a f l u i d s i n c e t h i s w i l l m a i n t a i n a 
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1. P A U L Polymers 5 

c o n s t a n t a c t i v i t y of the agent i n the r e s e r v o i r u n t i l 
the e x c e s s has been removed. T h i s s i t u a t i o n c r e a t e s 
a c o n s t a n t s t e a d y - s t a t e r e l e a s e r a t e by d i f f u s i o n 
a c r o s s the membrane as i l l u s t r a t e d below f o r an i d e a l 
i z e d s i t u a t i o n : 

S = s u r f a c e a r e a 
D - d i f f u s i o n c o e f f i c i e n t 

of a c t i v e agent i n 
Si n k membrane 

C m = s o l u b i l i t y of a c t i v e 
s agent i n membrane 

I f the a c t i v e agent i s t o t a l l y d i s s o l v e d i n the 
r e s e r v o i r f l u i d , then i t s a c t i v i t y w i l l change and the 
r e l e a s e r a t e w i l l decay more or l e s s e x p o n e n t i a l l y 
w i t h time as e x p e c t e d f o r " f i r s t o r d e r " k i n e t i c s . 

These d e v i c e s may be r a t h e r l a r g e (macroencapsu-
l a t i o n ) or v e r y s m a l l i n which case m i c r o e n c a p s u l a t i o n 
i s the u s u a l t e r m i n o l o g y (10-16). 

In g e n e r a l the r e l e a s e p r o f i l e f o r e n c a p s u l a t e d 
systems has the form shown by the graph a t the top of 
the next page. The d u r a t i o n and r a t e f o r each of the 
t h r e e s t a g e s shown can u s u a l l y be e n g i n e e r e d w i t h i n 
c e r t a i n l i m i t s by the d e s i g n o f the d e v i c e . 

A s p e c i a l case of e n c a p s u l a t e d d e v i c e s depends on 
r u p t u r e of the membrane by some m e c h a n i c a l a c t i o n to 
r e l e a s e the a c t i v e agent ( 1 3 ) . 
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6 CONTROLLED RELEASE POLYMERIC FORMULATIONS 

— ^ 
time 

I I I . M a t r i x D e v i c e s 

In t h i s type of system t h e r e i s no membrane per 
se but r a t h e r the a c t i v e agent i s d i s p e r s e d i n a 
c a r r i e r - u s u a l l y a polymer - from which i t i s u l t i 
m a t e ly e x t r a c t e d . These have a l s o been r e f e r r e d to as 
m o n o l i t h s (8) and have o b v i o u s advantages of f a b r i c a 
t i o n , but g e n e r a l l y they do not y i e l d " z e r o o r d e r " 
r e l e a s e k i n e t i c s . M a t r i x d e v i c e s may be d i v i d e d i n t o 
two c a t e g o r i e s depending on the mechanism by which the 
agent i s r e l e a s e d : 

A. R e l e a s e Caused by Simple D i f f u s i o n of Agent. 
In t h i s case the a c t i v e agent always has some m o b i l i t y 
w i t h i n the c a r r i e r and i t s r e l e a s e depends on the j u x 
t a p o s i t i o n of a s u i t a b l e e x t e r i o r s i n k . We can 
f u r t h e r d i v i d e t h i s c a t e g o r y depending on whether the 
i n i t i a l l o a d i n g per u n i t volume of the agent w i t h i n 
the m a t r i x , A, exceeds the agent's s o l u b i l i t y i n the 
m a t r i x , C , o r not * s 

1. A < C 
s 

For t h i s s i t u a t i o n a l l of the agent a t e q u i l -
brium i s d i s s o l v e d i n the m a t r i x and r e l e a s e i n v o l v e s 
i t s d i f f u s i o n from the d e v i c e f o l l o w i n g s i m p l e n o t i o n s 
s i m i l a r to d e s o r p t i o n as t r e a t e d i n most c l a s s i c a l 
works on d i f f u s i o n (17-19, 22). The t o t a l amount 
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1. P A U L Polymers 7 

released i n time t, Μ , follows the usual V T r e l a t i o n 
as shown below u n t i l about 60% has been removed and 
then the rate f a l l s off more r a p i d l y . 

2. A > C 
s 

Γη t h i s c a s e , the excess agent above t h a t which 
i s d i s s o l v e d a t e q u i l i b r i u m i s d i s p e r s e d i n the m a t r i x 
as s m a l l p a r t i c l e s . The d e t a i l s of the e x t r a c t i o n may 
be v e r y c o m p l i c a t e d ; however, f o r the u s u a l case when 
d i f f u s i o n i s r a t e l i m i t i n g r a t h e r than o t h e r p r o c e s s e s 
such as d i s s o l u t i o n i n g , H i g u c h i (25,26) has shown t h a t 
a v e r y s i m p l e but e x t r e m e l y c l e v e r p s e u d o s t e a d y - s t a t e 
a n a l y s i s d e s c r i b e s the r e l e a s e r a t h e r a c c u r a t e l y ( 3 0 ) . 
The f i g u r e a t the top of the next page shows the phys
i c a l p i c t u r e e n v i s i o n e d . The m a t h e m a t i c a l r e s u l t 
H i g u c h i o b t a i n e d f o r the r e l e a s e r a t e from p l a n a r 
g e o m e t r i e s i s 

/ DC^(A - 1/2 C J ' 
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·# · # ; 
• # · ι 

··· ΦΦ 

·-;>: 
φ 9 m Φ 

···/· 
% $ %$ 

ν Λ ί 

: t

c o r e of u n d i s s o l v e d agent 

. r e g i o n d e p l e t e d of 
u n d i s s o l v e d agent 

The r e l e a s e i n t h i s s i t u a t i o n f o l l o w s the same V7 
dependence t h a t e x i s t s when A < C ; however, the 
dependence of the r a t e on l o a d i n g f A, i s not the same. 
While n e i t h e r s i t u a t i o n g i v e s t r u e " z e r o o r d e r " 
r e l e a s e p r o f i l e s , i t i s g e n e r a l l y f e l t t h a t the r a t e 
c h a r a c t e r i s t i c s can be made adequate f o r some purposes 
by p r o p e r d e s i g n , and t h i s drawback must be weighed 
a g a i n s t the ease and economy of f a b r i c a t i n g such 
d e v i c e s . 

The H i g u c h i model has been extended to o t h e r geo
m e t r i c a l shapes (26, 27) and to i n c l u d e boundary 
l a y e r r e s i s t a n c e s (28, 30). 

Β, R e l e a s e T r i g g e r e d by I n g r e s s i o n of E n v i r o n 
m ental Agent. In t h i s case the agent may be d i s 
p e r s e d w i t h i n the m a t r i x e i t h e r p h y s i c a l l y or chemi
c a l l y bound to i t , but i n e i t h e r case i t i s i n i t i a l l y 
not m o b i l e - f o r p h y s i c a l d i s p e r s i o n s t h i s may be 
owing to v e r y s m a l l d i f f u s i o n r a t e s . I t s r e l e a s e may 
be t r i g g e r e d by the p e n e t r a t i o n of some e n v i r o n m e n t a l 
agent, e.g. water, i n t o the m a t r i x . T h i s event c o u l d 
l e a d t o a c h e m i c a l r e a c t i o n to unbind the agent, e.g. 
h y d r o l y s i s , or s i m p l y to p l a s t i c i z e the m a t r i x to 
a l l o w p h y s i c a l l y bound m o l e c u l e s to d i f f u s e . The r e 
l e a s e r a t e may be c o n t r o l l e d by the p e n e t r a t i o n of 
the e n v i r o n m e n t a l agent or the r e a c t i o n i t produces 
or some c o m b i n a t i o n t h e r e o f and then the e x a c t form 
of the r a t e depends on the d e t a i l s of the p a r t i c u l a r 
system. T h i s c l a s s of d e v i c e s d i f f e r s from e r o d i b l e 
systems i n t h a t the m a t r i x remains p h y s i c a l l y i n t a c t . 
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IV. R e s e r v o i r D e v i c e s Without a Membrane 

T h i s f i n a l c a t e g o r y of d e v i c e s c o v e r e d i n t h i s 
book c o n f i n e s the a c t i v e agent i n a r e s e r v o i r but does 
not employ any membrane to c o n t r o l i t s r e l e a s e . A 
si m p l e example i s h o l l o w f i b e r s which h o l d the agent 
i n t h e i r bore and r e l e a s e i t by d i f f u s i o n t h r o u g h the 
a i r l a y e r above the agent i n the b o r e . A somewhat 
more complex example i s porous networks i n which the 
agent i s p h y s i c a l l y imbib'ed i n t o the p o r e s and r e 
l e a s e d by d i f f u s i o n through the f l u i d which f i l l s 
t h e s e p o r e s . S t r i c t l y s p e a k i n g t h i s c o n f i g u r a t i o n 
might a l s o be thought of as a m a t r i x d e v i c e . Both of 
these examples o r d i n a r i l y may be e x p e c t e d to f o l l o w a 
V"F type r e l e a s e p a t t e r  a l t h o u g h l f a c t o r
may moderate the d i f f u s i o
f i l e . T h i s i s t r u
s c r i b e d e a r l i e r , and i t i s not uncommon f o r the e x t e r 
n a l r e s i s t a n c e s to make systems composed of d e v i c e s 
w i t h an i n t r i n s i c VF r e l e a s e p r o f i l e a pproach " z e r o 
o r d e r " k i n e t i c s . 

The above c o n c e p t s are d i s c u s s e d i n one form or 
ano t h e r i n the papers which f o l l o w . There a r e co n 
c e p t s which have been or c o u l d be used t h a t a r e not 
i n c l u d e d i n t h i s book and "os m o t i c pumps" (8,29) a r e 
an i m p o r t a n t example. 

Role of the Polymer 

As mentioned e a r l i e r , one of the o b j e c t i v e s of 
t h i s book i s to f o c u s on the f u n c t i o n and s e l e c t i o n of 
the polymer used i n the c o n t r o l l e d r e l e a s e f o r m u l a t i o n . 
The r e q u i r e m e n t s of the polymer a r e o b v i o u s i n some 
ca s e s but i t i s u s e f u l t o summarize here what a few of 
the c o n s i d e r a t i o n s i n i t s s e l e c t i o n might be: 

1. D i f f u s i o n and s o l u b i l i t y c h a r a c t e r i s t i c s w i t h 
the a c t i v e or e n v i r o n m e n t a l agents to p r o 
v i d e the d e s i r e d r e l e a s e c o n t r o l (see e.g. 
19,20,21,23,24,31). 

2. C o m p a t i b i l i t y w i t h the environment ( e . g . not 
t o x i c o r a n t a g o n i s t i c i n m e d i c a l a p p l i c a 
t i o n s ) · 

3. S t a b i l i t y i n the environment ( s h o u l d not 
degrade or change u n d e s i r a b l y ) . 

4. C o m p a t i b i l i t y w i t h the a c t i v e agent (no 
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u n d e s i r a b l e r e a c t i o n s or p h y s i c a l i n t e r 
a c t i o n s ) . 

5. M e c h a n i c a l p r o p e r t i e s , 

6. Ease of f a b r i c a t i o n . 

7. C o s t , 

T e s t i n g : L a b o r a t o r y V e r s u s F i e l d 

In d e v e l o p i n g c o n t r o l l e d r e l e a s e f o r m u l a t i o n s i t 
i s i n e v i t a b l y cheaper to do i n i t i a l t e s t i n g i n a 
l a b o r a t o r y under c o n t r o l l e d c o n d i t i o n s t h a t match 
c l o s e l y the a p p l i c a t i o
m e d i c a l t e r m i n o l o g y )
under a c t u a l c i r c u m s t a n c e s ( i n v i v o i n m e d i c a l 
t e r m i n o l o g y ) i s n e c e s s a r y . In m e d i c a l a p p l i c a t i o n s 
i n v i v o use may i n v o l v e p l a c i n g the d e v i c e i n the 
body by i n s e r t i o n t h r ough a body o r i f i c e , i n g e s t i o n , 
i m p l a n t a t i o n , i n j e c t i o n , or by a p p l i c a t i o n to the 
s k i n . The papers t h a t f o l l o w d e a l w i t h v a r i o u s 
s t a g e s of t e s t i n g and i n some c a s e s d i r e c t c o m p a r i 
sons between them a r e made. I t i s u s e f u l to summa
r i z e h e r e a few of the f a c t o r s t h a t c o u l d c o n t r i b u t e 
to d i f f e r e n t performance i n the f i e l d than the 
l a b o r a t o r y : 

1. E x t e r n a l hydrodynamic boundary l a y e r s . In 
the l a b th e s e can be e x t r e m e l y w e l l con
t r o l l e d compared to the f i e l d . F r e q u e n t l y 
i n the l a b t h e s e are made s m a l l i n t e n t i o n a l 
l y i n o r d e r to s t u d y the i n t r i n s i c c h a r a c 
t e r i s t i c s of the d e v i c e . In the f i e l d t h e s e 
e f f e c t s may be d i f f e r e n t than i n the l a b and 
i n f a c t may be v a r i a b l e i n t i m e . The c o n s e 
quences may be d r a m a t i c . F o r example, a 
m a t r i x d e v i c e may show a Vt* r e l e a s e p a t t e r n 
i n the l a b where the e x t e r n a l boundary l a y e r 
e f f e c t i s s m a l l , but i n the f i e l d a " z e r o 
o r d e r " r e l e a s e r a t e c o u l d be o b s e r v e d (28) 
because t h i s e f f e c t i s l a r g e - and t h i s 
c o u l d be advantageous! 

2. E n v i r o n m e n t a l f a c t o r s not c o n s i d e r e d i n the 
l a b : wind, sun (e.g. UV d e g r a d a t i o n ) , 
t e mperature f l u c t u a t i o n s , i n t e r f e r e n c e by 
e n v i r o n m e n t a l c h e m i c a l s and or g a n i s m s , e t c . 
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3. Fabrication V a r i a b i l i t y , Generally formu
lations for laboratory testing are made by 
hand or by proto-type processes whereas 
f i e ld testing requires scale-up of the pro
cess to commercial or near-commercial con
dit ions . This may produce differences or 
v a r i a b i l i t i e s not anticipated. 

Commercial Products 

In spite of the re lat ive ly short l i f e of con
trol led release technology, a number of commercial 
products have already been introduced. The following 
Table I summarizes a sampling of these products. It 
is s t i l l too early
of this technology
the next few years should be interesting. Several of 
the papers included here deal with devices which are 
already commercial or soon w i l l be. As a consequence, 
some do not delve deeply into the more interesting 
technical details owing to understandable proprietary 
restraints . 
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T a b l e I 

Some Commercial C o n t r o l l e d R e l e a s e P r o d u c t s 

Trade Name Company Comments 

NOFOUL B. F. 
G o o d r i c h 

A n t i f o u l i n g r u b b e r c o a t i n g . 
M a t r i x d e v i c e (some v e r 
s i o n s employ a membrane 
i n a d d i t i o n ) 

NO-PEST 
STRIP 

S h e l l A m a t r i x d e v i c e f o r 
r e l e a s e of i n s e c t i c i d e 

HERCON 
DISPENSER 

H e a l t h
Chem 

p e s t i c i d e and o t h e r agents 

PRECISE 3M M i c r o e n c a p s u l a t e d 
f e r t i l i z e r 

OSMOCOAT S i e r r a M i c r o e n c a p s u l a t e d 
f e r t i l i z e r 

PENNCAP-M Pennwalt M i c r o e n c a p s u l a t e d m e thyl 
p a r a t h i o n i n s e c t i c i d e 

OCCUSERT A l z a Laminated membrane d e v i c e 
f o r r e l e a s e of p i l o c a r p i n e 
i n the eye f o r glaucoma 
c o n t r o l 

PROGESTASERT A l z a A membrane r e s e r v o i r d e v i c e 
f o r r e l e a s e of p r o g e s t e r o n e 
i n the u t e r u s f o r b i r t h 
c o n t r o l 

BioMET SRM M&T A m a t r i x d e v i c e f o r r e l e a s e 
of a m o l l u s c i c i d e 

INCRACIDE 
E-51 

I n t e r n a 
t i o n a l 
Copper Re
s e a r c h 
A s s o c i a t i o n 

A m a t r i x d e v i c e f o r r e l e a s e 
of a m o l l u s c i c i d e 
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Structural Factors Governing Controlled Release 

C. E. ROGERS 

Department of Macromolecular Science, Case Western Reserve University, 
Cleveland, Ohio 44106 

Polymer membranes
as protective permeation barriers such as coatings or packaging 
films. More recently, polymer membranes have been developed to 
serve as specific media for the separation of penetrant mixtures 
by reverse osmosis desalination, hyperfiltration, dialysis, ion 
exchange, etc. A realm of applications which now is achieving 
both credence and feasibility i s the use of polymer materials, 
usually in membrane form, as media for controlled dispensing of 
active chemical or biological agents. The range of present and 
potential applications in industrial, biomedical, agricultural, 
and other fields is very impressive. 

The concept and practice of controlled release from mem
brane systems encompasses many types and mechanisms of release 
kinetics and application specifications. The slow release 
technique, whereby a dissolved or dispersed agent is desorbed 
from a suitable matrix over a prolonged period of time, has been 
used for many applications over the years. Sustained release 
systems, in which a nearly constant desorption rate is maintained 
over prescribed time periods, have been developed over the past 
few years with some commercial products now on the market. 
Examples, variations, and combinations of these, as well as 
other, often quite novel systems, have been well documented in 
the literature (1-3, and references therein). 

Major factors affecting controlled release systems are well 
recognised. The often overriding effects of boundary layer 
phenomena and/or membrane fouling are serious problems. The 
mathematical representation and analysis of transport and solu
tion behavior have proceeded on many levels of sophistication 
with consequent cycles of confusion and enlightenment. The 
development of viable systems has been perplexed by considera
tions of environmental compatibility, dependable quality control, 
and economics. There obviously is much work yet to be done. 

The underlying basis of the behavior of all membrane 
systems - be they for barrier, permselective, or controlled re
lease applications - is common insofar as the solution, transport, 
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16 CONTROLLED RELEASE POLYMERIC FORMULATIONS 

and other properties of the materials are governed by the 
physiochemlcal composition and structure of the components under 
given environmental conditions. The phenomena of controlled re
lease are similar (often Identical) to those involved In plasti-
ciser technology, environmental resistance of polymers, and re
lated areas of polymer technology. The extensive investigations 
in those areas, and in the science and technology of membrane 
transport, per se, serve as both theoretical and practical guides 
for an elucidation of controlled release systems (4-6)· 

The objective of certain of our past and present studies in 
this area (6-13) has been to obtain a better understanding of the 
interplay between solution and transport penetrants In terms of 
variations in polymer composition, structure, and morphology. 
These variations can be the result of changes i n the original 
nature of the polymer, or as a result of subsequent specific 
chemical or physical modifications
presence of the agent o
spatial effects of the environment on the system during the 
period of use* These studies have endeavored to utilize informa
tion from a l l of the areas mentioned as well as advances in our 
knowledge of synthesis, characterization, and property analysis 
of polymers. Most recently, we have been concerned primarily 
with advantages and disadvantages of using multicomponent poly
mers for applications which can be related to controlled release. 
The versatility of this wide class of materials gives an enhanced 
degree of design f l e x i b i l i t y for obtaining useful, perhaps 
unique, systems. 

With these concepts and objectives in mind, we will discuss 
aspects of the general dependence of oilfusion and solution 
processes on various structural factors. Ve want to emphasise 
certain underlying principles and phenomena common to many types 
of application while, at the same time, calling attention to a 
few otherwise neglected or misunderstood points. The feasibility 
and benefits of controlled modifications in polymer structure i s 
a topic of particular interest. It i s suggested that the onset, 
time-dependence, or release rate of suitable systems can be 
altered by use of polymers which undergo various transitions in 
response to changes in temperature, relative humidity, or other 
environmental factors. The development of viable controlled re
lease systems can be based on these and related structural 
facton with due consideration given to the effects of boundary 
layer phenomena and environmental compatibility* 

Factors Affecting Membrane Permeability 

The general dependence of transport properties of homogen
eous polymers on external experimental conditions (e.g., pressure 
and temperature) and on Internal structure and thermal history of 
the polymer are f a i r l y well established and predictable* On the 
other hand, transport behavior of heterogeneous polymer membranes 
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(e.g., graded composition "asymmetric" membranes, ion-exchange 
membranes, and chemical or structural compositiee or blends) i s 
much more complex and not as easily predictable. At the same 
time, these membranes show the most promise for unique permeation/ 
release processes» 

In a l l cases, the diffusion flow or flux, J, of a substance 
in a mixture with other substances can be defined as the amount 
passing during unit time through a surface of unit area normal to 
the direction of flow, independent of the state of aggregation of 
the mixture. In many cases of interest for release applications, 
It i s necessary to realise that the total flux may be a combina
tion of a pure diffusive flux and a convectlve mass flow related 
to the swelling of the polymeric matrix. Suitable corrections to 
account for the frame of reference for such systems have been 
discussed (4-6)· These corrections seldom have been made in 
practice so that the interpretatio
ject to reappraisal i
basis of concepts and theories for diffusive mechanisms of 
transport. 

For corrected pure diffusive flux, i t can be shown (6) that 
the flux i n the steady-state (or pseudo-steady-state over rela
tively short time periods) can be expressed ast 

j . -D* dîna de dc _ ^ d c (l) 
dine dc dx dx 

The diffusion coefficient D* i s a measure of the average mobility 
of penetrant molecules within the diffusion medium. The apparent 
Fick's Law diffusion coefficient i s the product of the non-
negative mobility factor and a thermodynamic factor related to 
the Ideality of the penetrant-polymer mixture t 

d - »» f l u ( 2 > 

where a Is the activity and c i s the concentration of penetrant 
in solution i n the polymer phase. 

Vhen the mixture i s a thermodynamically ideal solution, 
dlna/dlric i s unity. However, most mixtures exhibit deviations 
from ideal behavior of a magnitude proportional to the concentra
tion. The concentration dependence of D thus arises from two 
sources ι the concentration dependence of the mobility, which i s 
usually the dominant factor, and a concentration dependence 
attributed to the nonldeal nature of the system. 

It Is well to note that the thermodynamic term also can be 
expressed ast 
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where V i s the activity coefficient. If, for any reason, these 
thermodynamic terms become negative in sign, diffusion may occur 
against the concentration gradient. The presence of unstable 
phase regions within the diffusion medium, due, for example, to 
sudden local changes i n temperature, composition, morphology or 
applied stress, will lead to this so-called "uphill 1 9 diffusion 
behavior which i s phenomonologically similar to "activated" 
transport i n the biological sense. 

The distribution factor (solubility coefficient) 

i s a measure of the partitioning of penetrant between a polymer 
solution phase, c, and an ambient penetrant phase, c. The latter 
phase may be the externa
reservoir for desorptio
function i s a parameter characterising the penetrant-polymer 
system which may be a function of pressure or concentration as 
well as temperature. 

The product of the mobility and distribution parameters can 
be defined as the permeability Ρ s DK. It i s to be emphasized 
that these expressions do not impose any restrictions as to the 
functional dependence of the parameter on experimental conditions. 
Interpretation of the significance of the parameters must be made 
in light of refined and realistic theories which take into consid
eration the nature of the system as regards dominant transport 
mechanism, frame of reference, boundary-layer effects, etc. At 
the very least, the parameters serve as phenomenological coeffi-
cents which describe the system under given conditions. 

The actual migration of a penetrant molecule through a 
medium can be visualized as a sequence of unit steps or jumps 
under the influence of a concentration (chemical potential) 
gradient by a cooperative action of the surrounding complex of 
molecules during which the molecule passes over a potential 
barrier separating one position from the next. The precise de
t a i l s of the relative motions which occur during diffusion, as 
well as the molecular configurations of the resultant mixtures, 
are uncertain. 

It i s apparent that the physical and chemical properties of 
the components as well as the experimental conditions will govern 
the equilibrium site or hole concentration, i t s size distribution, 
and the height of potential barriers between successive sites. 
The ease of hole formation depends on the relative mobilities of 
penetrant molecules and polymeric chain segments as they are 
affected by changes i n size, shape, concentration, and inter
action between components. The other major factor affecting 
transport i s the number, size, and distribution of defect struc
tures, such as voids, capillaries, and domain boundaries, within 
the polymer matrix. The inherent morphological nature of the 
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polymer, coupled with the particular fabrication and processing 
conditions, determine the detailed defect structure. 

In relatively homogeneous polymers the dependence of permea
b i l i t y on the anticipated controlling facto» can be stated quite 
generally. For example, the temperature dependence of permeabil
it y over reasonable temperature ranges can be represented by the 
Arhennius-type equation 

Ρ - P 0 exp(-Ep/RT) (5) 

where Ep i s the activation energy for permeation equal to the sua 
of the apparent activation energy for diffusion and the heat of 
solution. Consequently, any factor which acts to reduce the ease 
of hole formation for diffusion can be expected to decrease the 
overall rate of permeation  These effects are quite noticeable 3n 
studies of diffusion o
molecular size and shap
extremely sensitive to the magnitude and size distribution of 
"holes" available per unit time and volume for diffusive jumps 
as determined by the Inherent or modified polymer chain segmental 
mobilities. 

The local segmental mobility or chain stiffness may be 
affected by chain interactions arising from hydrogen bonding, 
polar group Interactions, or simple van der Waal's attractions. 
As the number of these groupings per unit chain segment length 
Increases, the degree of interaction increases, the segmental 
mobility decreases, and therefore the permeation rate also 
decreases. These effects are especially pronounced for the case 
of symmetrical substitution of polar groups since the packing of 
adjacent chain segments i s somewhat facilitated leading to more 
efficient interactions. 

Other modifications (5-7) which serve to decrease chain seg
mental mobility, and therefore decrease permeation, are suf f i 
ciently high degrees of crossllnking, the presence of solid addi
tives ( f i l l e r s ) onto which the polymer i s strongly adsorbed, and 
the occurrence of crystalline domains within the polymer i t s e l f 
(5t 6). An Increase in density and crystalline content results 
mainly i n a corresponding decrease i n solubility since crystalline 
regions are not generally accessible for sorption. However, the 
concurrent permeability decrease i s substantially greater, indi
cating that the diffusion coefficient also i s decreased, 
presumably because of the restraining effects of crystalline 
regions on local chain segmental motion in adjoining non
crystalline regions and a more tortuous path through the mixture 
of amorphous and crystalline domains. 

The local chain segmental mobility of a polymer i s enhanced 
by the presence of an added plasticizer, resulting i n a lowering 
of the glass transition temperature of the polymer. The permea
tion of solvents in a polymer i s similar i n that the sorbed and 
diffusing solvent acts to "plasticize" the polymeric system. The 
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net result of the nuch higher sorbed concentrations of good 
solvents i n a polymer (a high X value) times the attendent plasti-
clsing action which increases the corresponding diffusion 
coefficient i s a marked Increase in the overall permeation rate. 

Typically 9 for low concentrations (up to about 10 percent by 
weight) of a sorbed penetrant, where Henry's Law i s reasonably 
valid, the diffusion coefficient varies with concentration ast 

D - D(c-o)exp(oc c) (6) 

where D(c-o) i s the extrapolated value of D at zero concentration 
and o i l s a characteristic parameter which can be related, for 
example, to the Flory-Hugglns Interaction parameter (5» 6). For 
wider ranges of sorbed concentrations, better representations are 
obtained i n terms of solvent activity, at 

This includes the regions of sorbed concentrations where Henry's 
Law i s no longer obeyed, but rather the sorption follows the 
Flory-Hugglns equation or the related expression (6, 7)« 

Combination of Equations 7 and 8 for the case when o> approaches 
zero leads to Equation 6· Detailed theories have been proposed 
to rationalize the observed concentration dependence of diffusion, 
mainly in terms of free volume concepts (5 - 7) # and to account 
for the phenomena of penetrant cluster formation within the 
polymeric matrix (5 - 8). 

In most investigations of diffusion and solution in 
polymers, the tacit assumption has been made that the accessible 
regions are structurally homogeneous so that diffusion can be 
considered to occur by a single activated mechanism within the 
continuum. Recently, however, evidence has been presented for 
the presence of a microporous structure in certain amorphous 
polymers below or near their glass temperature, and in semi-
crystalline polymers above their glass temperature. 

The distribution of void size and shape, dependent on the 
manner of membrane preparation and fabrication, may range from 
submicrovolds of the order of unit-cell dimensions to porosities 
and cleavages of much greater dimensions with non-random config
urations. These voids are to be distinguished from the free 
volume associated with liquids or amorphous solids and their 
magnitude i s not a thermodynamic quantity. In glassy amorphous 
polymers as the temperature Is lowered below the glass tempera
ture, the actual total volume occupied by a polymer becomes pro
gressively greater than the equilibrium volume of an equivalent 
liquid. Since segmental mobility i s low, this volume difference 
must result in the formation of different density regions on the 

D - D(co)exp( *

Κ « Κ(ο-ο)βχρ(σ» c) (8) 
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mlcroscale* The less densely packed regions then correspond in 
effect to voids within the surroundings more densely packed 
matrix. This phenomenon may be even more pronounced for cellu-
losie polymers which exhibit very low rates of conformational re
arrangement due to their Inherent low segmental chain mobility. 

The conditions of processing, such as casting temperature, 
solution composition, and subsequent annealing treatments, will 
have a marked effect on the microstructure of the membrane* In 
many cases, the resultant structural heterogeneities can be con
sidered as voids within the terms of the above discussion* The 
void content will be characterized by a magnitude and size dis
tribution which will then change with time as the membrane i s 
subjected to more extreme environmental conditions during i t s use* 
The void distribution i s directly related to the polymer chain 
conformation statistics* 

The effect of a microporou
transport properties depend
by the distribution of microvoids and on the nature of the pene
trant contained within such voids* The presence of interconnected 
micropores, small channels, cracks, or other flaws in polymer 
structure permits convection of penetrant to occur through the 
medium in addition to activated diffusion. Such capillary flow 
does not show very pronounced differences for various penetrants 
unless the diffusing molecule i s of a dimension comparable with 
that of the capillary* 

For the case of a homogeneous distribution of non-inter
connected microvoids the overall rate of transport would be 
expected to increase somewhat owing to the smaller structural 
packing density afforded by the presence of the lower density 
void regions* However, when the cohesive forces between pene
trant molecules are greater than the attractive forces between 
penetrant and polymer, the incoming penetrant tends to cluster 
within the polymer* With reference to the overall diffusion 
flux, a molecule within a cluster generally will be less mobile 
than an Isolated free molecule owing to the additional energy re
quired to break free from the cluster* A detailed discussion of 
the dependence of the diffusion flux on cluster formation as i t 
varies with penetrant concentration, void content, time, and 
other factors has been presented (6, 7 ) · 

A more fundamental and comprehensive approach to the general 
problem of diffusion i n multicomponent systems i s afforded by the 
theory of Irreversible thermodynamics* The rate of flow of a 
substance in such a system i s dependent not only on i t s own 
gradient of chemical potential (i.e., concentration gradient) but 
also on the gradients of chemical potential of the other compo
nents as well as external force gradients (stress, electric 
fields, temperature, etc.) For systems not far removed from 
equilibrium, this interdependence may be assumed to be linear. 
The resultant cross terms have been neglected or considered 
negligible in almost a l l past investigations of diffusion* 
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However, these terms certainly are significant i n many cases, such 
as in so-called Mactive" biological transport, and therefore 
should be Included to obtain a more complete understanding of 
diffusion phenomena. 

Modification of Polymer Structure and Properties 

An aspect of particular interest, and some promise of uniqueness 
and u t i l i t y , i s the change of polymer composition, structure, and 
morphology as a function of time under, or following, a change of 
environmental conditions. If and when these changes can be pre
scribed by I n i t i a l selection and fabrication procedures i t could 
allow a further element of control over the desired transport re
lease properties. 

The modification of polymer structure, where the term 
structure Is used in i t
number of methods and procedures
with some overlap In definition, are composition, morphology, and 
geometry. This i s especially evident for the case of multicompo-
nent materials where one can alter chemical compositions, propor
tions, and spatial arrangements of the components. This includes 
polymer blends, f i l l e r s and other additives, and copolymers. 
Particularly attractive classes of materials are graft and block 
copolymer systems which allow the possibility of making nearly 
independent changes in polymer composition and morphology (12). 

The solution and diffusion properties of certain membrane 
materials can be drastically altered by careful graft copolymerl-
zation procedures. It i s possible to prepare series barriers, 
permselective control layers, internal blocking, or enhanced 
sorption volumes by the control of the grafting process. The 
synthesis of spatially asymmetric composition membranes gives 
materials with useful directional swelling and transport 
properties (10). 

The dependence of polymer membrane permeation properties on 
the nature of grafted polymer chain length, conformation, and 
domain formation have been elucidated using several membrane 
materials subjected to controlled graft copolymerisation proce
dures. (U) Improved permeation barrier characteristics of 
poly(isoprene-g-methylmethacrylate) to inert gas penetrants were 
found for short chain or densifled graft domains as compared with 
long chain or extended domains. In another study (13)1 i t was 
found that the presence of short graft chains acts as relatively 
inert f i l l e r , or excluded volume by chain packing effect, more 
effectively than does longer graft chains. The short chains are 
considered to be distributed along the backbone chain allowing a 
more efficient packing and structural densificatlon than do the 
relatively isolated compacted long chain domains even though 
those local domains may be more impermeable, per se. The de
tailed dependence of solubility and diffusion coefficients on the 
nature of the graft copolymerisation process and the related 
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variations in polymer structure and composition shed further 
light on the mechanism of transport and property-structure 
relationships* 

A comparison of the effects of graft content on diffusion 
and solution processes suggests that the dominant effect of grart-
ing, i n the system under study, i s to Impede the migration of 
penetrant rather than cause much variation i n the equilibrium 
amount or distribution of penetrant molecules within the polymer* 
Effectively the same number of sorption sites exist but these 
sites are less readily accessible* The minor change in sorption 
level further suggests that sorption i s probably taking place in 
an environment quite similar to that i n the original elastomer 
sample* The effects of excluded sorption site volume or overall 
change in site energies, related to chemical composition and 
Interaction variations, are not apparent* These considerations 
lead to the propositio
domains in the more readil
polymer* Their presence i n those regions would be expected to 
reduce the subsequent rates of penetrant transport without sub
stantial changes in the eventual sorbed penetrant content* 

Polymer blends, graft and block copolymer, f i l l e d or other 
composite polymer systems offer definite advantages for formation 
of controlled release systems* The discrete domain structure 
characterizing these multicomponent, usually multiphase, systems 
can be used as suitable solution/diffusion media or controlled 
porosity media in which the system composition and morphology can 
be altered to obtain favorable solubility and diffusivity be
havior (12) suitable for enhanced release characteristics* A 
dispersed, molecularly bonded domain structure within a continu
ous matrix corresponds to selective penetrant reservoirs within a 
diffusion-controlling matrix* The inherent viscoelastic and 
other mechanical properties of such systems contribute to the 
overall solution/release behavior in contrast to many gross dis
persed multiphase reservoir systems* 

Control of the diffusion characteristics of the matrix, or 
of a component domain parallel or normal to the release diffusion 
axis, can be achieved by a number of techniques* Selective 
chemical reactions such as direct substitution or surface lami
nate formation (surface grafting or plasma polymerization) 
directly affect segmental mobility, density, Interactions, etc* 
Crossllnking, czystalllnity, or the addition of reinforcing 
f i l l e r s have similar effects* Orientation of surface structure, 
for example, by controlled casting procedures, can have a pro
found effect on release characteristics (9)· 

Porosity in a polymer system can be achieved by variations 
in fabrication procedures, selective leaching of soluble compo
nents (polymer blends or volatile diluent/plasticizers), or care
f u l microdeformation of certain crystalline or glassy polymers* 
The swelling of polymers under application environmental condi
tions i n effect increases the porosity, hence the release rate* 
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This type of behavior i s of considerable significance both for 
understanding the course of existing release systems and for the 
development of new systems with enhanced performance characteris
tic s . 

Temporal and Spatial Controlled Release Systems 

It i s considered advantageous i f controlled release systems 
can be developed which will respond to given stimuli-triggers, so 
to speak. The use of glassy or semi-crystalline polymers which 
undergo transitions at f a i r l y well defined temperatures i s an 
example in point. The incorporation of suitable agents within 
such matrices can be achieved by normal methods. The release 
characteristics undergo sharp increases when the application 
temperature exceeds the transition temperature  especially in the 
case of the semi-crystallin
geometry are easily preserve
which otherwise do not significantly affect either the transition 
behavior or solution/diffusion characteristics. 

Another class of materials with this category of properties 
are those which undergo progressive swelling over prolonged time 
periods. Certain block copolymer systems, especially those with 
ionic domains connected to non-anionic domains, swell with 
gradual destruction of domain continuity under the influence of 
the (osmotic) swelling stress (12). The gradual, predictable, 
and controllable swelling can serve to increase the rate of 
desorption of contained materials as the concentration of mater
ials decreases. 

A final class of materials includes those subject to chemi
cal, physical, or biological attack by environmental agents. 
Several systems have been developed or suggested with these 
characteristics including biodegradable, UV degradable, erodible, 
etc. One can speculate on the development of more sophisticated 
systems sensitive to trace stimuli-agents such as enzymes or 
changes in pH. 

Conclusion 

Examples of many of the above aspects of release character
is t i c s by control of polymer composition, structure, morphology, 
and system geometry can be given. Modifications of these system 
variables can be achieved by careful selection, fabrication, and 
post-fabrication chemical and/or physical treatments. The use of 
multicomponent polymer media offers advantages for enhanced solu
tion reservoir characteristics coupled with controlled diffusion 
release kinetics by changes in segmental mobilities, swelling and 
defect composition and distribution (porosity). The development 
of such composite membrane systems offers tangible benefits for 
various controlled release applications. 
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Controlled Release from E r o d i b l e Slabs, C y l i n d e r s , 
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Raleigh, N.C. 27607 

An extremely attractive
is based upon the concep
ates an agent which is, potentially, ac t ive biologically. The ag
ent may be d i s s o l v e d , suspended, or dispersed w i th in or chemical ly 
bonded to the host polymer. The device concept is based upon the 
premise that some zero-order process, e i the r chemical , physical, 
or physico-chemical , will completely cont ro l the release kinetics. 

It is implicit, i n the o v e r a l l concept, that the ra te deter
mining process will occur a t a boundary between essentially un
affected host polymer and prev ious ly swol len , degraded, or per
meated m a t e r i a l . The device functions ideally in the absence of 
boundary layers external to the device or w i th in the previous ly 
degraded or swollen polymer. Specifically, it is assumed that 
d i f f u s i o n of hydrolyzing or swe l l ing water to the reac t ion site 
and e l imina t ion of ac t i ve agent from t h i s zone of reac t ion is ex
tremely rap id compared with the rate determining process or pro
cesses occurr ing a t t h i s well defined boundary reg ion . 

Chemical re laxa t ions controlling add i t i ve release from an 
implant device may be d iv ided in to two explicit ca tegor ies . Neogi 
and A l l a n (1) have reviewed the concept of add i t ives which are 
l i nked chemical ly to a host polymer whereby, consequent to p lace
ment, water penetrates the device hydrolyzing the chemical bond 
linking the would-be add i t ive to the host polymer. I t is assumed 
that migrat ion of the l i b e r a t e d add i t i ve proceeds r a p i d l y com
pared to the rate-determining chemical " re laxa t ion" or " reac t ion" 
(2 ,3 ) . A l t e r n a t i v e l y , chemical ly r e l ax ing devices funct ion as a 
consequence o f chemical degradation o f the host polymer, liberat
ing biologically ac t ive compounds from the matrix of hydrolytical-
ly unstable host polymer (4-7) . This concept r equ i res , o f course, 
that the degradation products o f the host polymer be toxicologi-
cally acceptable to the organism or environment being treated by 
the d e l i v e r y system. 

The most simple physical r e l axa t ion might be dissolution of 
the host polymer thus liberating d i sso lved or suspended biologi
cally a c t i ve ma te r i a l s . I f the dissolution proceeds at a constant 
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r a t e , a zero-order process would, therefore , ensue and c o n t r o l l e d 
and constant d e l i v e r y might be a n t i c i p a t e d . 

In p r a c t i c e , e rod ib le devices may a c t u a l l y be con t ro l l ed by 
more than one l i m i t i n g mechanism. For ins tance , chemical ly erod
ing devices may be k i n e t i c a l l y c o n t r o l l e d by chemical reac t ion as 
wel l as d i f f u s i o n o f e i t he r water to or by-product from the re 
ac t ion s i t e . Quite conceivably , the o v e r a l l reac t ion constant 
descr ib ing the rate-determining process may be an "apparent" con
stant which describes phenomenologically, a somewhat complex 
ove ra l l mechanism. In any event, there are a wide v a r i e t y of i n 
dependent mechanisms that could r e s u l t i n c o n t r o l l e d release o f 
add i t ives from formed, e rod ib le polymers. Although very s t r ingent 
physico-chemical requirements are imposed to obta in true "zero-
orderness;" a fu r the r , even more s t r ingent geometrical requirement 
i s i m p l i c i t i n t h i s p a r t i c u l a r device des ign . 

For an erosion proces
the eroding device w i l
nents a t a c o n t r o l l e d and constant ra te i f the device i s a perfect 
s l ab . Cooney has analyzed the somewhat r e la ted case of a surface-
c o n t r o l l e d d i s s o l u t i o n of pharmaceutical t ab le t s and has suggested 
various t ab l e t geometries which would tend to s t a b i l i z e the d i s 
so lu t i on k i n e t i c s (8). The un i f i ed ana lys i s presented here deals 
wi th i d e a l i z e d d e l i v e r y k i n e t i c s which would be expected from 
eroding polymeric s l a b s , c y l i n d e r s , and spheres which contain 
d i s s o l v e d , d i spersed , or chemical ly bonded a d d i t i v e . C l e a r l y , a 
capsule-shaped device would be best described as a composite 
c y l i n d e r and sphere and, therefore , the k i n e t i c s described here 
should form the guide l ines for r a t i ona l device design and a n a l y s i s . 

Ana lys i s 

A n a l y t i c a l r ea l t i onsh ips desc r ib ing the k i n e t i c s of add i t i ve 
release from erodib le polymer formulations may be derived simply 
i f one assumes that there i s a s ing l e zero-order process, charac
t e r i zed by a s i n g l e ra te constant , c o n t r o l l i n g the o v e r a l l re lease 
process. In genera l , t h i s k i n e t i c process might be character ized 
by a ra te constant , k 0 , although i t i s not necessary to speci fy 
the exact mechanism c o n t r o l l i n g the erosion process. C l e a r l y t h i s 
erosion process could involve d i s s o l u t i o n , s w e l l i n g , chemical r e 
ac t ion of host polymer, or chemical reac t ion of l i g a n d s , binding 
add i t i ve to a host polymer. Moreover, t h i s phenomenological con
s t an t , k 0 , could describe a process i n v o l v i n g combinations o f the 
i nd iv idua l re laxa t ions o r , i n specia l cases, could describe pro
cesses i n v o l v i n g d i f f u s i o n of reactant-water to or b i o l o g i c a l l y 
agent from the reac t ion zone. The models which are presented here 
are useful fo r descr ib ing the k i n e t i c s of any erosion process re 
gardless o f the fundamental nature o f the mechanism; however, the 
models assume that the i d e a l i z e d release k i n e t i c s are not con
founded by time dependent d i f f u s i o n a l res is tances in te rna l to or 
external from the eroding dev ice . 
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Release K i n e t i c s from Erodib le Spheres. Consider the c ross -
sec t ion of a sphere undergoing erosion as presented i n Figure 1. 
In the region R<r<a eros ion has already taken place and i t i s as
sumed that there are no d i f fu s iona l res is tances associated wi th 
the penetration of water, metabol i tes , or b i o l o g i c a l l y a c t i v e com
ponents w i t h i n t h i s r eg ion . In p r a c t i c e , t h i s region may be t o t a l 
l y eroded material as i n the case o f the d i s s o l u t i o n or chemical 
degradation o f the host polymer. 

Figure 1. Cross-section of a spherical or cylindrical device 
which has eroded from position r = a. to a radial position R 

Most impor tant ly , however, the rate-determining re laxa t ions— 
e i the r chemical or phys ica l re laxa t ions which cont ro l the o v e r a l l 
release k i n e t i c s - - o c c u r a t p o s i t i o n R at any s p e c i f i c t ime, t . 

I f k Q i s defined as the erosion constant which might have 
the uni t s of mg/hr-cm 2 , then the k i n e t i c expression desc r ib ing r e 
lease from a sphere of radius a would be given by: 

d M t / d t = k Q ^ R 2 (1) 

where M^ refers to the amount o f b i o l o g i c a l l y a c t i v e mater ial (mg) 
which i s released from the device i n a time t . The in tegra l 
amount o f b i o l o g i c a l l y a c t i v e material which i s released from the 
device i n time t , Mt w i l l be given by the material balance: 

M t = (4Tr/3)Co[a 3-R3] (2) 

where C 0 refers to the uniform i n i t i a l concentrat ion o f b i o l o g i c a l 
l y ac t ive component which was o r i g i n a l l y dispersed or d i s so lved 
throughout the device p r i o r to implantat ion and consequent exhaus
t i o n . C 0 would be expressed i n the cons is tent u n i t s ; mg/cnv5. 

Since the ra te determining re laxa t ions which occur a t the 
p o s i t i o n R are c a r r i e d out a t an ever decreasing r a d i u s , cor res 
ponding to an ever decreasing area, a cont inuously decreasing r e 
lease r a t e , dM^/dt, r e su l t s from a k i n e t i c process which i s , i n 
f a c t , zero-order i n a planar f i l m geometry. I f one subs t i tu tes 
the mass balance Equation (2 ) , in to the k i n e t i c express ion, Equa-
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t i o n (1 ) , one develops the fo l lowing r e l a t i onsh ips consequent to 
the ou t l ined a lgebra ic s i m p l i f i c a t i o n s : 

[ 4 π 0 ( a 3 - R 3 ) ] 2 

Cancel l ing y i e l d s : 

dt 

d ( a 3 - R 3 ) . 3 Î 0 R 2 
dt 3 C Q 

= 3k n 4 π R ^ (3) 

d i f f e r e n t i a t i o n and s i m p l i f i c a t i o n provides: 

dR/dt = ( - k 0 / C Q ) ( 4 ) 

Equation ( 4 ) j u s t i f i e  th  i n t u i t i v  notio  that th  r e l a x a
t i o n f ron t , posi t ioned b
sphere center wi th a v e l o c i t y equa o e r e l axa t io  constant , 
k 0 , d iv ided by the equ i l i b r ium add i t i ve concent ra t ion , C ç . 

The a lgebra ic r e l a t i o n s h i p for R as a function o f time i s , 
therefore , given by 

R = a - ( k 0 / C Q ) t (5) 

and i s defined only for 0<t<(Co/kc)a. 
Subs t i tu t ing (5) in to (2) y i e l d s 

4 7 r C n * Κ τ 

M t - V- & - (* " Γ ] ( 6 ) 

and since , 
4 i r C n a J 

Κ - — § — (7) 
where i s the amount of add i t i ve released consequent to ex
haustion of the dev ice , then: 

V - = 1 • [ 1 - ς ϊ ] 3 ( 8 ) 

Equation (8) describes in tegra l release k i n e t i c s whereby the 
f r ac t i ona l amount o f add i t ive released a t time t (normalized to 
the amount of add i t i ve released a t t o t a l exhaustion of the d e v i c e ) , 
M^/Moodoes not increase l i n e a r l y wi th time and therefore the de
v i ce does not fo l low s t r i c t zero-order release k i n e t i c s . Accord
i n g l y , the ra te o f add i t i ve release decreases monotonically wi th 
t ime. 

Release K ine t i c s from Erodible C y l i n d e r s . Consider the 
c ross - sec t ion of a c y l i n d e r , perpendicular to the c y l i n d e r a x i s , 
undergoing erosion as described i n Figure 1. Analogous to the 
spher ica l case, the region o f Rsrsa i s completely exhausted of 
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a d d i t i v e which was o r i g i n a l l y d i s t r i b u t e d uniformly throughout the 
en t i r e device at a concentrat ion C 0 . Conversely, a t time t , i n 
the region OsrsR, there remains a uniform i n i t i a l concentrat ion 
of b i o l o g i c a l l y ac t ive agent equal to C 0 . There i s , therefore , 
a d i s c o n t i n u i t y i n concentrat ion at the p o s i t i o n r=R correspond
ing to the pos i t i on at which the ra te determining re laxa t ions con
t r o l l i n g d e l i v e r y are occu r r ing . 

Employing the nomenclature k 0 to describe the r e l axa t ion con
s tan t , expressed i n mg/hr-cm 2 , the k i n e t i c expression descr ib ing 
re lease from a c y l i n d e r o f r ad ius , a , i s given by 

d M t / d t = k 0 2 i r R L ( 9 ) 

where L represents the length of the r i g h t c y l i n d e r . The amount 
of a d d i t i v e , M t , released from the cy l i nde r i n time t w i l l be 
given by 

M t = i r [ a 2 - R 2 ] L C 0 ( 1 0 ) 

C l e a r l y , a continuously decreasing re lease r a t e , dM t / d t r e s u l t s 
once again from a k i n e t i c process which i s , i n f a c t , zero-order 
i n planar f i l m geometries. I f one subs t i tu tes the mass balance 
Equation ( 1 0 ) i n to the k i n e t i c express ion, Equation ( 9 ) , one 
develops the fo l lowing equations consequent to the ou t l ined a lge
bra ic s i m p l i f i c a t i o n s : 

dU ( a 2 - R 2 ) L C Q ] / d t = k ^ R L ( 1 1 ) 

s h i c h , upon c a n c e l l i n g , leads to 

d [ a 2 - R 2 ] / d t = k 0 / C Q ) 2 R ( 1 2 ) 

ca r ry ing out the d i f f e r e n t i a t i o n , one obtains 

dR/dt = - k 0 / C Q ( 1 3 ) 

Once again the i n t u i t i v e not ion i s j u s t i f i e d that the r e l axa t i on 
f ron t , posi t ioned by the coordinate value R, moves towards the 
c y l i n d e r center wi th a constant v e l o c i t y equal to the r e l axa t i on 
constant k 0 d iv ided by the equ i l i b r i um a d d i t i v e concentrat ion C 0 . 
The a lgebra ic r e l a t i o n s h i p for R as a funct ion o f time i s there
fore given by 

R - a - ( k 0 / C Q ) t ( 1 4 ) 

and i s a l so defined only fo r 

°<*<(<νι<0)3 ( 1 5 ) 
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Subs t i tu t ing the previous equation in to the o r i g i n a l k i n e t i c ex
pression and recognizing that 

M = *R 2 LC (16) 
oo 0 

one obtains a r e s u l t fo r the f r ac t i ona l amount of a d d i t i v e r e 
leased , Mj/M^ by the fo l lowing expression 

M t / M « > - 1 - D - k 0 t / C Q a ] 2 0 7 ) 

Release Kine t i c s from Erodible S labs . By i n s p e c t i o n , one 
can wr i t e an expression for the f r ac t i ona l amount o f add i t i ve r e 
leased from a device as a funct ion of the parameters k 0 , C ç , a , 
and t given by Equation (18) where a i s equal to the h a l f - t h i c k 
ness of the s l a b : 

V » o o

An a l te rna te form of t h i s simple r e s u l t would be 

M t / M oo a 1 - Π - k 0 t / C Q a ] (19) 

One observes, therefore , that there i s a simple uni fy ing r e l a t i o n 
ship descr ib ing add i t i ve release from spheres, c y l i n d e r s , and 
slabs given by the expression: 

V M c o " 1 - Π - k o t / C o a ] n ( 2 0 ) 

where n=3 for a sphere, n=2 for a c y l i n d e r , and n=l for a s l a b . 
The symbol, a , represents the radius of a sphere or c y l i n d e r or 
the ha l f - th ickness of a s l a b . 

Conclusions and Implicat ions o f the Ana lys i s 

The a n a l y t i c a l models embodied i n Equation 20 describe i d e a l 
ized release k i n e t i c s o f add i t ives from host polymers. The models 
assume that the ra te determining re laxa t ions are not confounded 
by d i f f u s i o n o f s o l u b i l i z i n g , swe l l ing or hydrolyzing water to 
the r e l axa t i on s i t e nor by d i f fu s iona l res is tances involved with 
l i b e r a t i o n of degradation by-products or b i o l o g i c a l l y ac t i ve agent 
from the zone of r e a c t i o n . The k i n e t i c responses r e s u l t i n g from 
s l a b s , c y l i n d e r s , and spheres are compared. The der iva t ions assume 
that the devices are physico-chemical ly i d e n t i c a l , therefore , v a r i 
a t i on i n o v e r a l l re lease k i n e t i c s accrues soley from geometrical 
cons idera t ions , per se. 

Constant d e l i v e r y rate i s on ly provided by slab-shaped de
v i c e s . Del ivery rates which decrease wi th time r e s u l t from erod
ing cy l inde r s and spheres even though the k i n e t i c process pro
v i d i n g the ra te determining step i s , i n f a c t , zero-order . 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



32 CONTROLLED RELEASE POLYMERIC FORMULATIONS 

These models are useful for calculating reaction or relaxa
tion constant from integral release kinetics accruing from eroding 
spheres and cylinders. The true zero-orderness of an erosion 
mechanism can, in turn, be tested by comparing actual behavior 
with the models embodied in Equation (20). These models suggest 
that advanced device designs might provide for initial additive 
concentrations which are non-uniform thus compensating for the 
overall effects of device geometry. An approximation to perfectly 
zero-order kinetics afforded by the slab might be achieved by 
limiting the additive to the outer regions of spherical and 
cylindrical erosion-controlled delivery devices. Alternatively, 
more complex geometries involving hollow cylinders or cloverleaf 
shapes (8) will provide geometric compensation. Constant rate 
delivery will , therefore, result from these ideally functioning 
devices i f they are not confounded by internal or external dif-
fusional resistances. Thes
in general, give rise t
however. 
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Importance of Solute Partitioning on the Kinetics 

of D r u g Release from Matr ix Systems 

T. J. ROSEMAN and S. H. YALKOWSKY 
Pharmacy Research, The Upjohn Co., Kalamazoo, Mich. 49001 

Controlled release
method to accurately mete y  therapeuti  agent
to the patient. The dosage form is programmed to deliver drugs 
systemically or at their site of action in amounts that are needed 
to elicit the desired biological response. Controlled release 
offers greater convenience to the patient by reducing multiple 
dosing regimens and can provide more uniform blood concentrations 
of the drug than can be achieved with conventional routes of ad
ministration. This concept is illustrated in Figure 1 where sub
therapeutic and toxic dosing is eliminated by providing constant 
blood concentrations of the medicament (1). 

Release rates are dictated by the design of the delivery 
system. Zero-order release occurs with reservoir devices which 
maintain a constant activity source of drug behind a rate con
trolling membrane. When the activity of the diffusing species 
is not constant, that is, it decreases with time, first order re
lease rate profiles are expected. Monolithic devices containing 
dissolved or excess suspended drug yield release patterns which 
decline as the inverse of the square root of time (2). The drug 
properties and components of the delivery module must be carefully 
selected to provide the optimal release rate and yet assure ac
ceptable physical and chemical stability of the system. Ideally, 
the drug should possess a short biological half-life and be 
relatively potent. 

In general, researchers have elected to modify polymer proper
ties to obtain the required release rate of the active species 
(2,4). Alternatively, the solute properties of the therapeutic 
agent can be favorably changed by making appropriate substituent 
modifications in the molecule. This last approach, which has re
ceived l itt le attention, couples the pro-drug concept (5) into the 
design of the delivery system. Slight changes in the molecular 
structure of steroids, for example, can significantly alter their 
transport rates through silicone rubber (6,7). A systematic com
parison of the data, however, is difficult because of variations 
in the design of the experiments among different investigators. 
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The purpose of t h i s paper i s to demonstrate the importance o f 
l i p o p h i l i c character , i . e . , s o l u b i l i t y behavior o f the d i f f u s i n g 
spec ies , on the release mechanism. Esters of p-aminobenzoic ac id are 
used as model compounds where a l k y l chain length i s sys temat ica l ly 
var ied from the methyl to the heptyl e s t e r . The i n v i t r o release 
patterns are analyzed according to mathematical r e l a t i onsh ips 
which describe the k i n e t i c s of drug release from i n e r t matrix 
systems. 

The concept o f c o n t r o l l e d release i s extended to a b i o l o g i c a l 
system using vaginal r ings conta ining medroxyprogesterone acetate . 
The d e l i v e r y system was designed to provide a continuous release 
of drug for extended time periods and i s e f f i cac ious i n i n h i b i t i n g 
ovu la t ion i n humans (8) . Serum drug concentrations and i n v ivo 
re lease p r o f i l e s are q u a n t i t a t i v e l y analyzed using the phys ica l 
model approach. The r e l a t i o n s h i p between i n v i t r o and i n v ivo 
drug release k i n e t i c s i

EXPERIMENTAL 

Synthesis o f the propyl through heptyl es ters o f p-amino
benzoic ac id were reported prev ious ly (9) . The methyl , e t h y l , and 
butyl esters were obtained commercially" 6 . P u r i t y of the es ters 
were determined by g a s - l i q u i d c (GLC) chromatography. The chromato-
grams exh ib i t ed a s ing l e peak. Mel t ing points were i n agreement 
wi th l i t e r a t u r e values (10). Medroxyprogesterone acetate had a 
labe led potency o f 98% or greater . Compresssion d i s t i l l e d water 
and d i s t i l l e d i n glass solvents were used throughout the study. 

Preparation o f Matr ix Systems 

Discs containing the appropriate es te r of p-aminobenzoic ac id 
were prepared by f i r s t l e v i g a t i n g micronized drug in to the mono-
meric form o f the s i l i c o n e rubber" . Af t e r a uniform d ispers ion 
was obtained the mix was cata lyzed wi th stannous octoate and 
placed in to a s p e c i a l l y designed c i r c u l a r d i s s o l u t i o n holder having 
a depth o f 0.25 cm and an exposed surface area of 10 cm 2 (Figure 
2b). The holders were pressed against a p l ex ig l a s s p la te and the 

. Provera, The Upjohn Company, Kalamazoo, MI 49001. 
Eastman, Rochester, NY 14650 (methyl and e thyl e s t e r s ) ; 
Matheson, Coleman and B e l l , Norwood, Ohio (butyl e s t e r ) . 
Chromatographic condi t ions were: Hewlett Packard Model 402 Gas 
Chromatograph, 3% UCW-98, 80-100 mesh on Gas-Chrom Q (Applied 
Science Lab I n c . , State C o l l e t é , PA 16801); 4 f t χ 1/4 i n c h ; 
detector - 270°C; column temperature fo r methyl to propyl was 
120°C and fo r butyl to heptyl was 150°C; helium flow rate was 

. 50 ft!/miη and hydrogen and a i r adjusted to maximize response. 
S i l a s t i c 382, Dow Corning, Midland, MI. 
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Figure 2a. Sketch of complete dissolution apparatus 
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mix was cured at room temperature. Removal o f the excess drug-
mix ( f lash) from the resu l tan t d i sc o f polymeric mater ial was 
f a c i l i t a t e d by s l i g h t l y undercutt ing the perimeter of the d i s s o l u 
t i o n holder. 

Vaginal r ings (55 mm outside diameter and 36 mm ins ide diam
eter) conta ining 1% and 2% medroxyprogesterone acetate were pre
pared i n a s i m i l a r manner except that the mix was placed in to 
appropr ia te ly s ized molds. Upon t h e i r removal, the r ings were 
deflashed. 

D i s so lu t ion Procedure 

An automated system was designed to measure the release o f 
the esters of £-aminobenzoic a c i d . A sketch of the apparatus i s 
shown i n Figure 2a. Water (37°C) was pumped from a r e se rvo i r 
through a 37°C con t ro l l e
m l ) , i n to a spectrophotometer
path length o f the spectrophotometric c e l l var ied from 0.5 cm to 
2.0 cm depending upon the release rate o f the compound being 
s tudied . 

During pre l iminary d i s s o l u t i o n experiments i t was noted that 
a i r bubbles from the water were adsorbed onto the s i l i c o n e matr ix . 
E q u i l i b r a t i o n o f the r e se rvo i r water conta iners , at 37°C overnight , 
e l iminated t h i s problem. Flow rate for the methyl through hexyl 
esters was maintained at 20 ml/miη by a p is ton pump f . A flow 
rate o f 30 ml/miη was employed for the heptyl e s te r . These rates 
were selected to provide a drug concentrat ion i n the d i s s o l u t i o n 
media that was less than 10% of the drugs aqueous s o l u b i l i t y . 
Therefore idea l s ink condi t ions were maintained throughout the 
runs, i . e . , the bulk concentrat ion (Cb) was approximately zero. 
A 300 R .P .M. synchronous motor 9 provided so lu t ion a g i t a t i o n below 
the surface of the drug-matrix. The d i s s o l u t i o n holder was ad
jus ted to the same height above the s t i r r e r from run to run. In 
t h i s way the hydrodynamics remained constant at a l l t imes. A 
s t a in l e s s s teel tube connection was used between the d i s s o l u t i o n 
c e l l and the spectrophotometer, to minimize adsorption that could 
occur wi th rubber tubing. A l l experiments were performed i n 
dup l i ca t e . 

Absorbance readings at 285 nm were continuously monitored on 
a chart recorder " attached to the spectrophotometer. Standard 
curves (concentration versus absorbance) were obtained by pumping 
known concentrations of the fj-aminobenzoic ac id es ter through the 
c e l l . Standards were checked before and af te r each experiment to 
v e r i f y that no s i g n i f i c a n t adsorption occurred i n the pump or 
tubing connections o f the system. 

? Beckman DB Spectrophotometer, F u l l e r t o n , CA. 
·" F l u i d Metering I n c . , Oyster Bay, NY 11771. 
? Bodine E l e c t r i c C o . , Chicago, IL 60618. 

Beckman 10" recorder , F u l l e r t o n , CA. 
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Calcu la t i on o f the Release Data 

Figure 3 presents an example o f the raw release data recorded 
from the spectrophotometer fo r 5% i n i t i a l loading doses o f the 
methyl and hexyl esters o f £-aminobenzoic a c i d . The d i s s o l u t i o n 
rates (d£) for a continuous flow system are expressed by the f o l 
lowing d t equation (21): 

$ = V & + F C (Eq. D 

where : 

V = volume i n the d i s s o l u t i o n compartment 

dC/dt = change i n concentrat io  (C) wi th  tim  ( t ) 

F = flow ra te . 

Integrat ion of equation 1 from 0 to t ime, T , y i e l d s the cumulative 
amount o f drug released (Q) per un i t surface area as a funct ion 
of t ime: 

Q = VCy + F J Cdt (Eq. 2) 

where; Cj i s the so lu t ion concentrat ion i n the d i s s o l u t i o n compart
ment at t ime, T. 

RESULTS AND DISCUSSION 

The mechanisms of drug release from i n e r t polymeric matrix 
systems were reviewed by Baker and Lonsdale (2 ,12) . Representa
t i v e release rate- t ime p r o f i l e s are shown i n Figure 4. Zero-order , 
f i r s t - o r d e r , or t ime-^ ( t-^) rate dependencies can be achieved 
depending upon the design of the d e l i v e r y system. Reservoir de
v i c e s , composed of a constant a c t i v i t y source o f drug maintained 
behind a rate c o n t r o l l i n g membrane,provide release rates which are 
independent of time (zero-order) . An exponential release pattern 
occurs when there i s a non-constant source o f drug i n the r e se rvo i r 
and i t s thermodynamic a c t i v i t y decreases wi th t ime. Square root of 
time k i n e t i c s i s predicted when the polymeric matrix contains 
molecular ly d i sso lved drug, or suspended drug i n equ i l i b r ium with 
d i sso lved drug. When only d isso lved drug i s present the square 
root o f time funct ion i s operat ive during the f i r s t 60% of drug 
release which i s then followed by a per iod o f exponential decay. 
For the suspended or dispersed case where the t o t a l drug concen
t r a t i o n i s maintained at a value much greater than i t s s o l u b i l i t y 
i n the polymeric phase, the square root of time r e l a t i o n s h i p i s 
expected to be maintained throughout the time course o f drug 
d e l i v e r y . 
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Figure 3. Absorbance-time graphs for the 5% methyl 
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I t i s p o s s i b l e , however, that a period o f zero-order release 
may precede the square root o f time dependence, y i e l d i n g a t r i 
phasic release p r o f i l e fo r the d i sso lved case and a b iphas ic r e 
lease p r o f i l e fo r the dispersed system. This type o f behavior i s 
exemplif ied when the d i f fu s ing species possesses a r e l a t i v e l y high 
degree o f l i p o p h i l i c i t y , e . g . , substances which have large p a r t i 
t i o n c o e f f i c i e n t s ( s o l u b i l i t y i n p o l y m e r / s o l u b i l i t y i n e l u t i o n 
media) r e s u l t i n g i n permeabi l i ty rates through the matrix which 
are rap id compared to d i f fu s ion from the surface. The durat ion 
of the zero-order release periQd i s dependent upon the i n i t i a l 
drug loading dose, the res is tance offered by the environmental 
d i f f u s i o n l a y e r , and the p rev ious ly mentioned t ransport ra te 
through the matrix phase. This s i t u a t i o n i s mathematically t r a c t 
able and can be q u a n t i t a t i v e l y expressed by use of appropriate 
physical-chemical parameters as described below. 

Biphasic Release fro

A schematic representat ion of the physica l model for the 
release o f s te ro ids from an i n e r t matrix system conta in ing excess 
drug i n suspension has been presented (13) and i s shown i n Figure 
5. I n i t i a l l y the matrix contains homogeneously dispersed drug 
p a r t i c l e s i n equ i l i b r ium wi th d i sso lved drug. The release process 
i s ac t iva ted when the matrix comes in to contact wi th the envi ron
mental f l u i d and a concentrat ion gradient i s e s tab l i shed . At t ime, 
t , greater than zero , a deple t ion zone U) occurs i n the mat r ix , 
across which subsequent d i f fu s ion occurs . At the moving front , the 
concentrat ion o f the drug i s assumed to be equal to i t s equ i l i b r i um 
s o l u b i l i t y i n the polymeric phase. At the ma t r ix - so lu t ion i n t e r 
face the concentrat ion i n the polymer i s designated C * S and the 
concentrat ion i n the aqueous so lu t ion i s C ' A . In the environmental 
f l u i d , t ransport occurs across an aqueous boundary d i f fus ion l ayer 
of th ickness , h a , i n to the bulk so lu t ion at a concentrat ion of Cb-

With the assumptions tha t : (a) the d i s s o l u t i o n of drug par
t i c l e s i s fas t compared to subsequent d i f fu s ion i n the mat r ix ; (b) 
a pseudo-steady s ta te e x i s t s ; (c) d i f fu s ion c o e f f i c i e n t s are con
stant for a l l species i n a p a r t i c u l a r phase; (d) drug t ransport 
occurs through the matrix phase, and not pores; (e) the t o t a l drug 
concentrat ion (A) i s much greater than i t s s o l u b i l i t y i n the po ly 
meric phase; and (f) "perfect s ink" condi t ions are approximated, 
i . e . Cb S 0, the fo l lowing general expressions were derived (12* 
14) r e l a t i n g the amount released per un i t surface area (Q) to time 
It) for a planar matr ix : 

-D h ΚΑε Γ / D h ΚΑε\ 2 2 Α ΰ ς 0 ς ε ΐ Ί h 

« •-'it—LvXr) + - î"H ( Ε , · 3 ) 
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where: 

A = t o t a l concentrat ion of drug in matrix (mg./cm. ) 

D a = d i f fu s ion c o e f f i c i e n t i n d i s s o l u t i o n medium (cm. /min.) 
2 

D $ = d i f fu s ion c o e f f i c i e n t i n matrix phase (cm. /min . ) 
3, C a = s o l u b i l i t y i n d i s s o l u t i o n medium (mg./cm. ) 

3 
C $ = s o l u b i l i t y i n matrix phase (mg./cm. ) 

Κ = p a r t i t i o n c o e f f i c i e n t ( C s \ C a ) 

h a = boundary d i f fu s ion l ayer (cm.) a 
ε = volume f r a c t i o n 

τ = t o r t u o s i t y 

D i f f e r e n t i a t i n g Q with

$ • ™ t e = 2 o ^ 3

 r (Eq. 4) 
d t 2 ( 3 2 K 2 + « C s t ) " 2 

2AD ε D h Α ε 
where a = — — and 3 = - Τ Γ 5 — 

α 

Two l i m i t i n g cases o f equations 3 and 4 r e s u l t depending upon the 
magnitude of the 3 2 K 2 term: 

2 2 
Case I K i n e t i c s : 3 Κ » a C $ 

D C t 
Q = - M - or (Eq. 5) 

h a 

dt h a 

α 

Case II K i n e t i c s : 3 2 K 2 « a C s 

(Eq. 7) 
/ 2 A D C e t \ h 
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Case I represents a zero-order release process where the amount r e 
leased i s l i n e a r l y r e l a t ed to time and thus the release rate i s 
independent of t ime. In t h i s instance the major res is tance to 
release resides i n the boundary d i f fus ion l a y e r . Case II i s an 
example o f a matrix con t ro l l ed k i n e t i c process where Q i s l i n e a r l y 
r e l a ted to {t)h and dQ/dt decreases according to the inverse of 
the square root of t ime. The Case II k i n e t i c expression was o r i g 
i n a l l y derived by Higuchi (1_5). 

In V i t r o Release o f Esters o f p-Aminobenzoic Ac id 

A r igorous t es t o f equations 3-8 can be accomplished by meas
ur ing the release o f substances where the l i p o p h i l i c character of 
the d i f fu s ing species i s a l t e red i n a systematic fash ion , whi le 
maintaining a l l other var iab les constant. A homologous se r ies o f 
esters o f £-aminobenzoi
increas ing the p a r t i t i o
3 2K2 over at l eas t s i x orders of magnitude. The β term i s essen
t i a l l y i n s e n s i t i v e to changes i n K, as the terms A , h a , ε , and τ 
are f i xed by the experimental des ign, and the d i f f u s i o n c o e f f i 
c ien t s are expected to be r e l a t i v e l y constant over these moderate 
changes i n the molecular weight o f the es te r s . The data i s pre
sented as the t o t a l amount of es te r released wi th time and there
fore equations 3, 5 and 7 are the relevant expressions. Since 
equations 4 , 6, and 8 are simply the de r iva t ives o f Q wi th respect 
to t ime, analyses o f the integrated expressions, i . e . , 3 , 5, and 
7 are s u f f i c i e n t to t e s t the theo re t i ca l concepts presented. 

Figure 6 shows the Q vs . t p lo t s for the methyl through heptyl 
esters o f £-aminobenzoic a c i d . A continuous release o f each es ter 
from the s i l i c o n e rubber matrix i s noted, wi th the exact release 
pattern being c h a r a c t e r i s t i c o f the es te r s tudied . At four hours, 
re lease o f the butyl es ter was the highest being seven times 
greater than the heptyl e s t e r , which was released at the slowest 
ra te . By examining the release curves i t i s d i f f i c u l t to v i s u a l l y 
co r re l a t e the ove ra l l release patterns to chain length because 
the cross-over o f the curves r e s u l t from changes i n the order of 
release as time progresses. Equation 3 , however, provides a 
general expression for the release process for a l l o f the esters 
and a lso accounts for a t r a n s i t i o n per iod for Case I to Case II 
k i n e t i c s . For example, a t four hours, i t can be shown that the 
d i f f u s i o n l ayer con t r ibu t ion reduces the t o t a l amount released by 
no more than 15% for methyl through butyl e s t e r s . For times 
greater than four hours, i t i s expected that Case II k i n e t i c s i s 
t o t a l l y operat ive and at equal loading doses and d i f f u s i v i t i e s Q 
i s dependent upon C s and not K. Absolute values o f C s are not 
known but are approximated by the s o l u b i l i t y o f the esters i n 
s i l i c o n e o i l . Values for C $ are given i n Table I , along wi th the 
reported (10) aqueous s o l u b i l i t i e s and p a r t i t i o n c o e f f i c i e n t s . 
The order o f release at four hours, i . e . , butyl > propyl > e thyl > 
methyl fol lows equation 7 using the s i l i c o n e o i l s o l u b i l i t y data 
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3.2 h 
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Figure 6. Release of esters of p-aminobenzoic from silicone rubber discs at 5% loading 
doses 
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i n Table I . Although the C s values fo r pentyl through heptyl are 
h igh , the res is tance across the d i f fus ion l ayer i s greater due to 
increas ing Κ values and a t r a n s i t i o n per iod occurs , wi th Case I 
k i n e t i c s preceding the square root o f time dependence. 

ο 
Table I . S o l u b i l i t y (mg./cm. ) Data fo r Esters 

of £-Aminobenzoic A c i d (10) 

Ester 

Methyl 

Ethyl 

Propyl 

Butyl 

Pentyl 

Hexyl 

Heptyl 

Water (C a ) 

3.82 

1.68 

8.42 

3.32 

9.32 

2.37 

5.88 

10" 

10' 

10" 

10' 

S i l i c o n e 
o i l i e r 

0.79 

1.38 

2.31 

3.69 

2.48 

2.35 

P a r t i t i o n 
C o e f f i c i e n t (K) 

0.208 

0.817 

2.75 

 χ

1.05 χ 10 2 

4.00 χ 10 2 

The pentyl es ter represents the t r a n s i t i o n a l chain length where a 
l i n e a r period o f release i s observed for about the f i r s t hour, 
followed by gradual curvature (Figure 6 ) . For chain lengths great
er than p e n t y l , Case I k i n e t i c s i s followed and release i s essen
t i a l l y independent o f Ce for the four hour i n t e r v a l . The l i n e a r 
nature o f the Q vs . t p l o t fo r the hexyl and heptyl esters support 
the use o f equation 5. Subs t i tu t ion of the re levant physico-
chemical constants "ι in to equation 3 provides an independent t es t 
of the theory. The theo re t i ca l p lo t s are shown i n Figure 7. Con
s ide r ing the assumptions i n the model, the agreement o f theory and 
data i s qui te acceptable. 

Graphs o f Q vs . (tr* are shown i n Figures 8 and 9. Linear 
r e l a t i onsh ips are observed fo r the lower es te r chain lengths . 
However a l ag per iod occurs for a l l es ters above methyl. This i s 
evidenced by ex t rapola t ion o f the l i n e a r port ions to the x - a x i s . 
The time in te rcep t increases as chain length increases exemplify
ing the t r a n s i t i o n o f the k i n e t i c schemes invo lved . The extreme 
curvature observed for the hexyl (see Figure 9) and heptyl esters 
i s i n d i c a t i v e of a Q vs . {t)% p l o t fo r a*stra ight l i n e . However, 

The values for the various parameters are l i s t e d i n reference 
14. The constant h a i n the present work was 34.9 χ 10" 4 cm. 
This was the average value ca lcu la ted from the express ion, h a = 
CaD a(dt/dQ) for the b u t y l , p e n t y l , and hexyl e s te r s . The i n 
d iv idua l values were 42 .5 , 29 .8 , and 32.5 χ 10-4 cm. for the 
respect ive es te r s . 
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Figure 7. Theoretical release profiles of esters of p-aminobenzoic acid from sili
cone rubber discs at 5% loading doses 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

t1 / 2 (minutes)172 

Figure 8. Plots of Q vs. (t)1/2 for the esters of p-aminobenzoic acid from silicone rubber 
discs at 5% loading doses 
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as a consequence o f the i n s e n s i t i v i t y o f t h i s type o f p l o t to the 
data, they appear l i n e a r a t times greater than 2 hours. There
fo re , i t seems more i n s t r u c t i v e to evaluate the t r a n s i t i o n regions 
by c a l c u l a t i n g the time, t t r a n s » f o r which the res is tance i n the 
boundary d i f fu s ion l aye r and matrix are equal . This i s given by 
the fo l lowing expression J : 

Vans = Î C T ( E q ' 9 ) 

Time values fo r the esters are l i s t e d i n Table I I . 

Table I I . Values o f t t rans for a 5 ^ Loading Dose o f 
the Ester o f £-Aminobenzoic A c i d 

Este

Methyl 3.82 χ 10-2 

Ethyl 3.37 χ 10" 1 

Propyl 2.28 χ 10° 

Butyl 2.15 χ 10 1 

Pentyl 2.95 χ 10 2 

Hexyl 3.10 χ 10 3 

Heptyl 4.75 χ 10 4 

As chain length increases t + r a n s values increase d rama t i ca l ly , sug
gest ing that the more l i p o p h i l i c molecules w i l l e x h i b i t Case I 
k i n e t i c s fo r longer t imes. 

Changes i n the loading dose w i l l a l t e r the t r a n s i t i o n per iod 
according to equation 9. The inf luence o f drug concentrat ion i s 
shown i n Figure 10 fo r the methyl and butyl es ters o f £ -amino-
benzoic a c i d . Increasing the loading dose from 1% to 5% has no 
detectable inf luence on the time in te rcept for the methyl es ter as 
the Q vs . {t)h p lo t s are l i n e a r and pass through the o r i g i n . The 
x - in te rcep t of the l i n e a r region for the butyl e s t e r , however, i n 
creases due to a greater per iod o f boundary d i f f u s i o n l ayer con
t r o l . The expected ef fec t o f loading dose on t t rans values i s 
shown i n Table I I I . T r a n s i t i o n times are d i r e c t l y proport ional to 
loading dose for a given es ter and increase according to K2 as 
a l k y l chain length i s extended. When matrix cont ro l i s operat ive 

The helpful suggestions of Dr. D. Flanagan were appreciated on 
the c a l c u l a t i o n o f ^trans- The values o f β and α were 6.40 χ 
Ι Ο " 2 mg. /cm. 2 and 1.76 χ 10" 2 mg./cm.-min. r e spec t ive ly fo r a 
5% w/w loading dose o f the es te r . 
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t % (minutes)% 

Figure 10. Plots of Q vs. (t)1/2 for the methyl and butyl esters of p-aminobenzoic acid at 
two loading doses 
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Table I I I . Influence of Loading Dose on t t rans Values 
for the Esters o f £-Aminobenzoic Ac id 

Loading V a n s ( m i n u t e s ) 

Ester Dose n 5% 

Methyl 

Ethyl 

7.64 χ 

6.74 χ 

1 0 " 3 

Ι Ο " 2 

10" 1 

3.82 

3.37 

X 

X 

Ι Ο " 2 

ΙΟ" 1 

Propyl 4.56 χ 

1 0 " 3 

Ι Ο " 2 

10" 1 2.28 X 10° 

10 1 Butyl 4.30 χ 10° 

10 1 

2.15 X 

10° 

10 1 

Pentyl 5.90 χ 

10° 

10 1 2.95 X 10 2 

Hexyl 6.20 χ 10 2 3.10 X 10 3 

Heptyl 9.50 χ 

10% 

7.64 χ 10" 2 

6-74 χ 10" 1 

4.56 χ 10° 

4.30 χ 10 1 

5.90 χ 10 2 

6.20 χ 10 3 

(Eq. 7), the r a t i o of Q vs . ( t ) ^ slopes are dependent upon (A)^ for 
a given compound. Calcula ted values for the r a t i o o f the slopes 
(5%/l%) o f the methyl and butyl es ters are 2.46 and 2.73 respec
t i v e l y . These agree reasonably wel l wi th the t h e o r e t i c a l r a t i o o f 
2.24. In cont ras t , when zero-order Case I k i n e t i c s a p p l i e s , i n 
creasing the concentrat ion over t h i s range should have a minor ef
fect on the amount released during the four hour time per iod o f 
t h i s study. 

In V i t r o Versus In Vivo Release K i n e t i c s 

The design o f c o n t r o l l e d release d e l i v e r y systems requires the 
j ud i c ious s e l ec t i on of the drug and polymer i n order to insure that 
i n v ivo release and subsequent absorption are i n phase wi th the 
potency of the therapeutic agent. The r e su l t s o f the s tudies wi th 
£-aminobenzoates demonstrate the inf luence o f so lu te proper t ies on 
re lease . The drug release model, represented by equation 3 , i s 
s u f f i c i e n t l y f l e x i b l e to account for c e r t a in environmental factors 
which a f fec t drug re lease . I t has been reported for example that 
values o f the boundary d i f fu s ion l aye r thickness from 250-500 χ 
10" 4 cm. are not unreasonable i n ce r t a in b i o l o g i c a l systems (16-
18). This represents over a 10-fo ld increase i n the res is tance 
of the d i f fu s ion layer that was ca lcu la t ed fo r i n v i t r o release of 
esters of £-aminobenzoic a c i d . Compounds such as the hexyl and 
heptyl esters which were released at zero order rates i n v i t r o 
could show even longer periods of constant release during i n v ivo 
experiments. Theoret ica l release rate curves are shown i n Figure 
11 for the hexyl es ter assuming h a equals 500 χ 10~ 4 cm. In v ivo 
release i s approximated by a zero order process for at l eas t 20 
days whi le the i n v i t r o rate curve shows a t r a n s i t i o n from zero-
order to square root of time k i n e t i c s . I t i s a l so noteworthy that 
the i n v ivo rates are less*than the i n v i t r o over the time sca le 
employed. In cont ras t , the less l i p o p h i l i c methyl es ter shows a 
matrix c o n t r o l l e d release p r o f i l e (Figure 12) which i s independent 
of the d i f f u s i o n l ayer t h i c k n e s s . c h e m j c a j 
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Figure 11. Theoretical release rates of the hexyl ester of p-aminobenzoic acid from 
silicone rubber. Key: upper curve—in vitro; lower curve—in vivo. 
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TIME (days) 

Figure 12. Theoretical matrix-controlled release rates for the methyl ester of p-amino
benzoic acid from silicone rubber. Line represents both the in vitro and in vivo pre

dictions. 
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A vaginal d e l i v e r y system conta ining medroxyprogesterone 
acetate provides a medica l ly useful example for the evalua t ion of 
these concepts under b i o l o g i c a l cond i t ions . Vaginal r i n g s , con
t a in ing excess drug i n suspension, are e f f e c t i v e i n i n h i b i t i n g 
ovu la t ion i n humans (8 ,19) . Figure 13 shows the i n v ivo release 
p r o f i l e fo r over 126 days ( s ix menstrual c y c l e s ) . A per iod of 
l i n e a r release i s evident during the f i r s t 21 days and then a 
gradual decrease occurs. At 21 days there i s 30 per cent l e ss 
drug released than under i n v i t r o experimental condi t ions (7J. 
Plo t s of Q' (mg. r e l ease / r ing) vs . ( t ) ^ are i l l u s t r a t e d i n Figure 
14. Af te r an i n t e rva l o f i n i t i a l curvature , l i n e a r i t y i s ob
served. The time to reach t h i s region i s much greater fo r i n v ivo 
re lease , presumably due to a l a rger res is tance to t ransport from 
the r i n g surface. For c y l i n d r i c a l geometry, p lo t s o f t h i s type 
are v a l i d when the f r ac t i on of drug released i s l e ss than 50% (7). 
The time period beyond
l i n e i n the f i g u r e . Th
v i t r o and i n v ivo p lo t s are p a r a l l e l i n d i c a t i n g that release i s 
under matrix conrol (Case I I ) and i s independent o f the envi ron
mental cond i t ions . The slope o f the l i n e s i s 9.6 mg./(day)^ and 
i s i n agreement wi tth the independently ca lcu la ted values of 10.9 
and 11.2 mg./(day)^ for the i n v ivo and i n v i t r o runs respec
t i v e l y k . 

Medroxyprogesterone acetate blood concentrations are i l l u s 
t ra ted i n Figure 15 fo r 1% and 2% w/w loading doses. The r ings 
were inser ted on the 5th day of the menstrual cyc le and serum 
drug l eve l s were assayed at one day i n t e r v a l s . Serum l e v e l s are 
character ized by an i n i t i a l e l eva t ion one day af ter i n s e r t i o n to 
r e l a t i v e l y constant serum l e v e l s which were maintained throughout 
the 21 days for both r i n g concentrat ions. The 2% r i n g , however, 
e x h i b i t s s l i g h t l y higher values than the 1%. The constancy o f the 
serum drug concentrations cor re la tes wi th the l i n e a r release of 
drug (Figure 13) over t h i s same time i n t e r v a l . The release 
data on t h i s c l i n i c a l l y tested del ivery-system ind ica tes that 
zero-order release was achieved for 21 days, even though square 
root of time k i n e t i c s was observed i n v i t r o . 

Calcula ted from equation 7 using the fo l lowing values from 
reference V. C s = 0.0874 mg. /cm. 3 ; D s = 2.50 χ 10~ 5 c m . V m i n . 
For the i n v i t r o experiment A = 15.2 mg. /cm. 3 and surface area 
= 36.3 cm. 2 whi le the r ings for the i n v ivo study possessed 
an A of 10.3 mg. /cm. 3 and a surface area of 42.7 c m . 2 . 
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TIME (days) 
Figure 13. Release of medroxyprogesterone acetate from vaginal rings 

t%(days)1/2 

Figure 14. Plots of Q' vs. (t)1/2 for medroxyprogesterone acetate rings 
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TIME (days) 
Figure 15. Serum medroxyprogesterone acetate concentrations from vaginal rings 

(bars are ± SEM) 

ABSTRACT 

Mathematical expressions derived on the basis of Fick's law 
of d i f fu s ion are appl ied to the study of the re lease of several 
model compounds from silicone rubber matr ices . Ester chain length 
of a homologous se r ies o f p-aminobenzoic ac id is sys temat i ca l ly 
var ied to illustrate the importance of the lipophilic character o f 
the d i f f u s i n g species . The time dependence o f the release ra te i s 
shown to be dependent upon the partitioning and solubility of the 
d i f fusan t , and expected square root o f time profiles from in vitro 
experiments may lead to zero-order k i n e t i c s in v i v o . B i o l o g i c a l 
s tudies wi th a vaginal r i n g containing medroxyprogesterone acetate 
support this ana lys i s as constant blood l e v e l s r e s u l t even though 
a square root o f time release dependence i s observed in vitro. 
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Thermodynamics of Controlled Drug Release from 
Polymeric Delivery Devices 

YIE W . C H I E N 

Pharmaceutical Research Group, Development Department, Searle Laboratories, 
G . D . Searle & Co., Skokie, Illinois 60076 

Introduction 

Recent interest has centered on the idea of replacing daily 
administration of a drug with delivery devices that release a 
constant effective dose to target tissues via a controlled-release 
mechanism (1-10). The high permeability of silicone polymer to 
steroids has been widely applied to the development of drug-filled 
silastic capsules (11-22) and drug-impregnated silicone matrices 
(23-28) for long-acting hormonal contraception. 

An in vitro drug elution system, which is simple and easy to 
construct and allows rapid characterization of the drug release 
mechanism, was introduced earlier from this laboratory (26). The 
application of such a system allowed characterization of the mecha
nism and rate of drug release in a much shorter period of time (26, 
27, 29). The drug release profiles from silicone devices measured 
in such a system agreed with in vivo results collected in animals 
intravaginally (28) and subcutaneously (30-32). 

In this report, the thermodynamics of controlled drug release 
from silicone polymer matrices will be fully analyzed both theo
retically and experimentally. 

Experimental 

Silicone devices were prepared by thoroughly mixing 0.462 
parts of Norgestomet1 crystals, 8.538 parts of silastic 382 medi
cal grade elastomer, and one part of silicone fluid 3602 with a 
rotator 3 at 1000 rpm for five minutes. One drop (0.02 ml) of 
stannous octoate 2, as catalyst, was then incorporated and thorough
ly mixed for another minute. The mixture was then delivered by a 
syringe pump4 into Tygon tubing 5 (R-3603, I.D. 1/8 inch). The 
silicone polymer was allowed to cure overnight in an exhaust hood 
at room temperature. After proper crosslinking, the resultant 
silicone polymer matrix was removed from the Tygon mold and cut 
into the desired lengths for various studies. 

The drug elution apparatus and the technique for determining 
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drug solubility in silicone polymer and in polyethylene glycol 
400-water cosolvent combinations used in this investigation were 
reported earlier (26). The assay of Norgestomet and other ster
oidal analogs was conducted using a spectrophotometer6 at a λ max 
value in the neighborhood of 240 nm. 

Theoretical Analyses 

It was reported earlier (29) that the release pattern of 
drugs from a drug-dispersed polymer matrix can be defined by the 
following two equations: 

<$m2 + 2(A-Cp)Dm6d5m = 2CpDm 
(A-^DsEK " ( A_ CP) u 

Q = A6m (Eq

where Q is the cumulated amount of drug released from a unit sur
face area of polymeric device (mg/cm2); A is the i n i t i a l amount of 
drug impregnated in a unit volume of polymer matrix (mg/cm3); Cp 
is the solubility of drug in the polymer phase (mg/ml); 6d and 6m 
are the thicknesses (cm) of the hydrodynamic diffusion layer on 
the immediate surface of the device and of the depletion zone, 
respectively; Ds and Dm are the diffusivities (cm2/sec.) of the 
drug molecule in the elution solution and in the polymer matrix, 
respectively; Κ is the partition coefficient of drug species from 
polymer matrix to solution phase; Ε is a constant accounting for 
the relative magnitude of the concentration gradients in both dif
fusion layer and depletion zone (29); and t is time. 

The concentration profiles on a unit section of a polymeric 
device are schematically illustrated in Figure 1. At the very 
early stage of a drug elution study, the thickness of the drug de-* 
pletion zone, 6m, is so small that the following condition exists: 

ômz « 2(A-Cp)Dm6d6m 
<A-^)DsEK ( E q > 3 ) 

So, Eq. 1 is reduced to: 

2(A-Cp)Dm<Sd6m _ 2CpDm 

( A - f W " ( A - ^ ) C
 ( E q . 4 a ) 

or: 
kDsKC _ kDsKCp . 

6 m " (A-Cp)od * (Eq. 4b) 
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Substituting Eq. 4b for the 6m term in Eq. 2 gives: 
m kDsKCp 

^ 6d (Eq. 5a) 
since the experiments were so designed that the i n i t i a l amount of 
drug (A) incorporated into a unit volume of polymer matrix is 
much greater than the solubility (Cp) of the drug in this polymer; 
therefore (A - Cp) - A. 

We know (29) that Cs = KCp; so, Eq. 5a may be transformed to: 
kDsCs 

Q " 6d ϋ (Eq. 5b) 
Eq. 5 indicates that at a very early stage of drug release dyna
mics, the partition-controlled process at the hydrodynamic diffu
sion layer is the rate-limiting step (Fig. 1). The rate of drug 
release at this i n i t i a l

t 6d"~^S (Eq. 6) 
Taking the logarithm on both sides of Eq. 6 results in: 

log φ = log K1 + log Cs (Eq. 7) 
where K1, the constant of interfacial diffusion, is described by: 

6d (Eq. 8) 
If the constant of interfacial diffusion (K1) is temperature-
dependent and follows by the Arrhenius relationship of : 

1 rrl 1 wl Ed, s 1 
log Κ* = log K i Q - . - ( E q > 9 ) 

where K 1
Q and Ed,s are the pre-exponential factor and the activa

tion energy of interfacial diffusion, respectively. 
It was established (33) that the mole fraction solubility 

(Cs) of a solid drug in a real solution is also temperature-
dependent and is defined by: 

Ί — Ί ΔΗί,s .Tm-Tx 
log Cs = - log Y g - ̂ 303^ (—) ( E q > 1 Q a ) 

where γ 8 is the activity coefficient of drug solute; AHf,s is the 
energy required to increase the intermolecular distance in drug 
crystals, thus, allowing drug molecules to dissociate from the 
crystal lattice and to dissolve themselves into the solution 
structure; Tm is the temperature of melting point (on absolute 
scale); R is the gas constant; and Τ is the temperature of a given 
system (also on absolute temperature scale). 

The solution process of a drug crystal in an elution medium 
can be visualized as consisting of two consecutive microscopic 
steps: (1) the dissociation of drug molecules from their crystal 
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lattice and (2) the solvation of these dissociated drug molecules 
into a solution structure. The f i r s t step requires a dissociation 
energy and is a Tm-dependent process. The second step requires a 
solvation energy and is a T-dependent process. If i t is the case, 
then, the energy term in Eq. 10a may be split to: 

ι η -ι Cs ι , AHm 1 AHT,s 1 
l 0 g C S = l o g Cs + Xs = " l 0 g Y s + 23Ô3R ' ΤΪ " 23Ô3R β Τ 

(Eq. 10b) 

where AHm is defined as the energy of dissociation which the drug 
molecules require to dissociate themselves from the crystal lat
tice structure and hence is dependent on the melting point (Tm) of 
the drug crystals; AHT,s is defined as the energy of solvation the 
drug molecules need to
structure and is dependen
tem; and Xs is the mole fraction of the solvent molecules and is 
known as much greater than Cs, the solubility (concentration) of 
the drug solute. 

In view of the facts that both terms of [log (Cs + Xs) -
log Ysl and AHm/2.303RTm are constant in a control condition, Eq. 
10b may be simplified to: 

ΔΗΤ s 1 
log Cs = constant - j - ^ . - ( E q > 1 Q q ) 

Substituting Eqs. 9 and 10c into Eq. 7 gives a relationship that 
defines the effect of temperature on the rate of drug release 
under a diffusion layer partition-controlled process: 

ι /QN _ _ (Ed,s + ΔΗΤ,s) 1 
log (-) = constant ^ T I Ô S R . Γ ( E Q > U ) 

Eq. 11 suggests that a semilogarithmic relationship exists between 
the i n i t i a l rate of drug release, Q/t, and the reciprocal, T"1, 
of the temperature investigated. The magnitude of the temperature 
effect is illustrated by the sum of Ed,s, the activation energy 
for interfacial diffusion, and ΔΗΤ,β, the energy of solvation. 

On the other hand, after the lapse of a finite time, the 
thickness of the drug depletion zone, 6m, becomes substantially 
greater; i t results in: 

6 f f i 2 ^ 2(A - Cp) Dm6d ^ 
(A - 3l)DskK ( E q > 1 2 ) 

so, Eq. 1 is reduced to: 
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6 m - ( t ) * 
( A " 2** (Eq. 13) 

Substituting Eq. 13 for the 6m term in Eq. 2 gives: 

Q - ̂ ADmCpjV* (Eq. 14) 
C D 

since (A - - f o * A. 
Eq. 14 implies that, after a finite period of drug elution, a 

matrix-controlled process becomes the predominant step in deter
mining the mechanism of drug release from the drug-dispersed poly
mer matrix. Now, the cumulated amount, Q, of drug released from a 
unit surface area of a polymeric device is directly proportional 
to the square root, t^
defined by: 

= [2ADmCp]^ (Eq. 15) 

Taking the logarithm of both sides of Eq. 15 gives: 

2 log (̂ ç) = log (2A) + log Dm + log Cp (Eq. 16) 

It was established (35) that the diffusivity of a drug in a poly
mer structure is defined by: 

η TW ι ~_o Ed,m 1 
log Dm = log Dm - . ̂  ( E q > i y ) 

and the mole fraction solubility (log Cp) of the same drug species 
in a polymer composition (33) may be defined as: 

- - - Cp - AHf ,m ,Tm - TN 
l 0 g C p = l 0 g C i + W = - l 0 g γρ " 2T303R ( "Tm—> 

(Eq. 18a) 

where Ed,m is the activation energy a drug molecule requires to 
diffuse in a polymer matrix; AHf,m is the molar heat of fusion ab
sorbed when the drug crystals melt into the polymer structure; 
γρ is the activity coefficient of the drug solute in the polymer; 
Tm is the melting point temperature; and Xp is the mole fraction 
of the polymer composition. As discussed earlier, AHf,m may also 
be split into two energy terms: AHm, the dissociation energy of 
the crystal lattice, and AHT,m, the energy required for the solva
tion of drug molecules in the polymer structure. So, Eq. 18a may 
be described alternatively as Eq. 18b, shown below. 

•y 7^ ι Cp _ ^ AHm 1 AHT,m 1 log Cp = log C p + χ ρ = - log γ ρ + 23Q3ÏJ- · fm" " 2T3U3R β Τ 
(Eq. 18b) 
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or: 
log Cp = constant - ^ g g . ± ( E q # l g c ) 

since both [log (Cp + Xp) - log γ ] , (V Xp » Cp), and 2.303R Tm 
terms are constant under controlled conditions. 

Substituting Eq. 17 and 18c into Eq. 16 results in an expres
sion which defines the temperature dependency of the drug release 
profile (Q/t^) under the matrix-controlled process: 

_ _ (Ed,m + ΔΗΤ,m) 1 log (Q/t2) = constant - \ , n A p . =• 4.606R β Τ (Eq. 19) 

Eq. 19 indicates that a semilogarithmic relationship also exists 
between the steady-stat
ciprocal, Τ 1, of the temperatur
magnitude of the temperature effect is also dependent on two en
ergy terms: Ed,m,the activation energy for matrix diffusion, and 
ΔΗΤ,πι, the solvation energy for drug dissolution in a polymer 
matrix. 

A comparison of Eq. 19 with Eq. 11 showed that the dependency 
of the drug release profile on temperature should be twofold 
greater in the diffusion-layer partition-controlled process than 
in the matrix-controlled process. 

Results and Discussion 

Controlled Drug Release from a Silicone Polymer Matrix: The 
release of Norgestomet, a potent progestin for estrus synchroniza
tion in heifers, from a silicone polymer matrix at an early stage 
of drug release (< 3 hours) is illustrated in Figure 2. Theoreti
cal analyses conducted earlier suggested that this i n i t i a l state 
drug release is predominately a partition-controlled process in 
the hydrodynamic diffusion layer (Figure 1) and a zero order drug 
release profile should be observed (as defined by Eq. 5). Appar
ently, the results collected at various temperatures agree with 
the theoretical expectation. 

The rates of drug release (Q/t) at various temperatures can 
be calculated from the slope of the linear Q-t relationship (Fig. 
2) as expected from Eq. 6. It was noted that the values of Q/t 
were dependent on the temperature of the drug elution system and 
increased approximately fourfold from 0.177 mcg/cm2/min. to 0.672 
mcg/cm2/min. when the temperature was raised from 30°C to 50°C 
(Table I). 

As time passed, the thickness (6m) of the drug depletion zone 
(Fig. 1) grew bigger and bigger. Soon the matrix-controlled pro
cess outweighed the partition-controlled process to become the 
rate-limiting step that dictated the whole course of controlled 
drug release from the polymer matrix system at steady-state. 
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d(Sm) 4- 8m -W SD 

Figure 1. Theoretical concentration profile existing in a drug dispersed silicone device in 
contact with a perfect solution sink. ( See text for the definition of A, Cp, Cm, Cd, Cb, 

140, 

Figure 2. Initial state release profiles of Norgestomet from a silt' 
cone polymer matrix at various temperatures. This linear relation

ship is defined by Eq. 5. 
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Table I 

Temperature Dependency of the Controlled Release of Norgestomet 
from S i l i c o n e Polymer Matrix 

Temperature 
Wo— 

30 

37 

45 

50 

(Q/t) i n i t i a l 
(mcg/cmz/min.) 

0.177 

0.300 

0.502 

(mg/cm^/daV*} 

0.593 

0.809 

0.950 

Figure 3. Steady-state release profiles of "Norgestomet from a sili
cone polymer matrix at vanous temperatures. This linearity is de

fined by Eq. 14. 
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Under this new rate process, as expected from Eq. 14, the cumula
ted amount of drug released (Q) from a unit surface area of the 
polymeric device should become directly proportional to the square 
root of time (t^). The results shown in Figure 3 illustrate this 
linear relationship. This Q-t^ linearity was followed at a l ^ the 
temperatures studied. Following Eq. 15, the magnitude of Q/t^ 
values can be estimated from the slope of the linear Q-t^ plots 
(Fig. 3). It was noted that the Q/t^ values were also temperature 
dependent and increased approximately twofold from 0.593 mg/cm2/ 
day^ to 1.028 mg/cm2/day^ when the temperature of the elution so
lution was raised from 30°C to 50°C (Table I). 

As the temperature of the drug elution system increased from 
30°C to 50°C, the magnitude of the i n i t i a l release rate, (Q/t) 
i n i t i a l , was enhanced approximately fourfold while the slope 

of Q vs. t"5 profile was increased only approximately two 
times. This observatio
yses (compare Eq. 11 wit
differences in their energy requirements between partition-con
trolled and matrix-controlled processes. 

Eq. 11 indicates that a semilogarithmic relationship should 
exist between the values of (Q/t) i n i t i a l and the reciprocal of 
the temperatures. Eq. 19 implies that a similar relationship ex
ists between the values of (Q/t^) and the reciprocal of the tem
peratures (Fig. 4). It appears that the magnitude of (Q/t) values 
is more sensitive to variations in the temperature of the drug 
elution system than Q/t^ data. Following Eqs. 11 and 19, the mag
nitudes of the composite energies required for the controlled re
lease of Norgestomet under partition-controlled and matrix-con
trolled processes can be computed from the slopes of this Arrheni-
us-type relationship (Table II). The results suggested that the 
matrix-controlled release process required a composite energy term 
(10.30 Kcal/mole) which is 2.37 Kcal/mole lower than that (12.67 
Kcal/mole) required for the release of drug under the partition-
controlled process. 

Comparisions made between Eq. 11 and Eq. 19 pointed out that 
the difference in energy requirements between partition-controlled 
and matrix-controlled processes could possibly be due to either 
the difference in the energy of activation (Ed,s for interfacial 
diffusion and Ed,m for matrix diffusion) and/or the difference in 
the solvation energy for drug solubilization (AHT,s for elution 
solution and AHT,m for polymer phase). This question may easily 
be answered by measuring the magnitudes of solvation energy re
quired for the solution of a drug in an elution medium (AHT,s) and 
in polymer phase (AHT,m). These measurements can be carried out 
simply by studying the temperature-dependency of the solubility of 
Norgestomet in a polyethylene glycol-water combination and in a 
silicone polymer. 

Eqs. 10b and 18b can be simplified to the following equations 
to define the effect of temperature on the mole fraction solubility 
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2 . 9 3 . 0 3.1 3 2 3 . 3 3 . 4 

1 0 0 0 / T 

Figure 4. Temperature dependency of the steady-state (Q) and initial state 
release (Φ) profiles of Norgestomet from a silicone polymer matrix. Data are from 

Table I. 

Table II 

Comparison on the Energy Requirements 
For the Release of Norgestomet Under 

Matr ix-contro l led and Pa r t i t i on-con t ro l l ed Processes 

Processes Energy Requirements* 

Matr ix-contro l led (Ed,m + ΔΗΤ,ΠΙ) - 1 0 . 3 0 Kcal/mole 

Pa r t i t i on-cont ro l l ed (Ed,s + AHT,s) = 1 2 . 6 7 Kcal/mole 

•Calculated from Figure 4 fo l lowing Eqs. 11 and 19 r e spec t i ve l y 
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of Norgestomet in solution medium and in silicone polymer: 

log Cs constant AHT,s 1 
2.303R e Τ (Eq. lOd) 

log Cp constant AHT,m :L 
2.303R β Τ (Eq. 18d) 

where constant = AHm log γ (or γ ) for the same drug 2.303R Tm 
species. 

Both Eqs. lOd and 18d imply-that the mole fraction solubility 
(Cs or Cp) of Norgestomet is exponentially dependent on the recip-
roacl, T"1, of the temperature tested. These linear semilogarith-
mic relations are illustrated in Figure 5 for solution solubility 
and in Figure 6 for polymer solubility. From the slope of these 
linearities, the solvatio
in various polyethylen
water may be estimated (Table III). The solvation of Norgestomet 
in pure water (as an elution medium) required a solvation energy 
(AHT,s) of 5.88 Kcal/mole. The addition of various volume frac
tions of polyethylene glycol into the aqueous elution medium sig
nificantly improved the aqueous solubility of Norgestomet (Fig. 5). 
It also resulted in an increase in the magnitude of AHT,s by ap
proximately 2.36 Kcal/mole. It was also observed that the solu
tion of Nortestomet in silicone polymer required a solvation ener
gy (AHT,m) of 6.60 Kcal/mole (Fig. 6). 

Subtracting this AHT,m value from the result we reported 
earlier (Table II) on (Ed,m + ΔΗΤ,m), the activation energy (Ed,m) 
for the diffusion of Norgestomet in silicone polymer matrix may 
easily be estimated. A value of 3.70 Kcal/mole was obtained. 
Similarly, the activation energy (Ed,s) for the interfacial diffu
sion of Norgestomet in a polyethylene glycol-water cosolvent sys
tem may also be calculated. For example, in an elution medium 
containing 75% v/v polyethylene glycol 400, the magnitude of Ed,s 
value was estimated to be 3.85Kcal/mole. This Ed,s value (3.85 
Kcal/mole) is very close to the Ed,m value (3.70 Kcal/mole) for 
the diffusion of Norgestomet in silicone polymer matrix. This 
calculation suggests that the differences in energy required for 
partition-controlled and matrix-controlled processes (Table II) 
are obviously due to the difference in the solvation energy re
quired for drug solubilization. The solubilization of Norgestomet 
in a 75% v/v polyethylene glycol solution required a solvation en
ergy (AHT,s =8.82 Kcal/mole) that was 2.22 Kcal/mole more than 
for solubilization in a silicone polymer (AHT,m = 6.60 Kcal/mole). 

Dissociation Energy of Crystal Lattice (AHm): Earlier in the 
analyses of the influences of temperature on the release profiles 
of Norgestomet from silicone polymer matrix (Eqs. 11 and 19) and 
the mole fraction solubilities (Eqs. lOd and 18d) of Norgestomet 
in elution medium and silicone polymer, the magnitude of AHm, the 
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2» 50 3d * 33 M M 

•000/ τ 

Figure 5. SemUogarithmic relationship between the mole 
fraction solubility (Cs) of Norgestomet in various poly
ethylene glycol 400-water combinations and the reciprocal 
of the temperature (Ύ'1). Key: A, pure water; B, 20% v/v 
polyethylene glycol 400; C, 40% v/v polyethylene glycol 

400; D, 60% v/v polyethylene glycol 400. 

Table III 

The Solvation Energy (AHT.S) Required for the Dissolution 
of Norgestomet 1n Various Elution Media 

Elution Media AHT.S 
(Kcal/mole) 

H20 5.88 

Polyethylene Glycol-H 20 Combinations 

20% v/v PEG 400 7.69 

40* v/v PEG 400 9.73 

60% v/v PEG 400 6.71 

75% v/v PEG 400 É U K 

χ (±S.D.) 8.24 (±1.32) 
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ίο"2. 

65 

IÔ3 
I S 

* ά h h h h h ώ 
ιοοο/τ 

Figure 6. Semilogarithmic relationship between the mole fraction 
solubility (Cp) of Norgestomet in silicone polymer and the recip
rocal of the temperature (Ύ'1). ΔΗΤ, m value was calculated to be 

6.60 kcal/mole. 

I7*-METHYL TESTOS-CNONE Γ7Η-ΕΤΗΥΙ.-·-ΗΟΛΤΕ8ΤΌ8ΤΕΛΟΝΕ Ι»-ΗΟβΤΕ8ΤΟβΤΕΛΟΗΕ 
(I90S/B9.5) (Ι7·.ββ/Ι3·.β) (183.4/ ISO) 

TE6T08TER0NE BENZOATE 10-UETHYL ETHVNOOIOL OACEIATE 
(Κ)·.·/Ι93.β) (7215/155.5) 

Figure 7. Chemical structure and polymer solubility (in 
mg/l.)/melting point (°C)of testosterone derivatives 
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dissociation energy of the crystal lattice, was treated as a con
stant term. This treatment was well justified because the same 
drug species, i.e. Norgestomet, was studied throughout the tests. 
Now, however, i t is necessary to determine how much this AHm term 
contributed to the energy required for the solubilization of drug 
particles in either the silicone polymer or the polyethylene gly
col-water cosolvent system and then for the release of Norgestomet 
molecules from silicone polymer matrix. 

Inspection of Eqs. 10b and 18b indicated that this AHm value 
can be conveniently measured by studying the dependency of the 
mole fraction solubilities of a homologous series of Norgestomet 
analogs on their melting point temperatures (Tm). The measure
ments of mole fraction solubility were required to be conducted at 
a constant temperature, for example, 37°C was applied for the pre
sent analyses. 

The effect of chemica
temperature and the solubilit
vestigated and is illustrated in Figures 7 (for testosterone deri
vatives) , and 8 (for progesterone derivatives), and 9 (for estra
diol derivatives). In most cases, i f the chemical modification 
lowered the melting point temperature, i t should also have in
creased polymer solubility; i t was exemplified by the acetylation 
of Norethindrone to Ethynodiol diacetate (Fig. 7). The acetyla
tion of both 3-keto and 17-hydroxy groups in Norethindrone lowered 
the Tm value by 73.5° and enhanced the Cp value by more than ten 
times. On the other hand, i f the chemical modification raised the 
melting point temperature, i t decreased polymer solubility; the 
addition of 113-methyl group to ethynodiol diacetate, which ele
vated Tm by 25.5° and decreased Cp by more than two times, is a 
typical example. 

If variations of log γ ρ and AHT,m/2.303RT values are small 
among a homogenous series of drug analogs, Eq. 18b may be reduced 
to: 

which suggests that the mole fraction solubility (Cp) of a drug 
species is exponentially dependent on the reciprocal (Tm"1) of its 
melting point temperature. This semilogarithmic relationship is 
illustrated in Figure 10. The correlation between log Cp and Tm""1 

after a multiple regression analysis, for a l l the 27 steriods is 
expressed by: 

log Cp = constant + AHm 1 
2.303R ' Tm (Eq. 20) 

log Cp = - 10.249 + 3.085 Tm (Eq. 21) 

Ν 
27 

R 
0.85 

S 2 

0.15 

The results of a high correlation coefficient (R = 0.85) and 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



CHIEN Thermodynamics of Controlled Drug Release 

0 

17—ACETOXYPROGESTERONE PROGESTERONE 16-DEH YDRO - PROGESTERONE 
(12.7/240.8) (W5. β/Ι2β) (162.4/169.8) 

CH3 

6M-METHYL- I7--ACET0XY NORGESTOMET 10"-METHYL-PROGESTERONE 
PROGESTERONE ( Ι β β . β / Ι · 4 . β ) ( Ι 6 . Γ / Ι 3 6 . 8 ) 
(98.9/203.5) 

Figure 8. Chemical structure and polymer solubility (in 
mg/l.)/melting point of progesterone derivatives 

ESTRADIOL VALERATE J)-ESTRADIOL ETHINYL ESTRADIOL 
(180.2/I4A8) (16.3/176) 0U5/I44) 

ESTRADIOL DIPROP10NATE ESTRADRL-3HMETHYL ETHER MESTRANOL 
(1282.3/108.5) (736.8/116.8) (178.1 • » ! ) 

1 

ESTRADIOL-3-BENZOATE 
(38.6/ Ι 9 3 Λ ) 

Figure 9. Chemical structure and polymer solubility (in mg/l.)/ 
melting point (°C)of estradiol derivatives 
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a low residual variance (S 2 = 0.15) imply that the mole fraction 
solubility of steroids is highly dependent on their melting point 
temperature. In view of the relation established earlier on the 
dependency of the drug release profiles (Eqs. 5a and 15) on poly
mer solubility (Cp), i t appears that Eq. 20 should provide a use
ful application in the selection of drug analogs and in the chemi
cal modification of a pharmacologically active agent for the de
velopment of a desirable drug delivery system. 

From the slope (AHm/2.303R = 3.085) in Figure 10, the disso
ciation energy of crystal lattice (AHm) was calculated to be 14.12 
Kcal/mole. This magnitude of AHm (14.12 Kcal/mole) is the addi
tional energy term required for the release of Norgestomet from a 
silicone polymer matrix. In summary, the steady-state release of 
Norgestomet requires a AHm value of 14.12 Kcal/mole for the disso
ciation of drug molecules from their lattice structure, a AHT,m 
value of 6.60 Kcal/mol
their surrounding silicon
mole for their diffusion in silicone matrix. A sum of 24.42 Kcal/ 
mole is necessary for the overall release of Norgestomet, under a 
matrix-controlled process, from a silicone device at 37°C. 

In Figure 10, a l l the 27 analogs of testosterone, progest
erone and estradiol series were analyzed together in view of the 
minor structural difference in their basic steroidal ring systems 
(Figs. 7-9). This all-together treatment was justified by the 
result expressed by Eq. 21. These analogs may also be classified 
into three families following their structural characteristics 
(Figs. 7-9) and analyzed separately (Table IV). It appeared that 
the differences in the magnitudes of the AHm values between various 
families (13.06 to 16.79 Kcal/mole) and the combined T-P-E family 
(14.12 Kcal/mole) were not very substantial. 

In summary, from this investigation we concluded that mecha
nistically, the steady-state release of Norgestomet from the s i l i 
cone polymer matrix requires three energy-activated processes: 
(1) The dissociation of drug molecules from a crystal lattice re
quires a dissociation energy (AHm) of 14.12 Kcal/mole; (2) the 
dissolution of drug molecules in silicone polymer requires a sol
vation energy (AHT,m) of 6.60 Kcal/mole; and (3) the diffusion of 
drug molecules in polymer matrix requires an activation energy 
(Ed,m) of 3.70 Kcal/mole. 

Abstract 

The controlled release of Norgestomet (SC-21009), a potent proges
tin for estrus synchronization in heifers, from a drug-dispersed 
silicone polymer matrix-type delivery device was investigated in a 
perfect sink in vitro drug elution system. The results indicated 
that the initial state of drug release was predominately a parti
tion-controlled process in the hydrodynamic diffusion layer and 
that the steady-state of drug release was mainly a matrix
-controlled process in the drug depletion zone. Theoretical 
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Figure 10. Semilogarithmic relationship between 
the mole fraction solubility (Cp) of testosterone 
(0)> progesterone (Q) and estradiol (A) derivatives 
in silicone polymer and the reciprocal of the melt
ing point temperature (Trn1) as expected from Eq. 
20. A value of 14.12 kcal/mole was obtained for 

AHm. 

Table IV 

Statistics and Thermodynamics of log Γρ vs. Tm"1 Relationship 

log Γρ vs. Tm"1 Relationships 
(Eq. 20) 

AHm 
(Kcal/mole) 

Testosterone family log Cp = -9.631 + ^ffî-
Ν (11), R (0.87), S 2 (0.11) 

13.06 

Progesterone family log Γρ = -11.469 + 
Ν (9), R (0.79), S 2 (0.23) 

16.79 

Estradiol family 3.644 log Γρ = -11.763 + 
Ν (7), R (0.94), S 2 (0.04) 

Combined T-P-E family log Γρ ' -10.249 + ïffî-
Ν (27), R (0.85). S 2 (0.15) 

14.12 
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analyses suggested that these two processes of drug release should 
result i n Q vs. t and Q vs. t1/2 release profiles respectively. Ex
perimental observations agreed with these analyses. Mathematical 
models were also derived to search for the energy terms required 
for these two energy-activated processes. The results revealed 
that, mechanistically, the controlled release of Norgestomet from 
the matrix-type delivery device required three energy-activated 
steps: (1) The dissociation of drug molecules from a crystal l a t 
t ice required a dissociation energy (∆Hm) of 14.12 Kcal/mole; (2) 
The dissolution of drug molecules in a s i l icone polymer (steady
-state) or i n an elution medium (initial state) required a solva
tion energy of 6.60 and 8.82 Kcal/mole, respectively; and (3) The 
diffusion of drug molecules i n a polymer matrix (steady state) or 
in a solution phase (initial state) required an activation energy 
of 3.70 and 3.85 Kcal/mole, respectively. The dissociation energy 
was determined using 27
estradiol families. 
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Matrix-Type Silicone Devices: In Vitro-In Vivo 
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Introduction 

"Metacorticoid" hypertension, induced by the chronic adminis
tration of desoxycorticosterone acetate to rats in conjunction 
with NaCl loading, simulates both pathologically and physiologi
cally the syndrome of essential hypertension as seen in man (1)· 
To induce experimental hypertension in rats to evaluate anti
hypertensive activity of various drugs, requires either daily in
jections of a DCA suspension or implantation of a DCA-containing 
wax pellet (2) while maintaining the rats on saline. The fi r s t 
technique produces a consistent onset of metacorticoid hyper
tension within 21 to 28 days but requires considerable daily in
jection time which may be hazardous for the animals. The second 
technique usually results in wide variations in hypertension onset 
because of inconsistent release rates of DCA from the wax matrix. 

Recent reports (3-6) from this laboratory have demonstrated 
that the release of steroids may be substantially prolonged and 
their release profiles may be controlled at programmed levels by 
homogeneously impregnating the steroids in a matrix-type silicone 
polymer device (3). With this approach the intravaginal absorp
tion of ethynodiol diacetate, a progestin, from a vaginal silicone 
device was remarkably sustained (6)· The same drug delivery 
system was also used for the subcutaneous administration of DCA to 
rats and hypertension was successfully initiated and maintained 
( 7 ) . 

72 
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In this investigation both the in vitro and in vivo release 
profiles of DCA from matrix-type silicone devices were measured 
and their relationship was analyzed. The time profiles for the 
production of metacorticoid hypertension in rats as well as the 
dose-response relationship were also studied. 

Experimental 

Preparation of Matrix-type Silicone Device: Desoxycortico-
sterone acetate 1 (0.5-2.0 g.; was accurately weighed and 
thoroughly incorporated into 10.0 g. of Silastic 382 medical grade 
elastomer2 by a mixer3 at 1,000 r.p.m. for 5 minutes. One g. of 
Silastic 360 medical f l u i d 2 was added and thoroughly mixed for 2 
minutes. One drop of stannous octoate 2, as catalyst, was then in
corporated and thoroughly mixed for another minute  The mixture 
was then delivered by a
3/16", O.D. 5/16"). Th
overnight in an exhaust hood at room temperature. After cross-
linking, the resultant silicone device was removed from the Tygon 
mold and cut into desired lengths for various studies. 

In vitro Drug Release Studies: The system used for in vitro 
drug release studies was reported previously (3). In the present 
investigation, 16 cm. lengths of the silicone devices were mounted 
in the arms of a plexiglas holder in a circular shape. The holder 
was then rotated at a constant speed (81 r.p.m.) in an elution 
medium (150 ml. of 75% v/v polyethylene glycol 4006 in water) at 
37°C. 50 ml. of the elution medium was sampled daily and replaced 
with the same quantity of drug-free elution medium (which was also 
maintained at 37eC). The sample was then assayed spectrophotomet-
rically at a Xmax of 240 nm. The daily amount of DCA released and 
the mechanisms of drug release were then analyzed using a computer 
program. 

In vivo Drug Release Studies: Sixty male Charles River CD 
strain rats (with an average weight of 130 to 190 gm. and an age 
of 4 to 6 weeks) were used in this investigation. A control group 
(implanted with placebo devices) was examined in parallel with the 
treated group (implanted with drug-containing device). The sys
tolic blood pressure of each rat was indirectly determined using a 
programmed electrophygmomanometer7 at the onset of the study and 
thereafter at weekly intervals throughout the investigation. 

Following the determination of i n i t i a l blood pressure, the 
rats were anesthetized with ether. A one cm. cutaneous incision 
was made in the dorsal thoracic area of each rat. After the for
mation of a subcutaneous tunnel with forceps, a 3 cm. length of 
the silicone device was inserted. The incision was closed with 
wound clips and the rats were then returned to their cages for 
recovery. 
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Both control and treated groups were maintained on a normal 
laboratory rat diet with a 1% saline fluid ration for the dura
tion of the study. 

At scheduled intervals, 5 to 7 rats were randomly selected 
from the treated group for removal of the silicone devices. After 
the measurements of systolic blood pressure, the devices were re
moved and their residual DCA content was completely extracted with 
methanol and assayed spectrophotometrically. 

The placebo devices were removed from the control group at 
the end of each study following the final reading of systolic 
blood pressure and heart rate. 

Subcutaneous Bolus Injection: Forty Charles River CD (male, 
28 days old) strain rats were randomly assigned to 5 equal groups. 
Systolic blood pressure was determined via a caudal plethysomo-
graph8 with recorder. On Day 0  a l l animals were weighed and 
blood pressures measured
ration of 1% NaCl and th  assigne  begu
tinued for 28 days. A final set of values was obtained on Day 35 
to determine the persistence and severity of blood pressure 
changes following discontinuation of the DCA treatments. DCA was 
administered daily S.C. in a volume of 1 ml./kg. of a suspension 
in 0.5% aqueous Tween 80 solution. The concentration of DCA was 
adjusted so that each group received 0, 0.2, 1.0, 2.0 and 5.0 mg./ 
kg., respectively. Mean group blood pressures and body weights 
were measured on Day 0, 7, 14, 28 and 35. Statistical s i g n i f i 
cance of the differences between the means was determined using 
Student's t test at the 95% level of confidence (p<0.05). 

Results and Discussion 

Subcutaneous Bolus Injection: The time course for the eleva
tion of systolic blood pressure after daily subcutaneous bolus in
jections is shown in Figure 1. The i n i t i a l mean systolic pressure 
(Day 0) prior to DCA administration did not differ significantly 
among groups. Blood pressures of the control group increased from 
97(±3) to 151(±6) mm. Hg during the investigation. This increase 
was apparently due to the intake of 1% NaCl solution. Meanwhile, 
the increase in the blood pressures of Groups D and Ε (with daily 
doses of 1#0 and 0.2 mg./kg., respectively) was not significantly 
different from the values seen in the control group. On the other 
hand, the blood pressures of Groups A and B, which received a 
higher DCA dose (5.0 and 2.0 mg./kg./day, respectively), increased 
at a greater rate than the control group. These two groups (A and 
B) exhibited statistically higher mean values of systolic blood 
pressure in comparison with the control group after 21 and 28 days 
of DCA administration. The data also suggested that the magnitude 
of the elevation of systolic blood pressure for these two groups 
was dose-dependent, i.e., the 5 mg./kg. group showed a greater 
pressure elevation than the 2 mg./kg. group. 
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After termination of DCA administration on Day 28, the sys
tolic blood pressure of Group Β gradually returned to a level that 
was statistically insignificant from the control. Group A, which 
received the highest dose of DCA, did not return to the level of 
the control group in this investigation. 

Thus, a minimum daily dose of 2 mg./kg. can produce a statis
tically significant elevation of systolic blood pressure within 
21 days. 

Subcutaneous Implantation of DCA-silicone Devices 

(A) In vitro Release of DCA from Silicone Devices: The in 

220 Γ 

200 

180 

160 

140 

120 

100 

80 14 21 
Days 

Figure 1. Time course and dose dependency of the elevation of the 
mean systolic blood pressure (mmHg) of rats (which were randomly 
divided into five groups with eight rats in each group) after daily sub
cutaneous injection of desoxycorticosterone acetate suspension for 28 
days. Daily dose levels (mg/kg): (A) 5.0, (B) 2.0, (C) 0 (control); (D) 1.0; 
and (Ε) 0.2. Symbol (*) indicates a significant difference (p < 0.05) in 
the values of systolic blood pressure between treated and control group. 
For a clear illustration, the standard error (< 5%) for each data point 

was not shown. 
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vitro release pattern of desoxycorticosterone acetate (DCA) from a 
matrix-type silicone device is illustrated in Figure 2. The cumu
lative amount (Q) of DCA released from a unit surface area of the 
silicone device increased in proportion to the days of elution in 
a solution medium, but not in a linear relationship manner. This 
curved Q-t release pattern is very similar to our earlier observa
tions for ethynodiol diacetate Q)» a progestin for oral contra
ception. It was previously established (3^) that this matrix-
controlled process is defined by the following expression: 

where Q is the cumulative amount of DCA released from a unit sur
face area of a silicone device; A is the i n i t i a l amount of DCA 
homogeneously impregnated in a unit volume of polymer matrix; Dm 
is the apparent diffusivit
the maximum solubility o
(in days). 

Eq. 1 indicates that the cumulative amount of DCA released 
from a unit surface area of a silicone devicej (Q) should be a 
linear function of the square root of time (t*) . That i s , a 3 

linear relationship should be observed when one plots Q against t 
(Fig. 3). The slope of this Q-t 1 linearity is defined as: 

Eq. 2 suggests that for a given drug (whosei Dm is a constant 
value a^ a given condition) the magnitude of Q/t value, the slope 
of a Q-t plot, is dependent on the square root of (2A-Cp)Cp. 
That i s , for a given drug (whose solubility in a polymer, Cp, is 
constant at a given temperature) the greater the amount (A) of 
drug incorporated in a polymeric device, the higher the value of 
Q/f* that will result. This Q/t3^ vs. I(2A-Cp)Cp]^ relationship is 
demonstrated in Figure 4. A slope (Dm̂ ) of 0.207 cm./day^ with 
intercept at the origin was obtained. The linear relationship 
(Fig. 4) implies that, i f one incorporates more DCA into a s i l i 
cone device to extend its duration of treatment, i t wil l also re
sult in a higher value of Q/t"* and hence, a greater amount of drug 
released at a given time. 

The magnitude of Dm, the effective diffusivity of pCA in the 
polymer structure, can be calculated from the slope (Drn̂ ) of the 
linear Q/t** vs. [(2A-Cp)Cp]^ plot (Fig. 4). A value of 4.94xl0"7 

cm?/sec. results. This value of diffusivity (4.94xl0~7 cm?/sec.) 
is slightly higher than the diffusivity (3.79xl0~7 c m?/secj of 
ethynodiol diacetate in the same matrix system (3). Considering 
the difference in molecular volume between DCA and ethynodiol d i 
acetate, this difference in their diffusivity is expected. 

(Eq. 1) 

(Eq. 2) 
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(B) In vivo Release of DCA from Silicone Devices and Dose-
Response Relationships: Ormsbee and Ryan (7) prepared silicone 
devices with four dose levels of DCA (Table I, Column 1). Sub
cutaneous implantation of these silicone devices in rats for 11 
weeks produced a dose-dependent elevation of the systolic blood 
pressure similar to that shown in Figure 1. Unfortunately, no 
release profile was reported and no analysis was conducted on the 
in vitro and in vivo releases of DCA from this matrix-type of de
livery device. However, these analyses are useful for a better 
understanding of the in vitro-in vivo correlation, the dose-
response relationship of DCA-induced hypertension and for the fur
ther development of a suitable silicone device to deliver an op
timal daily dose of DCA for a programmed duration of treatment. 
In this investigation, we have tried to estimate, following Eq. 2, 
the magnitudes of Q/t'2* for the four silicone devices prepared in 
Ormsbee and Ryan's stud  (Tabl  Colum  4 )  thes  Q/t^ 
values (with unit surfac
silicone device (with a surface area of 8.60  cm.) may also be 
calculated (Table I, Column 5). As expected from Figure 4 , the 
magnitude of these expected Q/t^ values increased as the dose 
levels increased. 

Table I 

Calculation on the Expected Values of Q/t 2 

from Silicone Devices Loading with 
Various Doses of Desoxycorticosterone Acetate 

Dose (c) [(2A-Cp)Cp]% Q/t^ (d) 
mg/kg(a) mg/rat ( b ) (mg/cm3) 2 mg/cm2/day^ mg/day1 

10 1.44 0.599 0.124 1.067 

50 7.20 1.356 0.281 2.418 

100 14.4 1.921 0.398 3.424 

500 72.0 4.30 0.890 7.658 

(a) Data from Reference 7 
(b) Calculated values. Average body weight s 144 gm/rat 
(c) Volume of silicone device s 0.815 cm /device, 

pp s 0.1047 mg/cm3 

(d) Calculated from Eq. 2, (Dm)'2* - 0.207 cm/day^ 

The results of Ormsbee and Ryan's study (7) suggested that 
the 100 mg/kg dose level appeared to be most suitable for jLnducing 
metacorticoid hypertension in rats. From the apparent Q/t^ value 
(3.424 mg/day3 )̂ in Table I, the total quantity of DCA released 
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1.2 h 

[ (2A - Cp) C p ] % ( m B/cm3) 

Figure 4. Linear relationship between Q/t1/2 and 
[(2A-Cp)Cp]1/2 as defined by Equation 2. Slope (Om1/2) 

= 0.207 cm/day1'2. 

Total Dose Administered (mg) 

Figure 5. Relationship between AS.B.P. (the difference in 
the mean systolic blood pressure between treated and control 
groups) at Day 28 and the total dose of desoxycorticosterone 
acetate administered by Ο daily bolus injection and • sili

cone device implantation 
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from this dose level (100 mg/kg) in a silicone device over 77-day 
subcutaneous implantation (t^ =8.77 days^) was estimated to be 
30.03 mg. This amount of DCA is equivalent to a daily subcutane
ous bolus injection of 390 mcg/rat/day for 77 days, which is es
sentially equal to the minimum daily dose of 2 mg/kg (or 400 meg/ 
200 g) established earlier (Fig. 1) in which the average body 
weight of rats was 196.3 gm. 

In their examination, Ormsbee and Ryan QD also observed that 
a 500 mg/kg dose of DCA did not elevate systolic blood pressure 
much more than the 100 mg/kg dose. Using the same calculation 
applied earlier, this dose level (500 mg/kg) in a silicone device 
should deliver DCA at a level equivalent to a daily subcutaneous 
bolus dose of 1023.3 mcg/rat/day for 56 days. (All the animals 
died before this date.) This dose level (1023.3 mcg/rat/day) 
again was very close to the 1,000 mcg/rat/day (or 5 mg/kg/day) es
tablished earlier (Fig.l)
similarities between silicon
injections. 

To compare the relative efficacy of producing metacorticoid 
hypertension in rats using these two techniques of DCA adminis
tration, an effort was made to correlate the differential systolic 
blood pressure (the differences in the mean values of systolic 
blood pressure between treated and control groups) on Day 28 to 
the total dose of DCA administered by either daily bolus injec
tion or silicone device implantation (Fig. 5). Obviously, both 
methods of DCA administration resulted in the same trend of dose-
response relationships. It appears that in the low dose regimen, 
the differential systolic blood pressure increased in proportion 
with the total dose of DCA administered and then reached a plateau 
at approximately the 18 mg dose level. This 18 mg dose is equi
valent to a daily bolus injection of DCA of 642.9 mcg/rat/day for 
28 days. 

These analyses indicate that silicone device implantation was 
equally effective in producing metacorticoid hypertension as the 
daily bolus injection, although the delivery of DCA was different. 
The common dose-response relationship (Fig. 5) that resulted from 
the two methods of DCA input suggests the presence of a slow rate 
step which dictates the whole process of blood pressure elevation. 
More fundamental studies are required in these areas for a better 
understanding of the DCA-induced metacorticoid hypertension. 
Additional analyses and discussion wil l be found in a later 
section. 

(C) In vitro-In vivo Correlation of the Subcutaneous Release 
of DCA from Silicone Devices; Following the mechanistic analyses, 
a 3 cm silicone device was developed in the present study for 100-
day treatment. Its volume and surface area were smaller (65.6 and 
56.3%, respectively) than the silicone implants (5 cm) prepared by 
Ormsbee and Ryan for 77-day application (2). The incorporation of 
a dose of 78.49 mg of DCA into this 3 cm delivery device resulted 
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in a drug concentration (A - 146.9 mg/cm3) substantially greater 
than the Ormsbee-Ryan implant (A - 88.3 mg/cm3) with DCA loading 
of 500 mg/kg. In vitro elution studies of this 3 cm silicone de
vice have given a Q/t% value of 1.072 mg/cm2/day^. This is equi
valent to an apparent Q/t** value of 5.194 mg/day^ from a silicone 
device with a surface area of 4.845 cm2. This magnitude of Q/t^ 
value (5.194 mg/day^) is in between the values resulting from 
Ormsbe-Ryan implants with DCA dose levels of 100 mg/kg and 
500 mg/kg (Table I, Column 5). Implantation of this 3 cm silicone 
device (Q/t% β 5.194 mg/day^) may,.avoid the outcome observed in 
the case of high dose (500 mg/kg) Ormsbee-Ryan implants. Ormsbee 
and Ryan reported (7) that a l l of the rats that received the s i l i 
cone devices with 500 mg/kg dose level were dead by Week 8. 

Subcutaneous implantation of these 3 cm silicone devices in 
the dorsal thoracic area of 60 rats for 14, 28, 43, 56, 97 and 104 
days has resluted in a
the Q-f* relationship (Fig
under sink conditions. Following Eq. 2, the in vivo Q/t^ value 
was calculated from the data in Figure 6 as 1.025 mg/cm2/day^. ^ 
This magnitude of Q/th value is 4.4% lower than the in vitro Q/t^ 
value (1.072 mg/cm2/day%) reported earlier (Fig. 3). 

For the analysis of in vitro-in vivo relationship, the desox
ycorticosterone acetate molecules released from a silicone device 
are presumed to dissolve at fi r s t in the tissue fluid surrounding 
the implanted device before they diffuse through various biologi
cal barriers (cell layers or membrane laminates) to reach the 
capillary blood vessels, which maintain a perfect biological sink 
by hemoperfusion, in the thoracic area. In such a case, the rate 
of drug permeation (dQf/dt) across a unit surface area of the bio
logical barrier (with an aqueous diffusion layer on each side of 
the barrier) should be directly proportional to the drug concen
tration (Co) in the tissue fluid (as the driving force for drug 
permeation) and inversely proportional to the total diffusional 
resistance (ZR) (6) which the desoxycorticosterone acetate mo
lecules encounter along the way as they penetrate through the 
biological barrier: 

dQ1 _ Co 
dt " ZR (Eq. 3) 
The total diffusion resistance (8) is the sum of the diffu

sional resistances as follows: 
i=n 

ZR = Rt + τ ^ ± + Rc ( E q # 4 ) 

where Rt and Rc are the diffusional resistances across the aqueous 
diffusion layers on the tissue side and on the circulation side of 
the barrier, respectively; and ZR p i is the apparanet (gross) 
diffusional resistance across the i layers of biological barrier. 
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Eq. 4 is equivalent to: 

D t K b i / * i=l D b i K i / i - l D c K c / b i (Eq. 5) 

where 6, D, and Κ represent the thickness, diffusivity and parti
tion coefficient across two contacting phases, respectively; and 
the subscripts b, t and c stand for biological barriers and the 
aqueous diffusion layers on the tissue and the circulatory hemo-
perfusion sides of the barriers, respectively. 

The instantaneous rate of drug release at time t_ may be de
rived by differentiating Eq. 1 with respect to time: 

dQ _ ĵ /Pm 
dt " 2j 

(2A-Cp)Cp 

The rate of drug permeation (dQ'/dt) should be equal to the 
rate of drug release (dQ/dt) at a steady state. Equating Eq. 3 
with Eq. 6 yields Eq. 7: 

2Co(t)^ = ZR[Dm(2A-Cp)Cp]^ (Eq. 7) 

Eq. 7 suggests that the concentration (Co) of desoxycortico
sterone acetate in the tissue fluid surrounding the implanted s i l 
icone device decreases with the square root of time (t^) as the 
drug molecules diffuse actively to a sink; that i s , under a 
matrix-controlled process (where the release of drug from the j 
silicone matrix is a rate-limiting step), the magnitude of 2Co(t)^ 
is a constant since both ZR and [Dm(2A-Cp)Cp]% are constants under 
controlled conditions. Eq. 7 also indicates that the magnitude of 
Co is directly proportional to the magnitude of the total diffus
ional resistance (ZR) when the same silicone device is implanted 
in a different animal or a different tissue of the same animal (a 
different value of ZR is expected). Therefore, the greater the 
magnitude of ZR, the higher the value of Co since the absorption 
of the desoxycorticosterone acetate is inhibited. The value of 
ZR can be calculated from Eq. 8: 

Z R . 2Co(t) %
 = 2Cp(t) % 

(in vivo) [Dm(2A:Cp)Cp]^n ̂  <Q/t\ n v i v o ( E q . 8 ) 

provided that the drug concentration (Co) in the tissue fluid is 
measurable. 

In the in vitro elution studies, the elution medium was main
tained at sink conditions throughout the experiment. In this case, 
only the thickness of the hydrodynamic diffusion layer (δ£) exists 
between the surface of the silicone device and the bulk of the 
elution medium. 
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Eq. 4 may be reduced to: 

ZR in vitro - R, = ̂  ( E q > g ) 

where = 1 and Eq. 7 becomes: 

ZR in vitro = v l t r o ( E q . 1 0 ) 

Currently, mearuring or calculating the ZR in vivo value 
(Eqs. 4 and 8) can be done only with a great deal of difficulty. 
Extensive instrumentation has to be applied and many approxima
tions have to be assumed. Under such conditions, however, the 
prediction of in vivo release profiles from an in vitro study can 
be done without knowin
tablishing an in vitro-i
ship may be established by studying the mechanisms and the rates 
of drug release under both in vitro and in vivo conditions using 
the same type of drug delivery system. It was exemplified by the 
intravaginal absorption studies of ethynodiol diacetate in rabbits 
(6). A proportionality can be established by comparing ZR in vivo 
(Eq. 8) with ZR in vitro (Eq. 10). It yields: 

1̂  
ZR in vivo = (Q/t2) in vitro 
ZR in vitro (Q/t2) in vivo (Eq. 11) 

is U 

The magnitudes of (Q/t2) in vitro and (Q/t ) in vivo for the 
controlled release of desoxycorticosterone acetate from silicone 
devices (matrix-type^ were determined as 1.072 mg/cm2/day^ (Fig.3) 
and 1.025 mg/cm2/day^ (Fig. 6), respectively. Using Eq. 11, the 
ratio of ZR in vivo/ZR in vitro was estimated to be 1.046. It 
suggests that the total diffusional resistance the desoxycortico
sterone acetate molecules have to overcome during their subcutane
ous absorption in the thoracic area is only 1.046 times the total 
diffusional resistance they encounter in the parallel in vitro 
elution study. ^ 

The magnitude of an in vivo release profile, (Q/t2) in vivo, 
from in vitro release data, (Q/t**) in vitro, can be predicted by 
using the following equation: 

/ Λ Λ ^ · / Λ / Α , ι*. ZR in vitro 
(Q/t )in vivo - (Q/t )in v i t r o . Σ Κ l n v l v o ( E q . 1 2 ) 

! In this study, the magnitude of (Q/t^) in vivo (1.025 mg/cm2/ 
day ) for the subcutaneous release of desoxycorticosterone acetate 
from an implanted silicone device can be related to its in vitro 
Q/t% value (1.072 mg/cm2/day^) by a factor (ZR in vitro/ZR in 
vivo) of 0.956. This proportionality (0.956) was found very use
ful in the translation of in vitro data to in vivo drug release 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



14
 μ

 

Fi
gu

re
 6

. 
Ti

m
e 

pr
of

ile
 f

or
 th

e 
in

 v
iv

o 
re

le
as

e 
of

 d
es

ox
y

co
rt

ic
os

te
ro

ne
 a

ce
ta

te
 (

A
 =

 
14

6.
9 

m
g/

cm
3) 

fr
om

 m
at

ri
x-

ty
pe

 s
ili

co
ne

 d
ev

ic
es

 i
m

pl
an

te
d 

in
 r

at
s.
 Q

 (
m

ea
n 

±
 S

.E
.)

 
is

 t
he

 c
um

ul
at

iv
e 

am
ou

nt
 

of
 d

ru
g 

re
le

as
ed

 f
ro

m
 

a 
un

it 
su

rf
ac

e 
ar

ea
 o

f 
de

vi
ce

s 
w

hi
ch

 w
er

e 
im

pl
an

te
d 

su
hc

ut
an

e-
ou

sl
y 

fo
r 

14
, 2

8,
 4

3,
 5

6,
 9

7 
an

d 
10

4 
da

ys
 a

nd
 t

he
n 

re
m

ov
ed

. 
Ea

ch
 d

at
a 

po
in

t 
is

 t
he

 m
ea

n 
db
S.
E.

 o
f 

at
 l

ea
st

 f
iv

e 
ra

ts
. 

D
ay

s 
af

te
r 

im
pl

an
ta

tio
n 

Fi
gu

re
 

7.
 

E
le

va
tio

n 
of

 m
ea

n 
sy

st
ol

ic
 b

lo
od

 p
rè

s-
 

23
 

su
re

 (
±S

.E
.) 

in
 r

at
s 

af
te

r 
th

e 
im

pl
an

ta
tio

n 
of

 s
ilt

- 
Ω

 

co
ne

 d
ev

ic
e 

(3
 c

m
 l

on
g)

 fo
r 

97
 d

ay
s.

 K
ey

: 
# 

Tr
ea

te
d 

ο 
gr

ou
p 

(A
 =

 0
.1

46
9 

g/
cm

3) 
an

d 
Ο

 c
on

tr
ol

 g
ro

up
. 

S
 

Th
e 

im
pl

an
ts

 
w

er
e 

pl
ac

ed
 s

ub
cu

ta
ne

ou
sl

y 
in

 t
he

 
§ 

do
rs

al
 t

ho
ra

ci
c 

ar
ea

 a
nd

 re
m

ov
ed

 o
n 

D
ay

 9
7.

 
T

he
 

£ 
sy

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
of

 th
e 

tr
ea

te
d 

ra
ts

 w
as

 s
ta

tis
- 

3 
tic

al
ly

 s
ig

ni
fic

an
tly

 g
re

at
er

 t
ha

n 
th

at
 o

f 
th

e 
co

nt
ro

l 
g 

gr
ou

p 
at

 D
ay

 2
1.

 
co

 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



6. CHIEN E T A L . Desoxycorticosterone Acetate 85 

profiles as long as the in vitro drug elution studies were conduc
ted under controlled conditions (where ZR in vitro is constant). 

Eq. 12 is a useful working equation for the future develop
ment of a suitable long-acting delivery system. As soon as this 
relationship is established, the proportionality of ZR in vitro/ 
ZR in vivo can be applied to translate a l l the short-term in vitro 
drug release results (7-day release data in this investigation) to 
long-term in vivo studies (104-day subcutaneous absorption in this 
investigation). It is so convenient that only the in vitro elu
tion experiments are required to formulate a desirable long-
acting delivery device for delivering an optimal dose for a pro
grammed duration of treatment. 

(D) Prolonged "Metacorticoid" Hypertension: One of the 
primary objectives of this study was to investigate the possibili
ty of producing a reproducible
tension by subcutaneou
silicone device. Figure 7 is a typical result, demonstrating the 
development of long-acting hypertension in rats by such a method 
of desoxycorticosterone acetate delivery. 

It was noted that the systolic blood pressure of both treated 
and control rats was elevated substantially after the implantation 
of either DCA-containing silicone device or placebo. Possibly 
this was caused by the daily intake of normal saline. At Day 21, 
however, the elevation of systolic blood pressure in the treated 
rats was significantly greater statistically than that in the con
trol group. This hypertension state was maintained and prolonged 
for 76 days until the silicone implants were withdrawn on Day 97. 
This long-acting experimental hypertension model should facilitate 
a routine evaluation program of anti-hypertensive drugs. 

In conclusion, this investigation has demonstrated that a 
perfect in vitro-in vivo relationship exists for the controlled 
release of desoxycorticosterone acetate from a matrix-type s i l i 
cone device. The subcutaneous implantation of such a polymeric 
drug delivery system in rats has yielded a reproducible, long-
acting "metacorticoid" hypertension which should facilitate the 
evaluation of anti-hypertensive drugs. 

Abstract 

The controlled release pattern of desoxycorticosterone 
acetate (DCA) from matrix-type silicone devices was fully inves
tigated in a "perfect sink" in vitro drug elution system. The 
effect of the drug content on the release profile was examined and 
the effective diffusivity of desoxycorticosterone acetate was de
termined. The 104-day subcutaneous implantation of a 3 cm DCA 
device in each of 60 rats provided excellent in vivo correlation 
of drug release predicted in vitro and a prolonged metacorticoid 
hypertension. The elevation of systolic blood pressure was ini
tiated at Day 21 and sustained for an additional 77 days. The 
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Dose-response relationship for systolic blood pressure elevation 
was analyzed and compared with that observed after a daily bolus 
injection. 
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Interfacing Matrix Release and Membrane Absorption-
Analysis of Steroid Absorption from a Vaginal Device 
in the Rabbit Doe 

G . L . F L Y N N , N . F. H . H O , S. H W A N G , E . O W A D A , A. M O L O K H I A , C . R. B E H L , 
W . I. H I G U C H I , T . Y O T S U Y A N A G I , Y. S H A H , and J. P A R K 

The University of Michigan, College of Pharmacy, Ann Arbor, Mich. 48109 

The vaginal route
tive purposes has been
of therapeutic delivery of the chemical drug entities. Both pro-
testational steroids (1) and prostaglandins (2) have been suc
cessfully used vaginally. It has been suggested by those involved 
in this research that the vaginal route may provide a means of 
avoiding systemic toxicities of the contraceptive agents while at 
the same time realizing their full contraceptive potentials. In 
part this suggestion is based on presumed local or regional action 
of the contraceptives. But even if the action is systemic cer
tain advantages over other modes of administration accrue. The 
vaginal route provides for continuous administration and thereby, 
under properly controlled conditions, ultra-efficient use of the 
therapeutic agents. In other words, the vaginal route may be 
used as a source of continuous "infusion" of drug to avoid surg
ing and ebbing of blood levels associated with the use of oral 
dosage forms (tablets and capsules) which are administered as 
discrete, discontinuous doses. Moreover, the perieum venous 
plexus, which "drains" the vaginal tissue and rectum, flows into 
the pudental vein and ultimately into the vena cava, which c i r 
cumnavigates the liver on f i r s t pass. This is in marked contrast 
to the gastrointestinal blood supply which "drains" into the 
portal vein and passes directly through the liver before being 
turned into the general circulation. Thus, so-called f i r s t pass 
effects in the liver are avoided by the vaginal route. Drugs 
efficiently metabolized in the liver often do not escape intact 
to the general system upon oral administration. Both progesterone 
and β-estradiol are poorly bioavailable orally and i t has been 
speculated that this inefficiency is attributable to a liver f i r s t 
pass effect. Therefore, vaginal administration may be of real 
consequence with the natural contraceptive steroids. 

In order to realize the f u l l potential of the vaginal route 
of administration, one must be able to design and program physi-
cochemical systems (vehicles or devices) to deliver the thera
peutic agents which they contain to the general circulation at a 
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specified, optimal rate. At a minimum both the rate of presenta
tion of the drug to the device-vaginal membrane interface and the 
rate of uptake by the vaginal membrane must be considered. Most 
of the work on the drug delivery capabilities of unique vaginal 
delivery systems has focused on the former aspect, that i s , on 
the device drug release characteristics. It has generally been 
assumed that release from the device will be the principal rate 
controlling factor and that the vaginal wall and contiguous 
hydrodynamic boundary are relatively unimportant. Until recently, 
this remained an assumption only as there were no quantitative 
data on the permeability of the tissue nor any mechanistic under
standing of its barrier properties. These problems are now being 
fruitfully explored in our laboratories (3,4,5). Furthermore, 
Roseman (6) provides a strong clue that this assumption may be 
tenuous as he has demonstrated that the absorption of the contra
ceptive steroid, medroxyprogesterone-17-acetat
pended in a cylindrica
is significantly controlled in the i n i t i a l release period by a 
"boundary layer" existing between the surface of the device and 
the general tissue circulation (diffusional sink). The boundary 
layer "thickness" chosen to f i t the data was several times larger 
than the true hydrodynamic boundary layer observed in in vitro 
release studies. The possibility exists that some of the bound
ary layer diffusive resistance in vivo can be assigned to the 
vaginal membrane. 

A completely predictive analysis of the drug delivery capa
b i l i t i e s of a vaginal formula or device must necessarily include 
simultaneous assessment of the release and the membrane uptake 
and transport components. The latter is comprised of two distinct 
contributions which are physically assignable to a true boundary 
layer of moisture between the device and the vaginal surface and 
the tissue or membrane its e l f . The absorption of drugs vaginally 
in principal may be regulated by any or a l l of the above phases 
depending on the relative resistances of the respective strata. 
To be more specific, the absorption from a device is a process 
dependent on several definable sequential steps. If the device 
is a suspension matrix, the steps are dissolution of the finely 
divided solid particles in the matrix into the matrix continuum, 
diffusion through the matrix to the matrix surface, partitioning 
into and diffusion across the fluid boundary layer (moisture) 
between the device and the vaginal wall, permeation of the sur
face vaginal tissue (vaginal epithelium) and, lastly, uptake and 
distribution by circulating blood and lymph at some distance in 
the tissue. 

In the present studies we have developed methods whereby 
the permeability of the vaginal membrane can be independently 
quantitatively assessed. This, coupled with the independently 
determined matrix release characteristics allows for the develop
ment of a comprehensive model based upon diffusion through a ser
ies barrier composed of right concentric cylinders. The model 
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suggests that the rate controlling step in the absorption process 
will vary with the vaginal residence time of the device and i t 
relates the relative rate determining capacity of a step to the 
physicochemical properties of the diffusant (drug), the device, 
the aqueous boundary layer and the vaginal membrane. Experiments 
have been performed in which the in vivo release of progesterone 
is followed from a thin cylindrical suspension matrix wrapped 
around an inert solid core, using residual analysis as a measure 
of the amount absorbed. This constitutes a third and confirma
tory experimental stage and, taken together, the separate experi
mental approaches of assessment of in vitro matrix release, 
assessment of the actual membrane permeability and assessment of 
in vivo release put the bioavailability question in a most practi
cal context. 

Thus, as a part of a continuing systems analysis of the 
vaginal delivery of drugs
permeability of the rabbi
cone polymer matrix, in vivo absorption from the matrix and the 
composite physical model and equations are brought together and 
integrated in this report. A rigorous description is presented 
for the drug release and absorption process. 

Theoretical Development of the Model 

A physical picture of a cylindrical matrix device in the 
vaginal cavity is given in Figure 1. The important features are 
the receding boundary layer in the device as the drug is eluted 
with time, an aqueous boundary layer between the device and the 
vaginal surface and a vaginal membrane composed of a l i p i d con
tinuum with interspersed "pores" or an aqueous shunt pathway. The 
drawing is highly schematic and not meant to suggest either the 
actual construction of the membrane (real pores) or actual dimen
sions of the parts. The essential features of the membrane, 
parallel l i p i d and aqueous pathways, have been demonstrated in 
previous permeability experiments with the n-alkanols. 

Following T. Higuchi (7) and Roseman and W. Higuchi (8), i t 
is assumed that the drug in the matrix is finely divided and uni-
formally distributed such that matrix dissolution is not a rate 
determining factor and a sharp boundary is maintained between 
the suspension phase and the eluted region within the device 
which recedes into the device as time passes. The drug is 
assumed to have a finite solubility in the matrix, Cs, and a 
total concentration per unit volume including the undissolved 
solids much greater than C s and indicated by A. The drug is 
assumed to reach the matrix surface by diffusion through the 
matrix continuum rather than pores and end diffusion is neglec
ted. Under these conditions an activity gradient for the drug 
will be established beginning at the receding boundary interface 
within the device and essentially terminating at the outer reaches 
of the vaginal microcirculation where the drug is picked up and 
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systemically diluted. This gradient is depicted in Figure 1 as 
a discontinuous concentration gradient from matrix to blood. 

Assuming a quasi steady-state at a l l times, the fluxes in 
the matrix, aqueous diffusion layer and vaginal membrane will be 
instantaneously equivalent and may be mathematically represented 
by: 

27rtiD (C - C*) 
j = . Ê — S r ( 1 ) 

matrix In a/a 
ο 

J = 2ïïha ^ (C - C J (2) 
D 

Γ = 2ïïha r^L (c - c, ) aq o h a b aq 

"otD C
Γ , = 27rha +membrane m h h m πι J 

where h is the length of the cylinder; De is the effective diffu
sion coefficient in the matrix; a, a Q and are the radial d i 
mensions of the receding boundary in the matrix, the cylinder and 
vaginal membrane surface, respectively; h aq and h m are the thick
nesses of the aqueous diffusion layer and the vaginal membrane; 
Daq> ^o a n (* Dp a r e t n e diffusion coefficients in the aqueous 
layer, the lipi d phase of the membrane and the aqueous pores 
respectively, α is the volume fraction of the lip i d biophase of 
the membrane; C s and C s are the solubility of the drug in the 
matrix and concentration at the surface on the matrix side; C a 

and C D are the concentrations in the aqueous layer at the matrix 
surface and membrane surface and C 0 and Cp are the concentrations 
in the membrane at the interface of the l i p i d , pores and aqueous 
layer. The radial receding boundary a i s , for a given set of 
diffusional parameters, a function of the total amount of drug 
in the matrix A, and time of release. It is taken as the sharp 
interface between the suspension depleted zone in the matrix with 
the remainder of the matrix (8). Since the polymer matrix often 
contains f i l l e r s and other obstructions to diffusion, the effec
tive diffusion coefficient in the matrix is described by: 

where D is the intrinsic diffusion coefficient, ε is the porosity 
and τ is a factor accounting for non-linearity of the "average" 
diffusional path called the tortuosity. The partition coeffi
cients of the drug for the polymer matrix-water (Ks) and lip i d 
biophase-water (K) are defined as follows: 
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Figure 1. Schematic of a cylindrical matrix device in the vaginal lumen 
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c' 
Κ = —• (5) 

8 C a 

C C 

b ρ 

The continuity of flow across the series of barriers in the quasi 
steady-state is given by: 

J = J = J (7) matrix aq membrane 

Combining equations 1, 2, 3, 5, 6 and 7 yields: 

2TrtiD
matrix " D Κ , . - w 

J L i / J ^ + i - \ . m (a/a ) a IP P I ο ο \ aq m/ 

where P aq is the permeability coefficient across the aqueous dif
fusion layer or is the reciprocal diffusional resistance across 
this phase: 

aq 

and P m is the complex permeability coefficient across the mem
brane or is the sum of the permeability coefficients of the paral
l e l l i p i d and aqueous pathways: 

aD Κ (l-a)D 
Ρ = Ρ + Ρ = — + — 2- (10) m ο ρ h h r m m 

The membrane and diffusion layer phases can be approximated as 
planar resistances in series as the thicknesses of these regions 
are small in comparison to the vaginal cavital dimensions (9). 
The receding boundary on the other hand must be characterized in 
terms of its actual (cylindrical) geometry. 

The flux out of the matrix is a function of the rate of 
change in the thickness of the receding boundary. Accordingly, 
i f A » C : 

s f 

J , , - $ = - 2uhAa £ (11) matrix dt dt 
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where Q is the amount of drug released, h is the length of the 
cylinder, a is the radial coordinate of the receding boundary and 
t is the time. 

Combining Eqs. 8 and 11 and integrating between a - a Q at 
t = ο and a s a at t s t, the change in the receding boundary 
with time i s : 

(-M 
L ο aq m J \ / 

2 DC 
+ |- In (a/aQ) = - j p t (12) 

Based on equation 11 the amount and also the fraction of drug re
leased are: 

Q = TrhA(a2 - a 2) (13) 

wa2hA ο 

a 2 
• 1 " <f"> 

L ao J 
(14) 

It follows upon incorporation of Eq. 13 into Eq. 12 that: 

1 D e K s ,1 x 1 w l l . x 1 , 2 Q, _ Γ. 
2ÏrhÂ — « F " + F * + 2 Q + 2 ( ao " ÎhÂ> l n V " L o aq m irha2A ο 

D C 
-M- t (15) 

L ο aq m J TrhaoA 

- (2TThD C ) t (16) e s 

Several simplified forms of Eqs. 12 and 16 may be specified 
for particular boundary conditions. At relatively early time 
periods a/aQ * 1 and: 

In a/a 3* — - 1 (17) ο ^ a v ' ο 

Thus, Eq. 12 becomes: 
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L ο aq m J ο 

Also, when: 

« 1.0 (19) 
7rtia2A ο 

i t follows that: 

i In (1 - £ - — 9 — (20) 
Trtia A 2irha A ο ο 

With some rearrangemen
expression for this latter condition: 

7 ^ 2 " + <Ρ^ + f > Q • ( 2 l r h D e V ' <21> 2ïïha A ο aq m ο n 

After differentiating with respect to time, the rate of drug re
leased from the matrix per unit area i s : 

, Λ J A» D C A 
*9. = = e s ( 2 2 ) 2*rrha dt dt 

J L aq m J 
£-) + 4D C At e s 

For cases where either the hydrodynamic boundary layer or vaginal 
membrane are rate controlling Eq. 22 becomes: 

. Λ ι C Ρ Ρ 
iQ_ = s aq m ( 2 3 ) dt Κ (Ρ + Ρ ) s aq m 
and the release is zero order. When the receding boundary has 
progressed sufficiently to establish the matrix controlled case: 

dQ? 1 
α Τ = 2 ^ 

D C A 
- e - s - (24) 

which is the typical square root of time dependency for such sys
tems. Considering Eqs. 22, 23 and 24, i t can be seen that the 
rate (or flux) changes from the non-matrix-controlled case to the 
matrix-controlled case with time as the resistance in the receding 
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boundary increases. The practical question is not so much whether 
a device is diffusion layer-vaginal membrane controlled or matrix 
controlled but, how long can or will the zero order release be 
sustained in vivo for, in any protracted usage period, matrix 
control is inevitable. 

General Nature of the Vaginal Mucosal Barrier 

The absorption of chemicals into the systemic circulation via 
the vaginal route has been known to occur for about a century. 
Early reports of vaginal absorption were associated with human 
toxicities and deaths from vaginally administered, turn of the 
century products containing mercury, arsenic and other poisons. 
These occurrences are reviewed by Macht (10). Later, attention 
was turned to the possibilities of the vaginal tract as a site for 
drug administration fo
clinical or pharmacologica
and absorption was only qualitatively demonstrated. Until very 
recently in our laboratories, no systematic studies of vaginal 
absorption were performed and nothing mechanistic was known about 
the barrier. The perfusion apparatus used in these studies is 
schematically shown in Figure 2 where a rib-cage perfusion cell 
is connected to the perfusate reservoir, pump, and an assemblage 
for flushing out the vagina prior to initiating a run. The oper
ation of this system has been previously described (3). In Fig
ure 3 a schematic diagram of the ce l l in place in the doe's vagi
nal cavity is shown. The cell is implanted surgically and a 
given rabbit is useful for studies for a period of roughly a week 
after recovery from the operation. In our i n i t i a l studies with 
model permeants, the n-alkanols and the n-carboxylic acids, which 
were chosen because of regularly altering physicochemical proper
ties, we were able to show that the vaginal barrier was, opera
tionally, similar to other moist mucosal barriers. It is 
permeable to non-electrolytes and ions, shows a partitioning 
dependency with certain compounds and is of sufficiently low 
diffusional resistance that the hydrodynamic fluid boundary layer 
in series in perfusion experiments comes into play very early as 
one ascends a homologous series. These features are displayed 
in Figure 4 where the sigmoid shaped curve for the n-alkanols 
permeating the rabbit vaginal membrane are shown. These are pre
sented as the ratio of the permeability coefficient of any arbi
trary n-alkanol to that of methanol. Actually both absolute and 
relative rates of absorption of an alkanol and methanol were 
simultaneously obtained in each experimental run by using two 
different radiolabels (% and l^C) on the simultaneously adminis
tered species. Stirring effects using a magnetically operated 
stirrer placed on a center shaft in the perfusion cell were used 
to unequivocally demonstrate the existance of a significant hydro-
dynamic boundary layer barrier. The "pore11 route or parallel 
aqueous pathway through the membranous structure is exhibited as 
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rib- cage cell reservoir 
Figure 2. Schematic of the perfusion system showing the cell, the circulating 
pump, the perfusate reservoir, and, on the right, the system for flushing out the 

cell and lines 

Figure 3. Diagram of the perfusion cell in place in the rabbit vaginal lumen 
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Figure 5. Relative permeability of the n-alkanoie acids at 
pH = 3 (Φ), pH = 6 (φ) and pH — 8 The dotted 
lines in this figure and Figure 4 are theoretical curves based 
on a bifunctional membrane in series with an aqueous 

stratum. 
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the plateau at methanol and ethanol. Its reality was confirmed 
using the weak electrolyte carboxylates as permeants and doing 
experiments as a function of pH. Some of these data are pre
sented in Figure 5, also in terms of the ratio of flux of the 
species to that of co-administered methanol. The dashed lines 
are theoretical curves based on a bifunctional membrane-diffusion 
layer model. Details of these analyses are presented elsewhere 
in papers in print (4)C5)(12) or in press. These data may be con
verted to absolute permeability coefficients using the permeabil
ity coefficient of 1.7xl0~4 cm/sec found for methanol with a stand
ard deviation on the order of 0.4 cm/sec. The effective boundary 
layer thickness in these studies (no intravaginal stirring) was 
found to be several hundred microns (250 μ or 0.025 cm is taken 
as the average value). 

Studies on the Vaginal

In the introduction i t was stressed that the complete opera
tional characteristics of vaginal devices, such as suspension 
matrix drug delivery systems, requires assessment of the vaginal 
permeability of the contained therapeutics as well as the in vitro 
release characteristics from the devices themselves. There are 
circumstances where the former can be rate limiting and, in any 
case, the barrier properties of the vaginal tissues establish an 
upper limit on the amounts of drug which can be systemically de
livered. For these reasons we began studies to characterize the 
permeation rates of steroids across the vaginal mucosa. The rib-
cage perfusion cell was employed but, unlike the previous studies 
with model compounds, the permeation of methanol was assessed in 
a separate experiment run just prior to the steroid experiment. 
This practice was initiated just in case the steroids changed the 
membrane properties in the course of an experiment. This was not 
a concern for the alkanols as they were used in sufficiently d i 
lute concentrations to preclude any significant membrane effects. 
It had been shown previously that variability in sequential runs 
in a given animal was minimal even though variability between 
animals was pronounced, often as much as ± 50% from the average 
value for a given permeant. The raw uptake data were plotted in 
the usual manner, log C/C0 versus t, and are shown for proges
terone and hydrocortisone in Figure 7. The apparent permeability 
coefficients, Papp> were calculated from the slopes of the linear 
regions of these plots. For two compounds, progesterone and 
estrone, intercepts on the ordinate axis were consistently ob
served. This has been tentatively attributed to an almost com
pletely diffusion layer controlled vaginal membrane partitioning 
(or binding) of these agents followed by the onset of steady-
state uptake. The estimated i n i t i a l absorption rate data are 
quantitatively consistent with this interpretation considering 
the extreme hydrophobic natures of progesterone and estrone and 
a P a q value based on an effective boundary layer thickness of 
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approximately 250 μ (0.025 cm) and D a q values of about 7 χ 10"° 
cm^/sec. The data for the four steroids are tabulated in Table I. 

TABLE I 
Vaginal Permeability Parameters 

of Several Steroids 

Steroid 4 1 Ρ χ 10 (cm/sec) app 
4 2 Ρ χ 10 (cm/sec) m 

Progesterone 1.92 6.1 
Esterone 2.05 7.6 
Hydrocortisone 0.48 0.58 
Testosterone 0.59 0.75 
Methanol (control)-* — 

1. From the slope of the steady-state portion of the curves as 
found in Figs. 6 and 7. 

2. Calculated from 
1_ = _1_ + 1_ 

papp paq pia 
assuming no pore diffusion (P p = 0) and based on h a q * 250 μ 
and D a q = 7 χ 10"6 cm2/sec. 

3. Average value with steroids. 

The diffusion layer thickness is an estimate based on the alkanols 
studied which were performed at the same perfusion rate. The 
steroid diffusivity in water is an estimate based on Sutherland-
Einstein calculation. The most significant aspect of these data 
is the near boundary layer control observed for progesterone and 
estrone. These two steroids apparently have l i t t l e problem par
titioning into and diffusing across the vaginal membrane. On 
the other hand, hydrocortisone and testosterone, two considerably 
more polar steroids, are primarily held back by the membrane and 
diffuse across a several hundred micron thick effective diffusion 
layer with relative ease. Pore permeation was discounted as 
studies on the gastrointestinal membrane indicate such large mole
cules do not gain access to the aqueous channels. 

In Vitro Matrix Release 

In order to get basic diffusional parameters of some select 
steroids in an experimental matrix system for later predictive 
analysis, the release of two steroids, progesterone and hydro
cortisone, was followed from polydimethylsiloxane (Silastic ^ 382) 
sheeting using two different procedures. In the f i r s t procedure 
the exsorption of radiolabeled steroid was followed from sheeting 
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Time, min 
Figure 7. Vaginal absorption of progesterone, Φ; hydrocortisone, (J; and methanol, Ο 
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which had been saturated with the tagged compound by long immer
sion in saturated aqueous solutions. Membrane sheeting, 500 
microns thick, was made for the purpose in the following manner. 
Six drops of stannous octoate catalyst* was mixed thoroughly with 
30 gms of Silastic 382 elastomer base** in a glass container for 
two minutes. The mixture was pressed between two flat teflon-
coated steel plates (4x6 inches) and cured for 24 hours at room 
temperature. These plain membrane sheets were then cut into con
venient sizes for steroid uptake and release studies. The plain 
silastic membranes (5.2 χ 5.2 cm2) were allowed to equilibrate 
with a saturated aqueous steroid solution containing both tritium-
labeled and cold material. Equilibrium was ascertained by taking 
samples at various time intervals for assay by liquid s c i n t i l l a 
tion counting. The steroid-loaded membranes were rinsed with 
distilled water and wiped with an absorbing tissue. Release of 
the radiolabeled compoun
buffers was followed. 

The experimental setup employed in the release experiments 
is shown in Figure 8. The membrane was cemented to a glass base 
and an open cylinder bolted to the upper surface to make a cup
like container. The system above the membrane surface was 
jacketed for temperature control. Release was followed into the 
buffer solution overlayered over the membrane. One ml samples 
were taken at predetermined intervals and replaced with fresh 
solvent. The data were corrected for the diluting effect of the 
sampling and replacement procedure. 

The second procedure involved release of cold steroid from 
suspensions of the steroids in polydimethylsiloxane. Sheeting 
was prepared as previously but, before adding the catalyst, the 
steroid was carefully levigated into the fluid silicone polymer 
in a fashion to assure uniform distribution. Micronized steroid 
was used here to eliminate particle size effects on the release 
process. The 1.5% progesterone suspension film was prepared, for 
example, by incorporating 0.75 gm of progesterone into 50 gm of 
the elastomer. After thorough distribution, 15 drops of the 
catalyst were added and the mass was compressed as before to a 
thickness of 500 microns. Rectangular strips of the sheeting 
were cut to dimensions of 3.3 cm χ 6.3 cm and wrapped around glass 
posts made to be the same size as the rib-cage permeation c e l l . 
These were glued to the glass surface so that only the upper 
surfaces (and edges) were exposed when placed in the eluting solu
tion. The total membrane area, neglecting the edges, was 20.7 
cm.2. A photograph of the matrix apparatus is shown in Figure 9. 
The membrane devices were mounted and immersed in a bath and 37°C 
water was continuously metered into the bath with the overflow 
draining into a laboratory sink. The continuous flushing main
tained a sink condition for the exsorption process. A stirrer 

*Catalyst M, Dow Corning, Midland, Mich. 
**Silastic 382 Elastomer Base, Dow Corning, Midland, Mich. 
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Figure 8. Apparatus for the release of steroids from saturated polydimethyl-
siloxane matrices 

Figure 9. The suspension ma
trix release membrane device 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



7. F L Y N N E T A L . Steroid Absorption 103 

was placed in the bath to keep the aqueous contents fully mixed 
and to minimize the effective aqueous diffusion layer. Release 
in this case was followed by analysis of residual progesterone 
(or hydrocortisone) in the Silastic membrane. Devices prepared 
identically from the same membrane suspension were periodically 
removed from the bath, cut into smaller pieces (2 to 5) and then 
each piece was weighed, extracted three times with methylene 
chloride for an hour each time and brought to a 100 ml volume. 
Samples were taken from the latter and assayed spectrophotometri-
cally. The procedure worked well with progesterone but was in
adequate for hydrocortisone due to problems of incomplete extrac
tion. The release device was prepared in the described fashion 
for two reasons. Firstly, the device was prepared to be an exact 
prototype of a system later to be used as an intravaginal implant 
in the rabbit doe. Secondly, the thin film was used in order 
that significant percentage
reasonable periods of time
by residual analysis, significant percentages had to be released 
to get accurate data. A solid cylindrical device would have re
quired the assessment of small differences between the i n i t i a l 
loading and the residual loading unless extremely long and, from 
the standpoint of in vivo studies, impractical times had passed. 

The kinetic data from the flat solution matrix system were 
analyzed according to non-steady-state diffusion from a semi-
infinite slab. The eluting buffer was vigorously stirred to 
minimize the effective hydrodynamic boundary layer and a quasi-
steady-state flux across the aqueous diffusion layer was assumed. 
The method of Suzuki, Higuchi and Ho (13), who have solved the 
appropriate equation using a finite difference technique, was 
employed to strip the operative diffusional coefficients from the 
data, with the assistance of a digital computer. Partition co
efficients were obtained from the equilibrium situation and from 
independent partitioning studies. The diffusional parameters 
found for progesterone were in very close agreement with those 
published by Roseman and Higuchi (8) for a polydimethylsiloxane 
suspension system and we used the literature values, which were 
regarded as reliable, in subsequent analyses. These values and 
those obtained for hydrocortisone are provided in Table II. 

The suspension matrix data were analyzed according to the 
Roseman and Higuchi model using the equations provided in the 
theoretical section. The data were compared with theoretical 
curves based on the equations derived for the matrix diffusion 
layer model. These studies were not used to evaluate parameters 
per se, but to confirm that the system would release steroids in 
a predictable fashion. Data for the 1.5% suspension membrane are 
tabulated in Table III and plotted in Figures 10 and 11. These 
data are presented in detail to indicate the good reproducibility 
of the assay procedure and the apparent uniformity of distribu
tion of solids obtained (zero time data). In Figure 11 these 
data are plotted as the percent released as a function of time. 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



CONTROLLED RELEASE POLYMERIC FORMULATIONS 
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Figure 10. Progesterone release from the 1.5% loaded matrix as a 
function of the y/Y. Extrapolation of the linear portion of the curve 
yields an x-intercept of 0.5 V day which corresponds to about 6 hr 

for the onset of y/\ dependency. 
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TABLE II 
Values of Physical Parameters Used in the 

Simulation Studies and in the 
In Vivo Vaginal Absorption in the Rabbit 

Parameters Progesterone* Hydrocortisone 

Structure 

Solubility in matrix, 
Cs, mg/ml 

Solubility in H2O 
Caq» mg/ml 

Diffusion coefficient 
in matrix, De, cm2/sec 

Diffusion coefficient in 
H2O, Daq, cm2/sec 

Silastic/H 20 partition 
coefficient, Ks 

Permeability coefficient** 
of rabbit vaginal membrane 
p m, cm/ sec 

c=o 

0.572 

0.0114 

4.5 χ ΙΟ"7 

7 χ 10-6-

50.2 

7 χ ΙΟ"4 

0.014 

0.28 

4.5 χ ΙΟ"7 

,-6 7 χ 10 

0.05*** 

5.8 χ 10" 

Steroid concentration 
A, mg/ml 

Silastic cylinder 
Radius, a Q, cm 1.0 
Height, h, cm 6.0 

-2 -2 -1 Aqueous diffusion layer 10 ; 5 χ 10 ,10 
thickness, h aq, cm 

15; 50; 100 

*Physical constants of progesterone in Silastic 382 such as Cs, 
Caq, De, Ks were determined previously by Roseman and Higuchi 
(8). 

**Pm of progesterone and hydrocortisone were obtained from vagi
nal abosrption studies. 

***KS of hydrocortisone was determined with Silastic 382. 
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TABLE III 

Release of Progesterone from a 1.5% 
Suspension Matrix Membrane at 37°C 

Membrane 
Weight 

Time 
(Days) Absorbance 

Progesterone 
in 

Membrane 
%* 

Remaining 

(gm) (mg/gm) 
0.5545 0 0.435 15.14 100 > 
0.5308 0 0.435 15.81 100 
0.5419 0 0.440 15.67 100 
0.4576 0 0.375 15.74 100 
0.7735 1 0.460 11.49 76.6 
0.8490 1 
0.8920 1 
0.7013 1 0.405 11.12 74.1 
0.8833 2 0.365 7.93 52.8 
0.9158 2 0.400 8.41 56.0 
0.9078 3 0.265 5.52 36.8 
0.7874 3 0.290 7.01 46.7 
0.8490 3 0.270 6.03 40.2 
0.8566 3 0.275 6.09 40.6 
0.9262 4 0.175 3.49 23.3 
0.8906 4 0.164 3.41 21.9 
0.8370 5 0.125 2.89 17.9 
0.7847 5 0.100 2.22 15.6 
0.9180 5 0.130 2.55 17.0 
0.8961 5 0.125 2.50 16.7 

* The % released is obviously 100 - % remaining. 
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The curve through the data is a theoretical line based upon the 
parameters found in Table II and the equations presented in the 
theoretical section. A 120 μ thick diffusion layer was found to 
best f i t these data, which seemed a reasonable value based on the 
experimental design. These same data are plotted as % released 
versus the square root of time (t^/2) in Figure 10. It can be 
seen that, after an i n i t i a l lag period, the release entered matrix 
control and the expected linearity as a function of tl/2 was ob
served. An interesting feature of the method is that i t allowed 
for assessment of the boundary layer controlled period (y 6 hours 
based on the abscissal intercept) which would not have been pos
sible using a solid device coupled with a residuals assay tech
nique (% remaining assay). The slope of the linear region in the 
tl/2 plot was compared with the expected theoretical slope and 
found to be within 5% of theory. These procedures were repeated 
using a membrane with a
data from the more concentrate
The curve through these data is a theoretical line and includes a 
diffusion layer of 75 microns. On reproducing these results an 
average operative diffusion layer (all studies) in the experi
mental setup was found to be 100 μ. Overall the experiments 
proved that the device, which was designed to be implanted in the 
rabbit vagina, was predictable in i t s release characteristics, at 
least in so far as progesterone is concerned. Studies with hydro
cortisone are continuing. Reproducible extraction of this steroid 
remains a problem. The actual release in vivo with the latter 
compound will be performed in monkeys as animal sacrifice is not 
necessary with this animal. 

Simulation Analysis 

Using the results of the in situ vaginal absorption of the 
steroids in the rabbit, the in vitro physicochemical characteri
zation of the steroids with the polymeric membrane, the in vitro 
release kinetic studies of steroids from the silicone rubber 
matrix (theoretical in the case of hydrocortisone) and the physi
cal model, a rigorous theoretical analysis of drug delivery from 
an implanted device is possible. Simulations of the simultaneous 
release of progesterone from a cylindrical polydimethylsiloxane 
matrix and vaginal absorption serves as a prototype for assessing 
the concurrent physicochemical roles of the membrane, aqueous 
diffusion and receding boundary layers. Another prototype steroid 
used in these simulation studies is hydrocortisone. The values 
of the physical parameters of progesterone and hydrocortisone and 
the cylinder used in the analysis are found in Table II. The size 
assumed for the cylinder is the same as that of the rib-cage cell 
used previously. 

The flux per unit area of the cylinder versus time profiles 
for progesterone are shown in Figures 13 and 14 for different 
aqueous diffusion layer thicknesses and i n i t i a l concentrations 
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Figure 13. Quasi steady-state rate of release of progesterone as a function of time when 
there is a 500μ (upper curves) and ΙΟΟΟμ (lower curves) aqueous boundary layer for 

1.5% and 5% membrane loadings 

Figure 14. Same as Figure 13 but for the case where the effective boundary layer thick
ness is only 100μ 
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of progesterone in the matrix. When the aqueous diffusion layer 
is 500 to 1000 microns thick (Figure 13), the fluxes tend to be 
invariant with time for relatively long periods and then decrease 
gradually with time. This time independent characteristic is 
maintained longer when the aqueous layer between the cylinder and 
vaginal membrane is quite thick (1000 μ as compared to 500 μ) and 
the i n i t i a l loading steroid concentration is also high (50 mg/ml 
as compared to 15 mg/ml). The mechanistic interpretation is that 
the i n i t i a l zero order rate is determined by the aqueous diffu
sion layer barrier. Initially the matrix resistance is many times 
less than the resistance of these thick fluid boundary layers. 
The high loading concentrations tend to slow the rate of movement 
of the receding boundary of the drug in the cylindrical matrix by 
providing a high effective reservoir concentration in the matrix. 
At later times the rate changes to the matrix-controlled mecha
nism. It is significan
constant for about 6 months
out of reasonably constant increments of drug in that period of 
time when there is a very thick boundary layer. 

The early time profiles of Figure 14 are in sharp contrast 
to those in Figure 13. Here the aqueous diffusion layer thickness 
is 100 microns, which would be a more likely situation when the 
progesterone containing polymer cylinder forms a snug f i t with 
the membrane of the vaginal tract. In fact, even this might be 
an exaggerated estimate. The rate is essentially matrix-control
led. Again, an effect of the loading concentration on the rate 
is observed. With the 100 mg/ml total concentration the early 
time periods are more influenced by the diffusion layer than that 
at lower concentrations. At low concentrations the release of 
the steroid from the matrix is the predominant rate-controlling 
factor once the cylinder is inserted into the vagina. 

In Figures 15 and 16 the predicted total amounts of proges
terone released from the cylinder (6 cm long and 2 cm diameter) 
as a function of time are shown for various loading concentrations 
(100, 500 and 1000 microns). In the 500 and 1000 micron diffusion 
layer situations in Figure 15 the i n i t i a l slopes are unaffected 
by the loading concentrations since the transport kinetics are 
diffusion layer-controlled. The i n i t i a l rates are zero order as 
predicted in Eq. 23. Because the 15 mg/ml concentration cannot 
sustain the diffusion-controlled period as long as the 50 mg/ml 
concentration case, the slope decreases with time until the total 
drug delivery capacity is depleted. The i n i t i a l steroid concen
tration and size of the cylinder determine the drug capacity. 
The curves in Figure 16 with the 100 micron diffusion layer are 
indicative of the situation where the transport mechanism is 
essentially matrix controlled at the onset. It is interesting 
to point out that, other factors being constant, the total de
livery capacity is dependent upon the loading concentration as 
expected; however, the total time taken in releasing the total 
amount of drug depends on both the concentration and transport 
mechanism. 
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Figure 15. Amount of progesterone released as a function of time for 1.5% and 5% 
loaded matrices operating with boundary layers of 500μ. (upper) and ΙΟΟΟμ. (lower) 
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The predicted changes in the receding boundary zone thickness 
with time at various concentrations of progesterone and aqueous 
diffusion layer thicknesses are shown in Figures 17 and 18. This 
zone of depleted drug would be translucent as compared to the 
opaque core of the drug-matrix suspension. According to Roseman 
and Higuchi (8), the measurement of this zone with time gives one 
a rapid estimation of the amount of drug released with time. For 
a fixed diffusion layer thickness the radial thickness of the zone 
increases more rapidly with time with the lower concentration. In 
general, the rate of change in zone thickness is rapid when the 
progesterone concentration is low and the diffusion layer is small. 

In Figures 19-21 a similar analysis is provided for hydro
cortisone. As can be seen in Figure 19 by the rapid f a l l in the 
fluxes with time, the overall transport kinetics are mechanisti
cally controlled by the release of hydrocortisone from the poly-
dimethyls iloxane cylinde
and aqueous boundary layer
the eighth day the fluxes decrease very slowly and, perhaps from 
a practical viewpoint, may be considered to be fairly constant 
between the 10th and 80th day. For a given concentration of 50 
or 100 mg/ml, the i n i t i a l flux per unit area of the cylinder is 
1.5 χ ΙΟ" 6 for the 100 micron diffusion layer case and 1.15 χ 10~6 

for the 500 micron layer case; however, the fluxes converge in 6 
hours. The corresponding time changes in the total amount of drug 
released from the matrix and the receding boundary zone thickness 
are found in Figures 20 and 21 respectively. 

A comparison between the progesterone and hydrocortisone sim
ulation studies gives an interesting mechanistic insight into the 
transport processes involved. The flux per unit area of the 
cylinder versus time profiles in Figure 22 typifies the differ
ences in the transport mechanisms of progesterone and hydrocorti
sone. The concentration is fixed at 50 mg/ml, but the diffusion 
layer thickness is varied from 100 to 1000 microns. If one con
siders only the aqueous diffusion layer and the vaginal membrane, 
one finds that for progesterone the resistance of the diffusion 
layer is equal to that of the vaginal membrane when the diffusion 
layer thickness (haq) is 100 microns and is ten-fold greater when 
h aq is 1000 microns. Correspondingly, for the more polar hydro
cortisone the resistance of the diffusion layer is 12-fold less 
than that of the vaginal membrane when h aq is 100 microns and the 
resistances are about equal when h aq is 1000 microns. Thus, in 
general, the transport of progesterone across the aqueous and 
membrane layers tend to be more on the aqueous diffusion layer-
controlled side and the transport of hydrocortisone is more vagi
nal membrane controlled. 

When one now brings in the steroid-polymer device, the addi
tional resistance in the matrix, which increases with the retreat
ing boundary and is in series with the aqueous layer and vaginal 
membrane resistances, must be considered. With the large matrix-
aqueous partition coefficient (Ks) for progesterone, the change 
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Figure 17. Receding boundary differential radial thickness as a function of time for pro
gesterone matrices containing 1.5%, 5%, and 10% loadings and operating with a boun

dary layer of ΙΟΟμ thickness 

Days 

Figure 18. Same as Figure 17 but for the cases where the effective boundary layer 
thicknesses are 500μ (upper) and 1000μ (lower) and for 1.5% and 5% loadings 
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Figure 19. Theoretical rate release curves for hydrocortisone at 5% and 10% loadings. 
The flux is essentially invarient for boundary layer thicknesses ranging from 100 to 500μ. 

Figure 20. Cumulative amount of hydrocortisone released as a function of time at 
5% and 10% loadings and for α ΙΟΟμ. effective boundary layer 
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Figure 21. Differential radial thickness of the receding boundary with time for hy
drocortisone at 5% and 10% loadings and for a boundary layer of ΙΟΟμ thickness 

Figure 22. Comparison of progesterone and hydrocortisone release rates at 5% loading 
for a 100μ. diffusion layer (left) and a 1000μ diffusion layer (right) over the initial 20-day 

period 
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in the net flux with time is largely influenced by the aqueous 
diffusion layer in the f i r s t 20 days. In comparison, with the 
small Ks of 0.05 for hydrocortisone the net flux changes quite 
rapidly with time from vaginal membrane control to matrix control. 

In Vivo Release from an Implanted Device 

In order to complete the picture, in so far as possible, 
matrix release studies were performed in living animals (rabbit 
doe) using implanted vaginal devices containing progesterone and 
hydrocortisone. The devices were designed to be identical in 
radial dimensions and overall length to the perfusion c e l l used 
in early studies to obtain the basic vaginal membrane permeabil
ity data. These were surgically implanted by entering the ab
dominal wall and opening the upper end of the vaginal chamber, a 
procedure fully analogou
cel l (3). The animals
the individual runs. Each data point represents a separate 
rabbit. 

A schematic drawing of the device along with the dimensions 
of the attached matrix membrane is shown in Figure 23. These d i 
mensions are close to but not exactly the same as the dimensions 
of the matrix membranes used in the in vitro suspension matrix 
release case. On a predetermined schedule rabbits with the de
vices in place were sacrificed and the devices recovered. The 
membrane wrapping was removed and rinsed with water to clear away 
surface debris. The membranes were then sectioned into 3 or 4 
pieces, which were weighed and then analyzed as previously de
scribed. The absorbance at 240 nm of the extract, properly dilu
ted, was measured and the residual steroid calculated. Because 
of previous difficulties, great care was taken to remove the 
hydrocortisone fully from the membrane. The raw data from these 
studies are given in Table IV for devices loaded respectively 
with 1.4% progesterone, 4.7% progesterone and 5.1% hydrocortisone. 
These data are graphically presented in Figures 24 and 25 as % 
released as a function of time and amount released as a function 
of the square root of time (tl/2) respectively. The percentage 
compositions indicated on the plots are round numbers. 

It is obvious considering these data that release for proges
terone is for the most part matrix-controlled. This is indicated 
for the 4.7% progesterone containing device by the curvature in 
the release versus time plot (Figure 24) and the linearity in the 
tl/2 plot. The intercept on the abscissa for the 4.7% proges
terone tl/2 plot near the origin is consistent with the early 
onset of matrix control or a relatively insignificant membrane-
boundary layer effect. Analysis of the data according to the 
model, assuming matrix control, indicates that the observed re
lease is in reasonable agreement with prediction (Table V). At 
the 4.7% loading the predicted slope of the steady-state portion 
of the tl/2 relationship should be 1.1 mg/cm2//day and the 
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TABLE IV 

In Vivo Steroids Release from Silastic 
Membrane (1 mm thick) in the Rabbit Vagina 

a. 1.4% Progesterone 

Time Steroid % 
Day in Membrane 

Release 
% 

2 
Q (mg/cm ) 

0 1.37 
2 0.272 80.1 1.32 
3 0.134 90.2 1.48 
00 0 100 1.64 

b. 4.7% Progesterone 

0 4.71 
2 3.11 34.0 1.95 
4 2.20 53.3 3.01 
6 1.53 67.5 3.82 
oo 0 100 5.65 

c. 5.1% Hydrocortisone 

0 5.06 
4 5.09 (-0.6) neg. 
9 4.91 3.0 0.18 

16 4.73 6.5 0.39 
oo 0 100 6.07 

* * * * * „ Α Β Β N M K SILICONE RUBBER SHEET 
C L A S S ™ * / containing ttestarcid 

\ h 3 c w H 
STRING Q 3 £ 

A =15 cm* 
V-1.5 cm3 
W=1800 mg 
W/A = 120 mg/cm2 

At 
lmm 

Figure 23. Sketch of the in vivo matrix de-
vice and dimensions of the wrapped mem

brane matrix 
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TABLE V 
Experimental and Model Predicted Release 

"Rates"of Progesterone and Hydrocortisone In Vivo 

Steroid 
Initial Amount 
per Unit Volume Mg Released/ cm̂ //day 

(mg/ml) Experimental* Predicted** 

Progesterone 47 1.8 1.1 
14 0.5 0.59 

Hydrocortisone 51 0.21 0.18 

* Determined from the slope of Qf versus Jt plot. 
** Matrix-controlled case  dQ'/d/t  /D C A

observed value is 1.8. The agreement is somewhat better for the 
two point 1.47% data, 0.59 predicted versus 0.5 observed. It is 
recognized that the data are limited; regardless, the in vitro and 
theoretical predictions are substantially confirmed by the be
havior of the device in vivo. 

The case of hydrocortisone appears somewhat different. The 
in vivo data for this steroid suggest a long lag time t i l l the on
set of matrix control, possibly as much as four days. Thereafter 
the data appear linear on the t 1 / 2 plot suggesting matrix control. 
Again, processing these data as tl/2 quasi-steady-state yields 
good agreement between experiment and theory. The predicted re
lease in matrix control based on the parameters in Table II is 
0.18 mg/cm2//day and the experimental value is 0.21. Thus, the 
data suggest that these two structurally similar compounds 
(steroids) behave fundamentally differently in terms of release 
from polydimethylsiloxane matrices over the f i r s t several days 
the devices are in place. It should be pointed out that this dif
ference i s , in retrospect, predicted in the simulation analysis. 
The device inserted in the rabbit was made to form a snug f i t 
against the wall of the vaginal cavity. This snugness precludes 
any significant thickness to the aqueous boundary layer. It was 
shown that progesterone is controlled early on by the aqueous 
boundary layer and that the vaginal membrane offers relatively 
l i t t l e diffusional resistance. Thus, i f snug fitting reduces the 
effective hydrodynamic boundary layer, the release from the device 
will very rapidly enter matrix control. Conversely, the principal 
early determinant of absorption in the case of hydrocortisone is 
the vaginal membrane itsel f , not the boundary layer (Table I). 
Thus, the onset of matrix control should be normally delayed as 
snug fitting the device should have negligible effect on the mem
brane. The in vivo data are consistent with this interpretation. 
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Figure 26. Plot of the apparent permeability coefficients of n-octanol (upper) 
and methanol (lower) as a function of time and estrus cycle. The arrows indi

cate the time of observed menstruation. 
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Primate Studies-New Concepts 

The in vivo release studies in the rabbit were terminated for 
two reasons, experimental costliness and some early breakthroughs 
in similar studies in the primate species, the Rhesus monkey. Ul
timately the aim of the research is to benefit the human female 
and, since the rabbit doe does not exhibit an estrus cycle but 
ovulates in response to physical (sexual) contact with the male, 
i t does not show the typical cyclical membrane changes associated 
with the rhythmic pattern of hormones of the sexual cycle. There
fore, studies were begun in a more typical species and a species 
for which the data might be directly extrapolatable to the human 
case. The female Rhesus was chosen as its estrus patterns are 
very like the menstrual patterns of the human female. 

The vaginal cavity of the Rhesus  like the human  is acces
sible from outside, allowin
permeability cell and matri
surgical implantation. This has eliminated extremely difficult 
elements in the studies, the surgical procedure and the ultimate 
animal sacrifice, and for this reason studies have progressed 
rapidly with the primate species. The early results unequivocally 
demonstrate that the vaginal membrane permeability varies c y c l i 
cally with the estrus cycle (Figure 26). This is true for metha
nol, which has a membrane controlled permeability, and octanol, 
which is controlled by diffusing across the aqueous strata of the 
total barrier. The latter observation suggests that the aqueous 
strata resistance not only includes the hydrodynamic boundary 
layer but also the tissue's aqueous regions, which of course also 
thin and thicken in response to estrogen secretions. Overall the 
monkey's vaginal permeability is slightly less than that of the 
rabbit at its highest (immediately following menstruation) and 
several-fold smaller at ovulation (between cycles). 

With regard to the use of matrices and other release devices, 
the monkey data gathered to date add several new features. These 
include the nonconstancy of the membrane permeability as a func
tion of the menstrual cycle and the increased membrane resistance 
found in the primate species. Studies, either underway or plan
ned, are being aimed at accessing the significance of these fac
tors on steroid absorption and drug delivery from dosage systems. 
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Previous paper
with the developmen
drugs at controlled rates, over a long period of 
time (1,2), and with the release rates of narcotic 
antagonists (2,4,5) and anticancer agents (3) from 
composites with polymers. The influence of the 
(a) nature of the polymer, (b) molecular weight of 
the polymer and (c) form of the composites on the 
release rates was also investigated (2,6). 

This paper reports the results of recent 
investigations relative to in vivo and in vitro 
release rates of progesterone (Δ'-pregnene-3,20-
dione), β-estradiol (estra-1,3,5 (10)-triene-3,17-
diol) and dexamethasone (9-fluoro-11 β, 17,21-tri-
hydroxy-16α-methylpregna-1,4-diene-3,20-dione) from 
poly(lactic acid) (PLA) composites. 

Experimental 
All countings were performed with li q u i d scin

tillation spectrometers 1. The counting solution 
consisted of a mixture of 2,5-diphenyloxazole (22.0 g), 
1,4-bis[2-(4-methyl-5-phenyloxazolyl)]benzene (0.4 g), 
and Triton X 100® 2 (a nonionic wetting agent) 
(1000 ml) diluted to 4000 ml with toluene in the 
in vivo experiments. Aquasol ® 3 was used as a 

1. Packard Tri-Carb model 3003 (Packard Instruments, 
Downers Grove, IL) was used in the in vivo experi
ments, and a Beckman LS-100 (Beckman Instruments, 
Fullerton, CA) was used in the in vitro experiments. 
2. Rohm and Haas, Philadelphia, PA 
3. New England Nuclear Corp., Boston, MA 
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s c i n t i l l a t i o n l i q u i d in the in vitro experiments. 

Preparation of Progesterone-PLA Chips. 
Unlabeled progesterone^ (0.61 g) , ^-^C-progesterone^ 
(3.5 ml benzene solution), poly(lactic acid), 
prepared as i n réf. (2) (1.05 g) and t r i b u t y l 
citrate (0.09 g) were dissolved in dichloromethane 
(150 ml). The solvent was flashed off under reduced 
pressure and the residue, wrapped in aluminum f o i l , 
was melt-pressed 5 at 170° under a total load of 3 
metric tons for 30 sec. (shims 0.90 mm thick were 
used) to produce films of uniform thickness in which 
no imperfection due to a i r or gas was observed.^--x 
The films were ground in a cooled CRC Micro-MillCE^ 6 

The particles obtained were screened, and fractions 
of an average siz
The specific radioactivit
Unlabeled composites were prepared in the same way, 
except that l^c-progesterone was not added. 

Preparation of Progesterone-PLA Beads. Solution 
A. To Acrysol& A-5^ (24% solution) (16 σ) was 
added a solution of CM-cellulose 9M31F® ' (1.7% 
solution) (41 g) in 550 ml d i s t i l l e d water, prepared 
the night before. After adjusting pH to 10.3-10.4 
with a 50% sodium hydroxide solution, a solution of 
Pharmagel® 8 (0.4 g) in 50 ml water, 2 drops of 
Triton X 155^ and 10 g of dichloromethane were added 
and stirred at 50°C just before use. Solution B. 
PLA (9 g) [prepared as in ref. (2)] was added to a 
mixture of methanol (8 ml) and dichloromethane 
(125 g) while s t i r r i n g , and just before mixing with 
solution A, a solution of progesterone (partially 
tagged as in the preparation of the chips) in 
methanol and dichloromethane was added. 

Solution A was placed in a one l i t e r , round 
bottom, 3-neck-flask, equipped with paddle s t i r r e r . 
Solution Β was added while s t i r r i n g (120-130 rpm) 
and passing nitrogen over the surface of the l i q u i d . 
The reaction mixture was heated to 60-65° over 1-2 hr. 
period. (If agglomerates are noticed, agitation i s 
increased to 170-175 rpm.) After cooling to r . t . , 

4. Sigma Chem. Co., St. Louis, MO 
5. Carver laboratory press model C 
6. The Chemical Rubber Co., Cleveland, OH 
7. Hercules Inc., Wilmington, DE 
8. Kind and Knox Gelatin Co., Cherry H i l l , NJ 
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the beads were collected by f i l t r a t i o n and washed 
with water. A yield of about 9 g of beads was 
obtained. The beads obtained were screened and 
fractions of an average size 0.42-0.25 mm were 
collected. The specific activity of the composite 
was 0.0358 mCi/g. 

Annealed beads were obtained by heating beads 
prepared as above at 150-160° for 10 sees, in a 
rotating tube. 

Preparation of Estradiol-PLA Chips. A mixture 
of 3-estradiol 4 (3.01 g), t r i b u t y l citrate (0.76 g) , 
poly(lactic acid) (11.25 g) and dichloromethane 
(350 ml) was stirred at r . t . Solvent was evaporated 
under vacuum at 60° and the residue worked up as 
described above fo
PLA chips. 

Preparation of Dexamethasone-PLA Chips. A 
mixture of dexamethasone4 (3.01 g), tr i b u t y l citrate 
(0.76 g), poly(lactic acid) (11.26 g) and dichloro
methane (250 ml) was stirred at r . t . Solvent was 
evaporated under vacuum at 60° and the residue 
worked up as previously described for the preparation 
of progesterone-PLA chips. A 10% composite was pre
pared similarly. 

Experiments In Vivo. A) Implantation Method. 
These experiments Were performed on groups of three 
or five beagle type mongrels, weighing approximately 
10 Kg, by implanting suspensions in methylcellulose 
of 28.6 mg of progesterone-PLA (A.I. 35%) per Kilo-
animal when non-annealed beads were used, and 68.5 mg 
of progesterone-PLA (A.I. 35%) per Kilo-animal when 
chips were used. 

The following implanting procedure was used: 
progesterone-PLA composite (beads or chips) was 
placed in the barrel of a 5 ml plastic syringe and 
methylcellulose solution in physiological saline 
added while shaking u n t i l an even distribution of 
the composite particles throughout the methylcellu
lose was obtained. This suspension was injected 
subcutaneously posterior to the shoulder in the back 
region of either side. Urine samples were collected 
and radioassayed by standard l i q u i d s c i n t i l l a t i o n 
counting technique (see réf. (2)). 
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B) Control Experiments on urinary Excretion 
Radioactivity. In order to determine the relation
ship of urinary excretion radioactivity to actual 
release of progesterone from implanted composites 
with PLA, control experiments were performed. A 
solution of 0.1 + 0.02 g of tagged progesterone, 
sans PLA, in methylcellulose was implanted subcuta
neous ly into 5 dogs and the radioactivity of urine 
monitored daily. An average of 29% of the implanted 
drug was recovered in urine during the 30 day test. 
In the supposition that the remaining 71% consisted 
of material released through other ways, the values 
of the progesterone released in urine have been 
corrected by multiplying them by the factor 3.45 
(= 100/29). 

C) Blood Leve
The Radioimmunoassa
ref. (7) and (IB) was used for the determination of 
the blood level of progesterone and dexamethasone 
in dogs and of estradiol i n wethers. In the tests 
with progesterone, composites containing 15% and 30% 
A.I., as a 30% suspension in methylcellulose, were 
injected into bitches. Doses of 15, 60 and 240 mg 
of progesterone for animal were used and the blood 
levels of progesterone were determined daily by RIA 
techniques. 

In the tests with estradiol, composites of PLA 
containing 20% estradiol were injected as a 30% 
suspension in methylcellulose. Doses of 16 mg of 
estradiol were used and the blood levels measured 
daily by RIA techniques. 

In the tests with dexamethasone, composites of 
PLA containing 10% and 20% A.I. were injected as sus
pension in methylcellulose. Doses of 16 mg of 
dexamethasone per animal were used and the blood 
levels measured daily as above. 

Experiments In Vitro. The release rates of 
progesterone-PLA composites were also determined in 
vitro by dialyzing samples of composite with Ringer's 
solution. The dialysis c e l l ^ consisted of two 
Plexiglass blocks 5 χ 5 χ 1.5 cm with hemi
spherical chambers separated by a lamb skin membrane. 
The following procedure was used: the assembled 
dialysis c e l l was placed on a magnetic s t i r r e r and 
one of the needle inlets in the lower half of the 
c e l l was connected to a pump (peristaltic) capable 

9. National S c i e n t i f i c Co., Cleveland, OH 
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of delivering 10 ml/hour of Ringer's solution 
(pH 7.0). The other side of the lower half of the 
c e l l (other exit needle) was connected to a tube 
leading to a 500 ml graduated receiver for sample 
collection. The pump was started and the lower half 
of the c e l l was f i l l e d with dialyzing f l u i d (Ringer's 
solution), being careful to remove a l l a i r bubbles 
from below the surface of the membrane. (This 
insures contact between dialyzing f l u i d and the 
whole membrane surface.) 

Dialyzing f l u i d (1-2 ml), which remained static 
through the experiment, was placed i n the upper half 
of the c e l l . Composite sample, such as beads or 
chips, was added through a 5 mm hole in the top of 
the c e l l and while s t i r r i n g the upper chamber was 
f i l l e d to capacit
dropper (Pasteur dropper)
effluent were collected every 24 hrs. (250 ml/day) 
and the radioactivity determined by standard 
technique. 

Counting solutions were prepared by dissolving 
one ml of dialysis effluent in 10 ml of s c i n t i l l a t i o n 
solution. The counts found were corrected for 
(a.) background (subtract 14,875 dpm/ml; previously 
determined by counting four different 1 ml samples 
of the Ringer's solution); (b.) for recorded counting 
efficiency. Dividing counts found minus background 
by fractional efficiency gave the corrected dpm/ml. 
Total dpm/day was obtained by multiplying dpm/ml by 
the total sample volume. The sample size and type 
are given in Table I. Calculations for %/day were 
made as follows: 

%/day Total dpm in c e l l 
Total dpm/day χ 100 

Table I. Type of Composite and Sample Size 
Type of Composites Sample Size # g dpm in c e l l 

non-annealed beads 
non-annealed beads 
annealed beads 
annealed beads 

chips 
chips 
film 
film 

.0345 3,069,150 

.0399 3,100,230 

.0653 5,073,810 

.0669 5,198,130 

.0364 2,706,822 

.0433 

.0414 
3,441,200 
3,290,200 
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Results and Discussion 
14 

The in vivo tests with C-progesterone-PLA 
chips, injected as methylcellulose suspensions in 
dogs, show that the cumulative amount of drug 
released during an 82 day period averaged 79% of 
the administered dose. Of this amount, only an 
average of 23% was recovered in urine. The daily 
amount of progesterone released (see Fig. 1) averaged 
2.5% of the dose during the f i r s t 10 days after 
implantation, decreased gradually to about 1% of 
dose during the following 30 days and then remained 
relatively constant at about 0.6% for the duration 
of the test. 

When non-annealed beads instead of chips were 
used, the release
obtained by implanting  suspensio
progesterone. Almost 100% of the administered dose 
was released from the composites in about 45 days, 
and of this amount only about 30% was found in the 
urine. The daily amount of progesterone released 
after reaching a maximum of about 13% of the dose 
during the f i r s t two days after implantation decreased 
gradually to 1% of dose during the following 18 days 
and then remained at 0.2-0.5% of the dose during the 
following 23 days (Fig. 1). This behavior indicates 
that the non-annealed beads, due to their macro-
reticular type of structure, provide the drug with 
ample opportunity to diffuse rapidly through the 
polymer matrix. 

In the in vivo tests by RIA with progesterone 
chips (30% A. I..), blood levels of progesterone of 
3 ng/ml for a period of 21 days (Fig. 2) were 
obtained when doses of 240 mg i n PLA chips were 
injected in bitches. The blood level then decreased 
to 0.7 ng/ml during the following days and remained 
f a i r l y constant at about this level for the duration 
of the tests (60 days). These concentrations are 
above the normal progesterone levels found in control 
tests. Similar release profiles were obtained in 
tests performed by injecting 15 and 60 mg of proges
terone in PLA chips of 30% A.I. Blood levels of 
about 0.8 ng/ml were found during the f i r s t 25 days 
after injection, decreasing to lower than 0.6 during 
the following 30 days of the test. In tests with 
progesterone composites (15% A.I.), a blood level 
of 2.8 ng/ml was reached in the f i r s t day when doses 
of 240 mg were injected; then the blood level 
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|—ι 1 1 1 1 1 1 

DAYS 

Figure 1. In vivo daily release of 14C-progesterone 

DAYS 
Figure 2. Daily level of progesterone in blood 
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decreased to about 0.5 ng/ml in 25 days following a 
slope similar to that obtained with a 30% composite. 
As expected, the higher loading dose afforded the 
higher blood level. 

The in vitro releases of progesterone from C-
progesterone-PLA composites, as beads, chips and 
films, were determined by the membrane dialysis 
technique described above. The results reported in 
Fig. 3 show that progesterone i s released faster from 
PLA composites in form of non-annealed beads than 
from composites as chips or films. The daily 
release from non-annealed beads began at a rate of 
about 4% during the f i r s t 2 days, then decreased 
gradually and remained at about 3% for the duration 
of the test (20 days). The daily release from chips 
started at about 2.5
decreased to abou
Composites in form of films released progesterone at 
the very low rates of about 1%/day in the f i r s t day 
and 0.3%/day for the duration of the test (13 days). 

A considerably reduced release of progesterone 
from beads was obtained by heating the beads at 
150-160° for 10 seconds (Fig. 4). By this treatment 
the release rate of progesterone became similar to 
that from composites in form of chips. 

Comparison of these in vitro results with those 
obtained in the above described in vivo tests by the 
implantation method show (Fig. 5) that the release 
rates of 1 4C-progesterone f r o m chips, determined 
by the dialysis technique, are similar to those 
obtained in experiments with dogs and that the dialy
sis technique is a useful method for estimating the 
in vivo release rates of progesterone from PLA chips. 
Previously reported (2) in vitro techniques, e.g., 
with a Raab extractor, always gave poor correlations 
with in vivo experiments. 

The in "vivo tests with estradiol composites in 
wethers by RIA show that efficacious blood level of 
estradiol can be obtained for a period of about 55 
days (Fig. 6). Weight gain was significantly above 
the normally expected (9). It should be noted that 
for some unknown reasons, the tests showed rather 
significant increases of endogeneous blood level for 
day 21. 

The in vivo tests by RIA with dexamethasone 
composites (20% A.I.) show that blood levels of the 
drug reached an average of 6.8 ng/ml during the f i r s t 
3 days after injection (Fig. 7), decreased gradually 
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DAYS 

Figure 3. In vitro release of progesterone by dialysis 

DAYS 

Figure 4. In vitro daily release of progesterone from beads 
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Figure 5. In vivo vs. in vitro release of progesterone 

20 

0.35 r 

— 1 6 mg A.I. 
CONTROLS 

60 

Figure 6. Daily level of estradiol in blood 
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7.0F 

0' 

— CONTROL 
16 mg AI ,20% COMPOSITE 
16mg AI, 10% COMPOSITE 

0 10 

Figure 7. Daily level of dexamethasone in blood 

to about 1 ng/ml during the following 27 days and 
then remained constant at about 0.1 ng/ml for the 
duration of the test (60 days). Similar profiles 
were obtained in tests with composites containing 
10% A.I. A maximum blood level of 5 ng/ml was 
obtained during the f i r s t 2 days. Also in this 
case, the higher loading dose showed the higher blood 
level. 

In a previous paper (2_) i t was shown that 
different profiles for the in vivo rates were 
obtained in controlled release of narcotic antagon
ist s from films and chips. Rates for films followed 
a f i r s t order decay while chips gave a zero order 
pr o f i l e . The difference in behavior may be at t r i b 
uted to the bodies inflammatory processes triggered 
by the implant; the one for chips presumably being 
more e f f i c i e n t and creating a more effective barrier. 
In the blood level work reported in this paper, 
lengthy f l a t profiles are again seen with progester
one and estradiol (Fig. 2 and Fig. 6). However, the 
rate curve for dexamethasone i s typically f i r s t 
order (Fig. 7). This behavior supports the hypothe
sis because dexamethasone i s a well-known anti-
flaramatory agent. 
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The objec t ive of t h i
f l u o r i d e containing materia
f l u o r i d e ion at a constant c o n t r o l l a b l e ra te fo r a per iod o f a t 
l e a s t s i x months. In a d d i t i o n , the material should meet the 
fo l lowing requirements: 
1. Must be non- tox ic , non-a l le rgenic and harmless to ora l and 
g a s t r o - i n t e s t i n a l t i s s u e s . 
2. Must be able to release f l u o r i d e ion a t a constant ra te 
ranging from 0.02 mg/day to 1 mg/day through simple modif icat ions 
o f the compound composit ion. 
3. The device based on t h i s material must be capable of easy 
attachment to the teeth wi th the possibility o f safe removal if 
the circumstances warrant such removal. 

To realize t h i s ob j ec t i ve , we have synthesized, developed 
and evaluated samples and devices of d i f f e r en t kinds and shapes, 
containing f l u o r i d e s a l t s and capable o f re leas ing f l u o r i d e ions 
in an aqueous environment a t a steady c o n t r o l l a b l e r a t e . A ra te 
controlling polymer membrane was used to control the release o f 
fluoride ion from a matrix polymer containing the f l u o r i d e s a l t 
r e s e r v o i r . The matrix polymers containing f l u o r i d e salts are 
based on recognized biocompatible polymers, f requently used i n 
clinical den t i s t ry and clinical surgery. An i n t r a o r a l Hawley 
orthodontic appliance was developed which provides s teady-state 
release of f l u o r i d e i o n . This device was tested i n water over 
approximately a s i x month period and i t showed steady-state 
release of f l u o r i d e i o n . Predetermined rate o f f l u o r i d e release 
of up to 1 mg/day was poss ib le by modifying the rate c o n t r o l l i n g 
membrane polymer. 

Introduction 

The e f f i cacy of small doses of f luo r ides i n a r r e s t ing dental 
ca r ies i s c l i n i c a l l y wel l e s t ab l i shed . Regardless of the mode of 
ac t ion o f f l u o r i d e , i t i s apparent that adequate pro tec t ion 
against ca r ies can be obtained by the t op i ca l a p p l i c a t i o n of 
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f l u o r i d e ion on the enamel surfaces. Very l i t t l e work has been 
reported on optimum dosage rate of the top ica l a p p l i c a t i o n o f 
f l u o r i d e through a sustained long-ac t ing formula t ion . 

An o ra l release of small amounts of f l u o r i d e at a constant 
ra te over a long period of several months to years has several 
poss ib le advantages. I t could provide a means for f l u o r i d e 
treatment for ce r t a in segments o f the youth population who might 
otherwise not be treated by a v a i l a b l e conventional means. More
over , a constant low dosage sustained ora l environment o f 
f l u o r i d e ion may have c l i n i c a l benefi ts not achieved by episodic 
t op i ca l a p p l i c a t i o n s . 

The slow release of f l u o r i d e can be achieved by the 
fo l lowing d e l i v e r y methods: 
1. Di f fus ion of f l u o r i d e ion from a d ispers ion of the agent i n a 
s o l i d polymer mat r ix . 
2. Di f fus ion o f f l u o r i d
which encloses the pur
conta ining agent. 
3. Slow release of f l u o r i d e from a system which combines 
system (1) and (2 ) , i . e . , d i spers ion o f f l u o r i d e s a l t i n a s o l i d 
polymer matrix ( inner core) which i s surrounded by an outer ra te 
l i m i t i n g membrane b a r r i e r . 

At the outset o f our study, we chose to work f i r s t wi th 
a c r y l i c re la ted polymers because they were already c l i n i c a l l y 
accepted i n the dental profession and the means of ready 
f a b r i c a t i o n in to dental devices were r e a d i l y at hand. Prepara
t i o n o f samples of matrixes containing f l u o r i d e s a l t by co ld 
cur ing redox ca ta lys t s i s r e l a t i v e l y easy. Moreover, the 
t o x i c i t y o f t h i s system has never been a problem. 

Since the f l u o r i d e s a l t i n contact wi th water provides the 
i o n i c spec ies , the d i f f u s i o n rate from the polymer matrix w i l l 
be very much dependent on the hydroph i l i c nature of the polymer 
and copolymer, the degree o f c r o s s l i n k i n g , the degree o f 
comminution of the f l u o r i d e s a l t and the s o l u b i l i t y of the s a l t 
i n water. In order to f a c i l i t a t e the f a b r i c a t i o n of the f i n a l 
c l i n i c a l dev ice , we chose a s i m p l i f i e d redox polymerizat ion 
method fo r incorpora t ion o f the f l u o r i d e ion i n the matrix 
polymer. The f i n e l y d iv ided f l u o r i d e s a l t was dispersed 
throughout an u l t r a f i n e polymethyl methacrylate bead polymer 
containing res idual peroxide and the chosen hydroph i l i c monomer 
wi th d ime thy l -p - to lu id ine was mixed i n to a l low autopolymeriza-
t i o n . This type system i s i n wide usage i n a l l dental labs and 
provides an easy way to fabr ica te a custom dental appliance as 
would be required fo r each i n d i v i d u a l pa t i en t . 

Experimental : Mate r ia l s 

Di f fe ren t types o f l i q u i d monomers se lected on the basis o f 
t h e i r h y d r o p h i l i c , hydrophobic or c r o s s l i n k i n g a b i l i t y were used 
for the pre l iminary experimental i n v e s t i g a t i o n s . The monomers 
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used i n t h i s work were: methyl methacrylate (MMA), e thyl 
ac ry l a t e (EA), 2-hydroxyethyl methacrylate (HEMA), 1,3-butylene 
g lyco l dimethacrylate (BGD), ethylene g lyco l dimethacrylate (EGD), 
and v i n y l pyrolidone (VP). Other mater ia ls used i n the formula
t i o n and synthesis o f s o l i d polymeric matrices are the f o l l o w i n g : 
- The polymethyl methacrylate (PMMA) had an average MW of 
* 200,000 wi th an average bead s i ze of ^22y. 
- The sodium f l u o r i d e was of a n a l y t i c a l grade and f i n e l y 
powdered. 
A t y p i c a l procedure for preparation of a polymer matrix 
containing a f l u o r i d e compound i s as f o l l o w s : 

PMMA powder was mixed thoroughly wi th M % benzoyl peroxide 
and the desired amount of f l uo r ide s a l t was thoroughly dispersed 
throughout. The monomer or the mixture o f comonomers conta ining 
^3% w/w N,N-dimethy l -p- to lu id ine was mixed with the polymer beads 
by hand spa tu la t ion u n t i
syrup was formed. Th
polyethylene mold and allowed to cure M 0 - 1 5 minutes. In t h i s 
way c y l i n d r i c a l devices wi th predetermined dimensions were 
obtained. F l a t devices were obtained by cur ing the paste 
between two Teflon p l a t e s . Discs were obtained by cu t t i ng the 
f l a t devices in to the necessary dimensions. The Hawley o ra l 
appliances were obtained by cur ing the paste i n an orthodontic 
max i l l a ry appliance mold. 

The polymer matrices coated wi th a t h i n membrane were 
prepared by dipping in to a 2% so lu t i on of polymer i n chloroform, 
evaporating the solvent by spinning i n the a i r and vacuum dry ing . 
The membrane thickness was con t ro l l ed by the number o f immersions. 

F luor ide Ion Rate Release Measurements: 

Each device conta ining f l u o r i d e s a l t was subjected to a 
general i n v i t r o procedure designed to measure the d a i l y 
f l u o r i d e re lease . The ex t rac t ion o f f l u o r i d e ion from the 
polymer matrices was c a r r i e d out i n polyethylene j a r s on a 
rout ine basis using 500 ml of d i s t i l l e d water kept a t 36-38°C, 
m i l d l y ag i ta ted with mechanical or magnetic bar s t i r r i n g . 
P e r i o d i c a l l y the so lu t ion was removed and replaced with fresh 
d i s t i l l e d water free of f l u o r i d e so as not to a l low the buildup 
of a high concentrat ion o f f l u o r i d e i o n . The determinations 
of f l u o r i d e ion concentrations i n the ex t rac t were performed 
with a s p e c i f i c f l u o r i d e ion electrode i n conjunction with a 
standard s ing l e junc t ion sleeve type reference electrode 
connected with an ORION Model 801 d i g i t a l MV/pH meter. Internal 
f l u o r i d e standards were made by using ORION reference samples. 
Total i o n i c strength adjustment buffer so lu t i o n (ORION 94-09-09) 
was added to monitor the pH of the samples. In the tested 
samples, the Nerns ' t equation was obeyed over a range of 0.3-3 
ppm f l u o r i d e i o n . 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



138 C O N T R O L L E D R E L E A S E P O L Y M E R I C FORMULATIONS 

4 8 12 16 20 24 
Hours of extraction 

Figure 1. Release of fluoride ion from polymer matrices. Comono-
mer in the matrix (32-35% ): O, 2-hydroxyethyl methacrylate; Δ , 
ethyl acrylate; *, ethylene glycol dimethacryhte; • , 1,3-butylene 
glycol dimethacryhte; · , methyl methacrylate. Poly(methyl meth

acrylate) beads: 56-58%. Sodium fluoride: 9.0-10.2%. 

Evaluat ion Of Fluor ide Ion Release Rate From Polymer Mat r i ces : 
The Influence Of The Comonomer Nature Of The Rate Of F luor ide 
Ion Release From The Polymer Matrices Without Coated Membrane 

The performances o f d i f f e r e n t types o f uncoated polymer 
matrices conta ining M0% NaF concerning the release o f f l u o r i d e 
ion i n an aqueous environment are presented i n Figure 1. 

As we can see from the t y p i c a l release patterns of 
d i f f e r e n t polymer matrices presented i n Figure 1, two main groups 
can be se lec ted : one group wi th a fas t release and the second 
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with a slow re lease . I t i s obvious that the polymer matrices 
with a rap id release of f l u o r i d e ion are based on hydroph i l i c 
polymers such as poly-2-hydroxyethyl methacrylate or polyethyl 
a c r y l a t e . The slow re leas ing matrices are based on polymers o f 
a more hydrophobic nature or those which y i e l d c ross l inked 
matr ices . They can be a l so character ized as having t y p i c a l 
asymptotic type release rate of f l u o r i d e i o n . Over a long per iod 
of t ime, once the f l u o r i d e s a l t i s depleted from the surface o f 
the mat r ix , the rate of release decays s lowly . 

An i n t e r e s t i n g behavior o f f l u o r i d e ion release i s 
presented by the polymer matrix based on an e thy lene-v iny l 
acetate copolymer shown i n Figure 2. The e q u i l i b r a t i o n of the 
matrix takes a very short time to come to a reasonably steady 
s ta te o f re lease . Unl ike the two component redox system, the 
NaF has to be incorporated i n the ethylene v i n y l acetate co
polymer by a m i l l i n g procedur
matr ix must then be forme
c a s t i n g . These f ab r i ca t i on methods are less adapted to the 
exper t i se of the average dental laboratory and hence we 
abandoned t h i s method. 

The Influence of the Concentration o f the Fluor ide S a l t i n the 
Matr ix on the Rate of Release 

As expected, the f l u o r i d e ion release from the uncoated 
polymer matrix increases wi th the increase of f l u o r i d e s a l t 
concentra t ion. I t can be seen from Figure 3 that the several 
polymer matrices we studied releases f l u o r i d e s a l t i n non
l i n e a r fashion as concentrat ion of the f l u o r i d e s a l t increases . 
Only i n the case of a polymer matrix based on a monomer wi th 
strong c r o s s l i n k i n g a b i l i t y was a reasonably s t r a i g h t l i n e 
achieved. 

12.0 τ 

10 20 30 40 50 

Hours of extraction 

Figure 2. Fluoride ion release from ethylene-vinyl acetate copolymer 
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1 I 1 1 1 1 1— 
4 8 12 4 8 12 

% NaF in polymer matrix % NaF in polymer matrix 

Figure 3. Influence of NaF content in the polymer matrix on the rate of fluoride ion 
release in the first 24 hr of water extraction. Comonomer in matrix: O, 2-hydroxyethyl 
methacrylate; Δ , ethyl acryfote, *, 1,3-butylene glycol dimethacrylate; • , methyl meth-

acrylate. 

The Influence of F luor ide S a l t S o l u b i l i t y on the Rate of F luor ide 
Ion Release 

Using a f l u o r i d e s a l t with a much greater s o l u b i l i t y i n 
water than sodium f l u o r i d e would be expected to give a much 
higher release of f l u o r i d e i o n . The per t inent data i s presented 
i n the fo l lowing t ab l e . 
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Average F luor ide Ion (Mg/cm 2/24 h) Release From Polymer Matrices 
Based On Hydrophobic Monomers Containing Di f fe ren t Types Of 
F luor ide S a l t At The Same Concentration M>% 

Time o f Sample 
Ex t rac t ion 

Days 

Matr ix Containing 

NaF Na 2 P0 3 F 

10 15.5 82 
20 6.5 54 
30 4.3 46 
60 3.1 31 

As we can see from t h i s data , for the same concentrat ion 
of f l uo r i d e s a l t i n th
Na 2 P0 3 F (which has a s o l u b i l i t
instead of 4 g/100 ml fo r NaF) releases fo r the same period o f 
time M> to 10 times more f l u o r i d e i o n . However, the molecular 
weight o f the fluorophosphate i s over three times that o f the 
sodium f l u o r i d e . This l i m i t s the t o t a l f l u o r i d e s a l t which can 
be loaded in to the polymer to a l eve l which i s l ess than the 
r e se rvo i r amount needed fo r a s i x month per iod . 

Evaluat ion of F luor ide Ion Release Rate From Polymer Matrices 
Coated With Membranes 

The data discussed thus fa r shows a non- l inear release rate 
as would be expected from a non-membrane coated mat r ix . In 
order to l i m i t the release to a l i n e a r r e lease , we found i t 
necessary to use a ra te l i m i t i n g membrane having a l e sse r degree 
of h y d r o p h i l i c i t y than that of the f l u o r i d e r e se rvo i r polymer 
mat r ix . The membrane coat ing technique i s a l so very v e r s a t i l e 
i n that i t a l lows easy modi f ica t ion of the ra te from 0.02 to 
1.0 mg/24 hours and the method i s e s s e n t i a l l y independent of the 
geometry of the f i n a l appl iance . 

Three prototype designs success fu l ly achieved the desired 
release c h a r a c t e r i s t i c s : a c y l i n d r i c a l one, a t ab l e t and an 
orthodontic Hawley appl iance . Data obtained for the d a i l y ra te 
release fol lows a pseudo zero-order k i n e t i c . (See photograph 
o f Hawley app l iance) . 

Figure 4 g r aph i ca l l y demonstrates the r e s t r a i n i n g e f fec t 
caused by the membrane on f l u o r i d e ion rate release from the 
polymer mat r ix . A l l the membranes inc lud ing the matrix used i n 
t h i s case are h y d r o p h i l i c . As we can see from the data 
presented i n Figure 4, the b a r r i e r membrane e f f e c t i v e l y monitored 
the release ra te and made i t poss ib le to achieve the desi red 
d e l i v e r y of f l u o r i d e i o n . The hydroph i l i c nature of the 
membrane influences g rea t ly the slope of the curve and brings i t 
to a s t r a i g h t l i n e . 
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40 80 120 
Hours of extraction 

Figure 4. Release of fluoride ion from polymer matrix coated 
with membrane. Comonomer in the matrix: 90 HEM A: 10 MM A; 
35%. Poly(methyl methacrylate) beads: 47.6%. Sodium fluo
ride: 16.7%. Membranes: • , polyethylene vinyl acetate, 20μ; 
· , poly(ethoxyethyl methacryfote-2-hyaroxyethyl methacryhte), 
16μ; *, cellulose acetate, 10μ; Δ , poly(methyl methacrylate), 15μ. 

From t h i s data , i t i s seen that a l l four membranes we 
studied permit a steady release o f f l u o r i d e i o n , the highest 
re lease being achieved when the hydroph i l i c copolymer o f 
ethoxyethyl methacrylate and 2-hydroxyethyl methacrylate i s used 
fo r coa t ing . 

The same steady s ta te slow release e f fec t can be achieved 
even i n the case of a very hydroph i l i c matrix such as the one 
prepared from HEMA-.MMA: v i n y l pyrro l idone and coated wi th a 
polyethylene v i n y l acetate membrane as can be seen from Figure 5. 

The very strong f l u o r i d e ion re leas ing polymer matrices 
such as those based on 90 HEMA:10 MMA can be e a s i l y moderated by 
applying a hydrophobic membrane of PMMA. The manner that such a 
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Days of extraction 

Figure 5. Release rate of fluoride ion from polymer matrices containing N-vinyl pyrro-
lidone and coated wtih a membrane of polyethylene vinyl acetate. Comonomers in the 
matrix: 40 H EM A: 30 MM A: 30 N-vinyl pyrrolidone, 35.7%. Poly(methyl methacryhte) 

beads: 47.6%. Sodium fluoride: 16.7%. 

membrane i s ac t ing i s presented i n Figure 6. The t a i l i n g i n 
release i s s t a r t i n g to occur a f te r 50-60 days because the 
f l u o r i d e s a l t r e se rvo i r was beginning to deplete . 

Figure 7 shows the simple dependence between the thickness 
o f the membrane and the release rate of f l u o r i d e ion from the 
device . Increasing the membrane thickness by approximately 50% 
causes about a 40% decrease i n t ransport o f f l u o r i d e i o n . 

We a l so made a b a r r i e r membrane from poly-n-buty l 
methacrylate so as to a l low a f l e x i b l e coat ing less subject to 
f a i l u r e during f lexure or abrasion i n a c l i n i c a l usage of a 
device . I t , too , had s t r a i g h t l i n e release as shown i n Figure 8. 

The data obtained on long-term, i n v i t r o evaluat ions of two 
of the f i n a l Hawley devices fabr ica ted in to actual shapes 
s i m i l a r to that used i n c l i n i c a l s i t ua t i ons i s shown i n Figure 9. 
Figure 10 represents the Howley Appliance used i n t h i s experiment. 
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10 20 30 40 50 60 70 80 
Days of extraction 

Figure 6. Release of fluoride ion from a polymer matrix. Comonomers in the 
matrix: 90 HEM A: 10 M M A , 37.5%. Poly(methyl methacryhte) beads: 47.6%. 

Sodium fluoride: 16.7%. 

40 80 120 160 200 240 280 320 360 
Hours of extraction 

Figure 7. Release of fluoride ion from a polymer matrix. Comonomer in the 
matrix: 30 HEM A: 70 MM A; 35.7%. Poly(methyl methacrylate) beads: 47.6%. 
Sodium fluoride: 16.7%. Thickness of poly(methyl methacrylate) membrane: 

Ο, 19μ,Δ,26μ. 
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Ε 

100 200 300 400 
Hours of extraction 

Figure 8. Release of fluoride ion from a polymer 
matrix coated with poly(n-butyl methacrylate) mem
brane (49μ).
10 MMA, 35.7%.

47.6%.  fluoride:

120+ 

100+ 

60 

I 
υ 40 

20 40 60 80 100 120 
Days of extraction 

Figure 9. Release of fluoride ion from oral devices. 
Comonomers in the matrix: 37.5%, 0> 70 HEM A: 
30 MMA; • , 90 HEMA: 10 MMA. Poly(methyl 
methacryhte) beads: 47.6%. Sodium fluoride: 
16.7%. Thickness of PMMA membranes: Ο, 22fi; 

Π,19μ. 
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Figure 10. Howley appliance 
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The specific stimulu
servation of Neuwirth and Richart (1) that permanent 
female s t e r i l i z a t i o n could be effected by Fallopian 
tube closure in a non-surgical manner by injection of a 
silver nitrate solution retrograde into the tube. How
ever, solutions were much too f l u i d and could not be 
localized effectively. The use of a hydrophilic oint
ment as the carrier for silver nitrate was studied. 
Closure with rabbits, monkeys and also a few humans was 
observed. However, this delivery system was difficult 
to control although closure did occur with the requisite 
reliability. In addition, there was the problem of 
material being introduced into non-desirable parts of 
the body cavity. 

It was then postulated that if one could effect 
the release of silver ions by a solid, rod-like device 
which can be inserted into the Fallopian tube with the 
use of a hysteroscope, a practical solution could re
sult. The hysteroscope i s a fiber optic endoscope 
which allows transuterine delivery of an agent without 
the necessity of surgery. 

The purpose of this study was to examine the em
ployment of various non-toxic polymers which can form a 
matrix for the release of silver ions at desirable 
rates. Use was made of alginates and Pluronics, using 
silver nitrate as the active agent. A model in vitro 
system was developed and the rate of silver release 
investigated. 

Materials 

American Chemical 
Society Library 147 

1155 16th St. N. W. 
Washington, D. C. 20036 
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The Pluronics (BASF Wyandotte) are block copoly
mers of ethylene oxide and propylene oxide with the 
empirical formula 

HO[ CH2CH20] a [ C (CH3 ) HCH20] b [ CH^CI^O] cH 

where a and c are approximately equal. Pluronics are 
highly resistant to either acid or a l k a l i attack, not 
precipitated by most metallic ions and, although most 
are soluble in water, they are relatively non-hygro
scopic. The Pluronic polyols are non-ionic surfactants 
with unusually low
sults which have bee
venous injection of a Pluronic at 0.1 g/kg body weight 
into dogs and 1.0 g/kg body weight into rabbits caused 
no toxic symptoms; Pluronics are neither metabolized by 
the body nor absorbed by i t ; the acute oral toxicity of 
the Pluronic compound used here (F127) was 15 g/kg; the 
intravenous acute toxicity was 2.25 g/kg. 

Alginic acid i s a linear block copolymer of D-
mannuronic (M) acid and L-guluronic (G) acid, with 1,4 
linkage resulting in one free carboxylic and two free 
hydroxyl groups per uronic acid residue; the aldehydes 
are blocked(Fig.1). The distribution of the uronic 
acid residues in the polymer molecules and their se
quence are not accurately known, and alginic acid i s 
known to be chemically heterogenous(4) . The linear 
alginate molecule consists of blocks, in which one or 
the other uronate predominates. These have a number 
average of 20-30 monomer units and are separated by 
regions which contain alternating mannuronic and gulu-
ronic acid residues (J3,6.). The use of IR techniques 
gives an indication of the uronate composition (7.). 
While absorption bands at 10.8 and 12.4jum were stron
ger for samples rich in mannuronic residues, the bands 
at 10.6 and 12.7jum were stronger for those with higher 
contents of guluronic acid. 

The ratio of mannuronic to guluronic monomer units 
is dependent upon the exact algae, i t s age and i t s l o 
cation. The dissociation constant of alginic acid i s a 
function of this ratio. The pK a values of mannuronic 
acid and guluronic acid are 3.38 and 3.65, respectively. 
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-G-G-G-G 
Figure 1. Structure of alginic acid 

Data obtained from thin-layer chromatography, pH and 
viscosity measurements indicate that ions are held by 
alginic acid via ion exchange as well as chelating me
chanisms. Mechanisms not involving ion-exchange are 
due primarily to the presence of the two vincinal hy-
droxyl groups in each uronic acid residue. Chelation 
with Ca i s strong (8) and cross-linking occurs. Mg 
does not react or form gel-like complexes as does Ca 
(9., 10). The intermolecular forces and mechanisms i n 
volved in ionic cross-linking are not well understood. 

The sodium alginate used in this study was Kelco-
sol (Kelco Co.), a Na alginate of high molecular weight. 
The toxicity of the alginates has been investigated ex
tensively over many years. Some of the results obtain
ed are: incorporation of sodium alginate into diet of 
rats, mice, chicks, cats and guinea pigs for prolonged 
periods caused no deleterious effects (11,12); the LD50 
of alginates i s above 5 g/kg body weight (13_) 7 the im-
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plantation of calcium alginate around the femoral shaft 
in the guinea pig showed complete absorption within a 
period of two weeks (14). 

Silver alginate was prepared from a 2% (w/v) solu
tion of Kelgin-Gel LV (low molecular weight sodium font) 
which was added to a 3% (w/v) silver nitrate solution. 
Vigorous agitation, followed by washing, f i l t r a t i o n and 
air-drying, then ground to 50-100 microns with a Micro-
M i l l gave a tough and hard material. 

Experimental 

Silver impregnated solid plugs were prepared 
either by compressin
pressed powder mixtur
to light caused photodecomposition. Aluminum blocks 
were used as molds, with holes having diameters of 0.9 
or 1.4 mm d r i l l e d and their tops reamed. A piece of 
Lucite was bolted to the bottom of the metal mold. The 
molding process required repeatedly f i l l i n g the dish
like hole on top of the mold with powdered material and 
then forcing this into the hole with a steel rod having 
the same diameter. Force was exerted by the use of a 
small d r i l l press with a lever arm of about 8 inches, 
applying the normal pressure that can be exerted manu
a l l y by the operators. The limit of pressure used was 
determined by the stress failure of the rods. The so
l i d plug was then ejected from the die after removing 
the Lucite plate. It could be used "as i s " or be sub
jected to a coating treatment. 

When solid Pluronics were used, the mold was 
placed on a hot plate after the removal of the Lucite 
block. The same powder was placed in the reamed out 
cone. When the powders l i q u i f i e d and f i l l e d the hole, 
the assembly was removed from the heater, cooled to 
room temperature and the inserts ejected. 

With the sodium alginate-based formulations, a 
paste of the mixed powders was prepared by the dropwise 
addition of a small quantity of d i s t i l l e d water, f o l 
lowed by rapid mixing, and then the plugs were formed 
in the mold. Powdered mixtures that were too dry were 
d i f f i c u l t to dislodge from the mold and did not remain 
coherent afterwards; those containing too much water 
were soft and lacking in mechanical strength. 
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Some of the inserts were coated by dipping in a 
1% high MW sodium alginate solution and then into 10% 
calcium nitrate solution. The coating immediately 
hardened with slight shrinkage. With this treatment 
the suppositories became much stronger and easier to 
handle. Upon exposure to aqueous media, a l l treated 
inserts retained their structural integrity much longer 
than their uncoated counterparts. 

Small tubes of regenerated cellulose were used as 
model Fallopian tubes. A casting solution of 3% c e l l u 
lose triacetate (acetyl content 39.4% Eastman Kodak) in 
acetone was used. Glass tubes having a uniform diame
ter of 1.4-1.6 mm (melting point capillary tubes) were 
dipped into this solution
ambient air for drying
times to form a film of the desired thickness. The 
last coat was not allowed to dry completely; as soon as 
i t began to become opaque, the tube was placed in a 
hydrolysis solution of 0.1 M sodium carbonate, 0.1 M 
sodium bicarbonate at pH 10 for 24 hours at 65° C. 
These tubelets were then rinsed and stripped off the 
glass tubes. Depending upon the mode of preparation, 
these tubes had a wall thickness of 20 t 6 microns and 
had a water content of about 70%. 

In vitro rate studies were carried out by placing 
inserts into the moist cellulose tubelets. After the 
ends were tied off with thread, each set was placed i n 
to a 10 ml beaker and 5 ml of a saline solution was 
added. The composition of this solution was: 145 mM in 
NaN(>3, 4.6 mM in KNO3, and 3.5 mM in Ca(N03)2# approxi
mating the cationic composition in the Fallopian tube 
of the rabbit (15,16). At appropriate time intervals, 
aliquots were removed and analyzed for their silver 
content by t i t r a t i o n . 

For the animal experiments, the surgical proce
dure was as follows: a midline abdominal incision was 
made and the fimbrial end of the Fallopian tube identi
fied, followed by insertion of the plug. This insert 
was then squeezed down (toward the i n t e r s t i t i a l por
tion) as far as possible, preferably to a point about 
4 cm from the proximal end of the tube. Table I l i s t s 
some of the inserts and their gross composition. 
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TABLE I 
COMPOSITION (WEIGHT %) OF INSERT PREPARATION 

Insert 
No. AqNO-* 

NaAlg CaAlg 2 AgAlg 
HMW LMW LMW 

Pluronic 
(F127) CGP 

1* 100 
2* 50 50 
3* 75 25 
7 30 9 60 1 
8 30 22 45 3 
9 60 40 

11 50 30 15 5 
12 60 40 
14 60 30 10 
17 50 
18 80 
19 70 13 15 2 
20 80 18 2 
21 10 90 
22** 10 30 
23* 20 80 
24* 30 70 

* Post-coated with 1% NaAlg (HMW), hardened in 10% 
Ca(N0 3) 2

e2H 20. 
* Add 60 parts sucrose. 

Calcium glycerophosphate. 

Results 

In in vitro tests, each insert swelled sl i g h t l y 
during the course of these studies. At the end of 
each experiment, the axial expansion was about 15% 
while radial swelling amounted to 5-10%. Figure 2 
shows the cumulative release of silver as a function of 
time. When Pluronic was the only polymer carrier, most 
of the silver was released within the f i r s t fifteen 
minutes. This rapid release was observed for a l l 
Pluronic polyols. When a sodium alginate was used as 
the polymer carrier, this rate was slowed down substan
t i a l l y . The same effect was obtained when an addition
a l Ag source was silver acetate suspended in sesame oiL 

Histological results are in Table II. The death 
of a circumscribed tissue or of an organ i s termed 
necrosis. Fibrosis refers to the development in an 
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0 2 4 6 8 10 
Time, hr 

Figure 2. Silver release in vitro. Ο AgNO« 30%, pluronic F127 70%; Π AgNOs 50%, 
low MW NaAlg. 50%; Δ AgNOs 30%, silver acetate 10%, low MW NaAlg 60%. 

organ of excess fibrous connective tissues, often in 
response to necrosis. Fibrosis i s a necessary but not 
sufficient condition leading to tubal blockade. When 
tubal tissues are severely damaged, the tube may en
large in diameter and be f i l l e d with f l u i d , a condi
tion known as hydrosalpinx. 

It should be noted that b i l a t e r a l tubal obstruc
tion is d i f f i c u l t to achieve in rabbits, attributed to 
the morphology of i t s oviduct. Other investigators 
have found that formulations and delivery methods which 
produced closure in primates such as p i g t a i l monkeys 
did not necessarily effect closure in rabbits. In our 
study, there was no significant difference in tissue 
damage when the period between insertion and sacrifice 
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TABLE II 
RESULTS OF ANIMAL EXPERIMENTS 

A * Β C D** Ξ 
1 1 2 4+ Hydrosalpinx 
2 1 4 4+ 4+ necrosis 
3 2 2 Minimal damage 
4 2 4 Minimal damage 
5 3 2 2+ Minimal necrosis 
6 3 4 Minimal necrosis 
7 7 3 2+ Acute inflammation 
8 7 6 4+ Hydrosalpinx 
9 8 3 3+ Fibrosis 

10 8 6 0 Hydrosalpinx 
11 9 
12 9 
13 11 3 4+ 4+ necrosis 
14 11 6 1+ Hydrosalpinx, 

4+ necrosis 
15 12 3 3+ Focal necrosis deep 
16 12 6 3+ Hydrosalpinx, 

4+ necrosis 
17 14 3 3+ Hydrosalpinx, 

4+ necrosis 
18 14 6 4+ 4+ necrosis, 

into muscularis 
19 17 3 4+ 4+ necrosis extend

ing into fat 
20 17 6 3+ Hydrosalpinx, 

ne c rο s i s, fibrοs is 
21 18 2 3+ Necrosis, thru wall 
22 18 6 4+ necrosis 
23 19 2 3+ Necrosis, thru wall 
24 19 6 4+ 4+ necrosis, thru 

wall 
25 20 3 3+ Hydrosalpinx, 

4+ necrosis 
26 20 6 4+ 4+ necrosis 
27 21 3 No significant 
28 22 3 alterations 
29,30 23 6 0 Necrosis, epithelium 
31,32 24 6 0 Regenerated 

Α-animal no.;B-Insert no.; C-Period to sacrifice(wks); 
D-Residuum of insert; E-Observations. 
* 1-28, New Zealand rabbits; 29-32, p i g t a i l monkeys. 

** Amt. of insert remaining: 0,1+ to 4+. 
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was increased from 2-3 weeks to 4-6 weeks. No tubal 
blockade was achieved either in rabbits or p i g t a i l 
monkeys. 

Discussion 

When silver alginate was used, i t was so slowly 
absorbed by the surrounding tissues in the rabbit that 
i t was concluded that, however effective calcium ions 
were in displacing silver ions from the algin complex, 
the oviducal environment did not furnish enough calcium 
for this purpose. Calcium alginate gels were, on the 
other hand, completely absorbed within 4 weeks even in 
the presence of silve

The silver nitrat
placed in the rabbit Fallopian tube, produced necrosis 
of the epithelium and the wall at higher concentration^ 
with no observable effect at the lower concentrations. 
Sections of the oviduct not in contact with the insert 
were not affected, i t was apparent that localized re
lease was obtained, but i t was necessary to control the 
amount of silver nitrate present and i t s rate of re
lease so as not to produce so much necrosis that peri
toneal damage occurred. 

It was concluded that failure to obtain closure 
was due to two factors. F i r s t and more important, the 
highly invaginated nature of the oviduct was such as to 
prevent silver ions from reacting with the entire epi
t h e l i a l surface over a sufficient length of the tube. 
Regeneration of the epithelium is known to proceed 
rapidly, so islands of non-cauterized tissue grow and 
prevent the slower i n f i l t r a t i o n of fibroblasts from the 
c e l l s below the epithelium. Second, the duration of 
chemical cauterization probably was not long enough. 
Experiments with other chemical cauterizing agents have 
shown that a severe but very rapid burn does not neces
sar i l y produce closure. 

A subsequent study, one s t i l l in progress, makes 
use of paste-like formulations of alginate and silver 
salts, which distends the tube as i t is injected. With 
this formulation, tubal closure has been observed in 
the rabbit. 
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Controlled Release of Delmadinone Acetate from Silicone 
Polymer Tubing: In Vitro-In Vivo Correlations to 
Diffusion Model 

JOHN S. KENT 

Institute of Pharmaceutical Sciences, Syntax Research, Palo Alto, Calif. 94304 

Introduction 
Over the past decade, there has been a great interest in 

silicone polymers as substances for controlling the release of 
a drug or chemical substance. The research in this area has 
been summarized at a Symposium (1). The present report deals 
with silicone polymer (Silastic®) tubing as a substance for 
controlling the release of a steroid, delmadinone acetate. It 
has been discussed (1, p. 103) that silicone polymer tubing 
packed with drug crystals leads to variable and unpredicably low 
results. To avoid this it has been suggested in our laboratory 
and elsewhere (2-5) that the drug be present in the tube in the 
form of a suspension. This allows a uniform supply of the drug 
to the tubing inner wall, assuming that the suspending medium 
provides solubility for the drug and does not rapidly diffusion 
from the tube. A device such as this was developed and used in 
the following experiments. 

The experiments reported here determine the long term 
release characteristics of a drug-suspension silicone polymer 
tube implanted in vivo, determine i f the drug release is 
membrane and/or diffusion layer controlled and examine i f there 
is a correlation between in vivo and in vitro release. 

Theoretical 

The mathematical relationship for diffusion in a cylinder 
has been discussed (6). It was of interest to determine i f the 
steroid released from the silicone polymer tubing devices studied 
here was controlled by the tubing thickness and/or a boundary 
diffusion layer. The physical model is shown in Figure la. The 
symbols are defined as: C s = the saturation concentration of 
drug in the suspension medium; Ci = concentration of drug in 
the silicone polymer tubing at the suspension - inner wall 
interface; C2 • concentration of drug in the silicone polymer 
tubing at the outer tubing wall - receptor interface; C3 = 
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concentration of drug in the receptor at the outer tubing wall -
receptor interface; A = inner tube radius; Β = outer tube radius; 
Ε = outer radius of boundary diffusion layer. Certain 
assumptions are necessary in the derivation of the mathematical 
model: 

1. Steady state is established such that the flux, J, is 
constant through every concentric cylindrical shell; 

2. There is no significant boundary layer within the 
cylindrical tubing. The diffusional resistance comprises 
the tubing and the external boundary diffusion layer, hence no 
interfacial barriers; 

3. There is no significant diffusion through the ends of 
the tubing sections; 

4. The diffusion layer is symmetrical over entire tubing 
surface. 
The derivation of thi
detail (7). However,
here. The general case for diffusion through a cylinder can be 
written as: 

Flux = J = -2π rhD ^ Eq. 1 3r 
where r = cylinder radius, h = cylinder length, D = diffusion 
coefficient and C = diffusing species concentration. By 
rearrangement of this equation and defining D m as the apparent 
diffusion coefficient in the silicone polymer tubing, the 
following equation is obtained. 

3r m -2 Trille 3C 2 

r J 
By integration between the inner (A) and outer (B) radii and 
between Ci and C2, equation 2 becomes: 

J In (B/A) J 

If the same derivation is applied to the cylindrical boundary 
diffusion layer, with integration between Β and Ε and con
centrations C3 and CQ the resulting equation i s : 

τ = -2 T T h D a (C0-C3) E 4 
J In (E/B) L q ' * 

Equations 3 and 4 are combined by using the partition 
coefficients defined as follows: 

Κχ = Partition coefficient between the core suspending 
medium and the silicone polymer tubing (C s/Ci). 

K I I = Partition coefficient between the silicone polymer 
tubing and the receptor phase (C2/C3 = Ci/C s r). 
Where C s r = solubility of the drug in the receptor 
phase. 

The equation is then: 
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DaKx ln(B/A) + ϋ ^ Κ χ ! ln(E/B) q* 
The product of Κχ and Kn can be defined as KJ-Q which is 

the partition coefficient between the suspension medium and the 
receptor phase. Equation 5 defines the flux, J, as being 
dependent on tubing thickness and the boundary diffusion layer. 
The equation is simplified i f one or the other diffusional 
resistances predominates. If D aKi ln(B/A) is greater than 
^m^III ln(E/B), the diffusion process is membrane (tubing 
thickness) controlled. The resulting equation being: 

m 2TrhDmCs 27rhDmCm 6 
J Ki ln(B/A) ln(B/A) * q* 0 

where Ci • C m = saturation solubility of the diffusing species 
in the silicone polymer

If the opposite i
boundary layer controlled. That equation is then: 

K m ln(E/B) ln(E/B) q 

Experimental 

Materials. Delmadinone acetate (DA; 6-chloro-17a hydroxy-
pregna-l,4,6-triene-3,20-dione acetate) was used in the 
micronized form. For some partitioning and solubility studies 
tritium labeled delmadinone acetate with a specific activity of 
0.152 uCi/mg was used. Deionized water was used in the in vitro 
diffusion studies. Silicone polymer (Silastic®) tubing and 
Silastic® Medical Grade Adhesive Type A (Dow Corning, Medical 
Products Division) was used throughout the experiment. The 
suspending fluid used in the silicone polymer tube devices 
was polysorbate 80 (Tween 80, ICI-United States). 

Preparation of Filled Silicone Polymer Tubes. Specified 
lengths of the various sizes of silicone tubing were washed with 
acetone and dried. One end was then plugged with Silastic® 
Medical Adhesive Type A and allowed to cure. The tubes for 
the in vivo study were then weighed and then again after f i l l i n g 
with the steroid suspension so the f i l l weight could be 
calculated. The steroid suspension was composed of 50% micron
ized delmadinone acetate and 50% polysorbate 80 except as noted 
under the in vivo studies. After the tubes were f i l l e d with the 
steroid suspension, they were sealed with the Silastic® Medical 
Grade Adhesive. A summary of the materials and tubing devices 
used in the in vivo and in vitro studies is found in Tables I 
and II. 

In Vitro Diffusion Studies. The DA suspension f i l l e d 
silicone polymer tubes (DA tubes) were fastened between an upper 
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and a lower paddle that were on a single stirring shaft (Figure 
lb). The shafts were rotated at 50 r.p.m. using a multiple 
spindle stirring apparatus (Phipps-Bird, Richmond, Va.). The 
receptor was 1.0 l i t e r of deionized water which was changed at 
daily intervals to maintain sink conditions. The water bath 
holding the receptor beakers was maintained at 25°C. The 
receptor phase was assayed for DA by extraction with chloroform, 
evaporation to dryness, reconstitution with ethanol, U.S.P. and 
absorbance determined at 301 nm. Amount of DA present was 
determined by conversion of absorbance to weight by using the 
Beer's Law plot for DA in ethanol U.S.P. Each time point 
represents the average of three determinations. 

In Vivo Diffusion Studies. The in vivo studies consisted 
of two separate experiments  One study consisted of groups A 
and Β the other C and
silicone polymer tubin
polysorbate 80 and 75% inert f i l l e r . These tubes had shown 
equivalent release to the 50% DA formulation described 
previously and were tested for release termination characteris
tics. The experiment with groups C and D used the 50% 
suspension formulation. In both experiments four sealed tubes 
were implanted subcutaneously on the dorsal side of albino rats. 
For groups A and B, two rats were sacrificed and the sealed 
tubes removed at one month intervals. The sealed tubes were 
then assayed for remaining DA. In the remaining groups, the 
animal sacrifice and sealed tube removal was at two month 
intervals. The assay of DA remaining in the sealed tubes was 
performed by extraction with chloroform. The extract was placed 
on a s i l i c a gel plate with development by using 70:30, 
benzene:ethyl acetate. The spot corresponding to DA was 
removed and reacted with 4-aminoantipyrine hydrochloride. 
The absorbance of each sample was determined at 420 nm against 
the plate blank. 

Solubilities and Partition Coefficients. The aqueous 
solubilities of DA were determined at 25°C and 37°C using 
tritium labeled DA with a specific activity of 0.152 yCi/mg. 
Samples were equilibrated for 4.5 days and then filtered 
through a 0.4μ f i l t e r (Gelman). Four ml samples were dried, 
scintillation fluid (methanol-dioxane) added and counted for 
radioactivity. 

The saturated aqueous solutions of DA were then used to 
determine the partition coefficients between the silicone 
polymer tubing and water. The silicone polymer tubing used was 
a) .132" χ .183" and b) .104" χ .192", i.d. χ o.d. A 10 and 
5 cm length of each, respectively, were equilibrated with 
solutions of DA. After equilibration (2 days) the tubes 
were removed, extracted with chloroform, the extract dried and 
counted. Aqueous samples were counted as before. The partition 
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Figure lb. Paddle assembly for in vitro diffusion 
experiments 
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coefficients at 25 and 37°C were calculated from the following 
expression: 

DPM ... per Volume Silastic 
K _ silastic 

DPM _̂ per Volume Water water 
Theoretically, partition coefficients are independent of 
temperature. As this was essentially true, the partition 
coefficients reported are from data at both 25°C and 37°C. 

The solubility in the polysorbate 80 suspending medium was 
determined by equilibration of DA with the suspending medium, 
centrifugation of the samples, removal of a supernate sample and 
analysis of DA as described previously under in vivo diffusion 
studies. 

Data Analysis. Th  computatio f D d th  diffusio
layer, A, as well as th
equation 5 was accomplishe  throug  regressio
analysis using NONLIN (8). The values for the receptor 
diffusion coefficient (Da) were calculated from the Sutherland-
Einstein equation (9). The values for Da at 25°C and 37°C were 
4.90 χ 10"® cm2sec"1 and 5.10 χ 10"6 cm2sec~1, respectively. 

Results 
The solubilities and partition coefficients are presented 

in Tables III and IV respectively. 

TABLE III 

SOLUBILITIES OF DELMADINONE ACETATE 

MEDIUM 

Water 
Polysorbate 80 
Silicone Polymer* 

TEMPERATURE 
25°C 
4.57 mcg/ml 
28.5 mg/ml 
640 mcg/ml 

37°C 
6.07 mcg/ml 
36.7 mg/ml 
850 mcg/ml 

Calculated from water solubilities and partition 
coefficients between the silicone polymer and water. 
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TABLE IV 

PARTITION COEFFICIENTS OF DELMADINONE ACETATE 
(The partition coefficients are essentially equivalent 
at both 25° and 37°. Therefore data from both temper
atures was used in calculating the Κ values reported here.) 

MEDIUM Κ 
Silicone Polymer/Water Κ χ ι = 140 

*Polysorbate 80/ 
Silicone Polymer Kj =43.9 

*Polysorbate 80/Water K m = 6.15 χ 103 

Calculated fro
Figures 2 and 3 exhibi

leased per cm length of tubing. The solid line in each case 
represents the least squares f i t of the data. The slope 
of each line which is the flux per cm length of tubing, J^, is 
found in Table V. Also the inverse of the natural logarithm 
of the ratio of the outer diameter over the inner diameter of the 
silicone polymer tubings is listed as well. 

TABLE V 

IN VITRO DIFFUSION STUDY OF DELMADINONE 
ACETATE FROM SEALED SILICONE POLYMER TUBES 
GROUP Jh(mcg day-W 1) [ l n ^ } ] ' 1 

A 126.0 12.0 
Β 68.7 5.74 
C 39.7 3.06 
D 21.1 1.63 

If the in vitro data is plotted according to equation 5 
and then f i t to that equation using non-linear regression 
analysis, the result is that shown in Figure 4. The calculation 
for D m and A, the diffuion layer from this analysis are in 
Table VI. 

The results of the in vivo diffusion experiments are 
plotted in Figure 5. The solid line is the least squares f i t 
of the data, the slope of which is the flux, J. The values for 
the flux per cm length of tubing, J^, and the inverse of the 
natural logarithm of the ratio of the outer diameter over the 
inner diameter of the silicone polymer tubing are listed in 
Table VII. The plot of the data according to equation 5 is 
depicted in Figure 6. The dashed line is the f i t of the data 
to equation 5 using non-linear regression analysis. The values 
for D m and I from this analysis are presented in Table VI. 
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Figure 2. In vitro diffusion of delmadinone 
acetate from sealed silicone polymer tubes. 

Key: Ο Group Α, Δ Group B. 
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Figure 3. In vitro diffusion of delmadinone 
acetate from sealed silicone polymer tubes. 

Key: Q Group C, A Group D. 
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1 2 3 4 5 6 7 8 9 10 11 12 

Figure 4. In vitro diffusion data. Key: data fit to 
diffusion. C.C. = 1.000. 

Figure 5. Diffusion of delmadinone acetate from sili
cone polymer tubes implanted in rats. Key: Δ Group 

A, 0 Group B, • Group C, Q Group D. 
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Figure 6. In vivo diffusion data. 
Key: data fit to diffusion 

model. C.C. = 0.997. 

1 2 3 4 5 6 7 8 9 10 11 12 

MKT 

Discussion 

The in vivo and in vitro diffusion data correlate well with 
the diffusion model (Eq. 5). As indicated in Figures 4 and 6, 
the correlation coefficients to this model (Eq. 5) for the in 
vitro and in vivo diffusion data are 1.000 and 0.997, respect
ively. Also, the in vivo data (Figure 6) demonstrates the 
uti l i t y of a drug-suspension within a silicone polymer tube as 
a device for uniform delivery of drug over a period of at least 
one year. 

The activation energy (AEa) for diffusion of DA in silicone 
polymer can be calculated using the Arrhenius expression (10) 
which describes the relationship between the diffusion co
efficient in a polymer and temperature. The apparent diffusion 
coefficients (Dm, Table VI) for DA in the silicone polymer have 
been calculated as the result of the data f i t to the theoretical 
expression (Eq. 5) for drug diffusion. Since the values for D m 

are at 25°C and 37°C, an estimate of AEa was calculated as 3.3 
kcal mole"1. This is consistant for values of AEa which have 
been reported (11-13) as 3.6 to 18.2 kcal/mole for various 
compounds in silicone polymer. This result indicates that the 
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TABLE VI 
IN VITRO AND IN VIVO VALUES FOR D m AND il BY DATA FIT TO 

DIFFUSION MODEL BY NON-LINEAR REGRESSION ANALYSIS 

Dm £ (microns) 
IN VITRO 3.27 χ 10"3cm2/day 30.2 

3.78 χ 10"8cm2/sec 

IN VIVO 4.12 χ 10~3cm2/day 41.6 
4.77 χ 10~8cm2/sec 

TABLE VII 

IN VIVO DIFFUSIO
ACETATE FROM SEALE

GROUP Jh(mcg day-W 1) ^ ( l i f ^ " 1 

A 183 12.0 
Β 99 5.74 
C 68 3.06 
D 34 1.63 

values for D m are reasonable and the diffusion process in the 
polymer has a low energy requirement. 

The values for the diffusion layer (Table VI) for the 
in vivo and in vitro experiments can be explained. The results 
suggest that a decrease in the stirring or hydrodynamics of the 
in vitro system would increase the diffusion layer (&) to the 
value of that observed in the in vivo experiment. Then, pro
viding equivalence of the experimental temperatures, a direct 
correlation could be obtained between in vivo and in vitro drug 
diffusion from the tubing devices. The in vitro value for I was 
slightly less than the value of 66.8 microns reported in an 
earlier in vitro study (14) with a matrix-drug system. However, 
differences in the mixing or hydrodynamics in the receptor of 
these two experiments could easily account for the observed 
difference in diffusion layer thickness. 

The reduction of equation 5 to that for membrane controlled 
drug release (Eq. 6) is dependent on the value of K m and the 
tubing thickness. In the present experiment, the value of K m 
is very large so reduction to membrane controlled drug release 
occurs at values for the tubing thickness much larger than 
otherwise might be observed. 

A direct correlation between in vivo and in vitro drug 
diffusion in this system is suggested i f a) the hydrodynamics 
of the in vitro system are controlled such that the diffusion 
layer values are equal (also, temperatures of the systems must be 
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equivalent); or b) the tubing wall thickness is large enough such 
that the value for the diffusion layer thickness becomes 
negligible and the diffusion process becomes membrane (tubing) 
controlled (Eq. 6). 

In summary, i t has been observed that: 1) drug suspension 
f i l l e d silicone polymer tubes allow uniform release of drug over 
periods of at least one year. 2) In the in vivo and in vitro 
situation, diffusion of delmadinone acetate from this silicone 
polymer device is a membrane and diffusion layer controlled pro
cess which is described theoretically (Eq. 5). 3) The correlation 
between in vitro and in vivo results is dependent on in vitro 
hydrodynamics (stirring) that w i l l provide a diffusion layer 
thickness equivalent to the JLn vivo value. 4) The drug 
diffusion model (Eq. 5) reduces to a membrane controlled process 
provided the tubing thickness increases such that the contribution 
by the boundary diffusio
conditions are changed
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12 
Steroid Release via Cellulose Acetate Butyrate 
Microcapsules 

DAVID L. GARDNER, DAVID J. FINK, ALBERT J. PATANUS, 
WILLIAM C. BAYTOS, and CRAIG R. HASSLER 
Battelle, Columbus Laboratories, 505 King Ave., Columbus, Ohio 43201 

Many novel system
being developed. For instance, during the last few years, 
several investigators have explored the possibility of preventing 
conception through the use of intrauterine or intravaginal admin
istration of drugs released from reservoirs such as Silastic 
vaginal rings and tubes (1-5). These devices are impregnated 
with progestational steroids, such as medroxyprogesterone acetate 
(MPA), Norgestral, etc., and then inserted in the uterus or 
vagina. Once inserted within the uterus or vagina, the device 
slowly releases the steroid, sometimes over prolonged periods of 
time, and is effective in preventing conception. 

An alternative controlled drug delivery system might be a 
system based upon transcervical or intrauterine migration of 
particles for either contraceptive or medicative purposes. Egli 
and Newton (6) discovered that inert carbon particles, placed in 
the posterior fornix of the vagina in three women about to under
go an abdominal hysterectomy, migrated within 35 minutes into the 
fallopian tubes in 2 out of the 3 cases. deBoer (7) found that 
when a quantity of India ink (a colloidal suspension of carbon) 
was placed in the uterine cavity of patients about to undergo an 
abdominal surgical procedure (hysterectomy, oophorectomy, or 
tubal ligation), the ink particles had been transported to the 
fallopian tube in more than 50 percent of the observed patients 
and migration of the particles from the cervical canal had 
occurred in nearly 30 percent of the patients. Both of these 
studies indicate that inert particles can migrate from the vag
inal tract or uterine cavity into the fallopian tube. 

A drug delivery system based upon the transcervical migration 
of particles might make use of microcapsules. Microcapsules are 
spherical membranes ("synthetic cells") which can vary in diam
eter from a few microns to several millimeters and which can con
tain either a drug solution, suspension, or emulsion. This paper 
describes preliminary results of steroid release from cellulose 
acetate butyrate microcapsules. 
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Materials and Methods 

Cellulose acetate butyrate (CAB) microcapsules containing 
two core preparations for drug delivery were prepared by a phase-
separation technique. The f i r s t core consisted of tritiated pro
gesterone dissolved in a high molecular weight o i l (olive) and 
emulsified in a phosphate-saline buffer solution (pH 7.3). In 
the second core solution, tritiated progesterone or estrone was 
suspended directly in the aqueous medium (phosphate-saline buffer). 
Microcapsules were prepared in which the core solution contained 
100 pCi of tritiated progesterone (specific activity of 50.3 Ci/ 
ramole plus 20 mg of unlabeled progesterone) or 50 yCi of t r i 
tiated estrone (specific activity of 48 Ci/mmole plus 20 mg of 
unlabeled estrone). 

In vitro release rate studies were performed on several dif
ferent preparations of
two procedures. In th
sules was placed in a volume of phosphate-saline buffer (pH 7.3) 
with the addition of Triton X-100 surfactant. The flask contain
ing the capsules and buffer solution was then placed in a con
stant-temperature bath at 37 C and agitated. Samples of the 
suspension were periodically removed and filtered, and the con
centration of drug in the supernatant determined by liquid scin
ti l l a t i o n spectrometry. In this procedure, there was a continual 
increase of the drug in the supernatant solution since the super
natant solution was not changed during the period of study. 

The second procedure involved exchanging the test solution 
daily. Drug-containing capsules and buffer were placed in a test 
tube with a specially fitted rubber stopper. The test tube was 
agitated in a thermostatically controlled water bath (37 C). A 
plastic screen at the base of the stopper permitted removal of 
the supernatant solution while the capsules were retained in the 
tube. The supernatant was withdrawn daily from the capsules and 
the drug concentration determined as above. Fresh test solution 
was added back to the tube to restart the test. 

Results 

In Vitro Progesterone Release Studies. The f i r s t study 
involved 200-300-lJ-diameter capsules which contained three dif
ferent concentrations of progesterone in an oil-in-water emulsion. 
The progesterone concentrations for each capsule preparation were: 
Preparation 1 - 440 ng/100 mg capsules, Preparation 2 - 155 ng/ 
100 mg, and Preparation 3-83 ng/100 mg. 

Release rates from 100 mg of each of these capsule prepara
tions were measured into the following solutions (200 ml). 

Solution A: Phosphate-saline buffer, pH 7.35 
Solution B: Phosphate-saline buffer, pH 7.35, plus 

2 drops of surfactant (Triton X-100) 
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The presence of surfactant greatly enhanced the rate of pro
gesterone transport from the capsules as shown in Table I· The 
release rates in the presence of surfactant (Figure 1) indicate 
a rapid i n i t i a l release of progesterone from the capsules f o l 
lowed by a more constant release rate. We attribute the high 
i n i t i a l rate either to rupturing of incompletely formed capsules 
or the release of surface-adsorbed progesterone into the test 
solution. 

TABLE I. RELEASE OF PROGESTERONE FROM CAPSULES CONTAINING 
DIFFERENT CONCENTRATIONS OF PROGESTERONE IN AN 
OIL/WATER EMULSION 

Cumulative Nanograms of Progesterone 
Released/100 f Capsule

Prep. 1 Prep
Times, Solution Solutio

hr A Β A Β A Β 
1 23 56 5 20 7 15 
3 24 109 18 41 13 16 
6 24 122 18 46 1 36 
24 30 159 23 52 9 39 
48 40 170 18 70 18 41 
72 53 190 28 72 21 48 

144 88 210 38 91 30 63 

The "constant" release rates from 24 hours to 144 hours for 
each batch of capsules were: Preparation 1 - 10.2 ng/day, Prep
aration 2-7.8 ng/day, and Preparation 3-4.8 ng/day. The 
long-term release rate of Preparation 1 was roughly twice the 
release rate of Preparation 3, although the i n i t i a l progesterone 
concentration was approximately 5 times greater. This indicates 
that the progesterone concentration may be increased in the cap
sule without a corresponding linear increase in release rate. 
Thus, a combination of factors such as drug solubility, parti
tioning rate, and membrane transport rate may contribute to the 
control of the drug release rate. 

The second release rate study involved the release of pro
gesterone from CAB microcapsules containing progesterone par
ticles suspended in phosphate-saline buffer containing bovine 
serum albumin. In this study, 500 mg of 420-500-U capsules and 
2 g of 510-700-V capsules were placed in 5 ml of a phosphate-
saline buffer solution containing 1 drop of Triton X-100 surfac
tant. The 5-ml test solution was separated daily from the cap
sules as described earlier and fresh test solution (phosphate-
saline buffer plus surfactant) was added back to the capsules. 
Duplicate aliquots of the filtered test solution were then counted 
to determine the progesterone release rate. 
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The results of this study (Table II) indicate that the pro
gesterone release rate was considerably greater and more constant 
over the four test days than the release rates seen with the 
smaller capsules (200-300 μ) in the f i r s t test (Table I). We 
believe that the increased transport reflects the different core 
preparations, i.e., emulsion (Table I) and suspension plus albu
min (Table II). The micrograms of progesterone released per day 
approximated 2.4 pg/g for the 420-500-μ capsules and 1.6 ug/g for 
the 510-700-μ capsules. 

TABLE II. IN VITRO RELEASE RATE OF PROGESTERONE FROM 
MICROCAPSULES CONTAINING SOLID PROGESTERONE 
SUSPENDED IN A PHOSPHATE-S ALINE-ALBUMIN CORE 

420-500 μ 
Time, Net CPM Released
days Day/g Capsule days Day/g Capsule 

1 18,400 1 8,275 
2 13,700 2 8,350 
3 12,500 3 8,225 
4 12,700 4 8,200 

In Vivo Progesterone Release Rate. To determine the in vivo 
release rate of progesterone from the above 420-500-μ-diameter 
capsules, 100 mg of moist capsules were placed in the uteri of 
each of two rabbits via a simple laparotomy. 100 mg of moist 
capsules is equivalent to 3.21 mg on a dry weight basis and con
tained 4049 CPM/mg dry capsules. Dry weight was determined after 
air drying for 24 hours. The rabbits were sacrificed 4 and 6 
hours after insertion of the microcapsules, and the uteri were 
removed and flushed with a phosphate-s aline buffer solution to 
recover the remaining capsules. The flushed solution was passed 
over a screen designed to retain this particular sized capsule. 
The recovered capsules were then air dried for 24 hours. The 
progesterone remaining in the dried capsules is shown in Table III 
and a comparison between the release rate obtained in vitro and 
in vivo is shown in Figure 2. 

The in vivo progesterone release rate from these capsules is 
at least 17 times greater than the in vitro rate determined in 
the preceding release rate study (Table II) using identical cap
sules. We believe this increased rate is due to the highly lipo
philic uterine environment. Lipophilic materials which penetrate 
the capsule wall would probably lead to increased progesterone 
solubilization and perhaps also to higher membrane transport rates 
This experiment again points out the necessity for correlation of 
in vivo and in vitro transport rates when devising in vitro 
testing procedures. 
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Time (hours) 
Figure 2. Comparison of in vitro and in vivo progesterone release rates from 

420—500- μ-diameter microcapsules 
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TABLE III. PROGESTERONE-LOADED CAPSULES RECOVERED 
FROM RABBIT UTERI AT 4 AND 6 HOURS 

Rabbit 
No, 

Uterine 
Horn 

Dry Weight 
of Recovered 
Capsules, mg 

Net 
CPM 

CPM/mg 
Dried 
Capsule 

Average 
CPM/mg 
Dried 
Capsule 

104 
(4 hr) 

Rt side 
Lf side 

0.30 
0.54 

890 
1568 

2967 
2904 2935 

113 
(6 hr) 

Rt side 
Lf side 

0.35 
0.56 

689 
1401 

1968 
2502 2238 

In Vitro Estrone 
rate study involved two different microcapsule sizes from the 
same microcapsule preparation, i.e., 297-420 μ and 420-500 μ 
diameter. The test solution consisted of 5 ml of phosphate-
saline buffer (pH 7.3) plus 1 drop of surfactant (Triton X-100). 
Two hundred mg of capsules were added to the test solution and 
the tubes were agitated in a thermostatically controlled water 
bath (37 C). Two hundred mg of capsules contained approximately 
90 μg of estrone. The results of this study are presented in 
Table IV. 

TABLE IV. ESTRONE RELEASE FROM TWO DIFFERENT 
MICROCAPSULE SIZES 

297-420 μ 420-500 μ 
Sampling yg Released/ yg Released/ 
Time, hr 200 mg Capsules 200 mg Capsules 

24 4.6 6.0 
48 4.4 4.5 
72 3.5 2.7 
96 2.9 1.1 

The results suggested that the release rate was nonlinear 
over the time of release monitored. To determine i f a zero-order 
release rate could be obtained over a longer time period, dupli
cate 500-mg capsule samples (A and B) were placed in 5 ml of 
phosphate-saline buffer solution containing a surfactant (5 drops 
of Triton X-100/1000 ml). These capsules (297-420 μ), however, 
were of a different microcapsule preparation than those used in 
Table IV and contained 290 μg estrone/500 mg capsules. The 
results of the release rate study are presented in Figure 3 and 
the single point represents the average between duplicate samples. 
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It is clearly evident from this study that a near zero-order 
release rate may be obtained from cellulose acetate butyrate 
microcapsules. The reason for the nonlinear release rate over 
the f i r s t 8 days is believed to be due either to estrone entrapped 
in the membrane wall or the rupturing of imperfect microcapsule 
walls. After the i n i t i a l period, a zero-order release rate is 
observed during which the drug inside the capsule is maintained 
at a fixed concentration, i.e., at its solubility limit. 

Discussion 

The encapsulation of the oil-in-water emulsion is s i g n i f i 
cant since this approach permits encapsulation of hydrophobic 
steroids by the nonaqueous phase-separation method. Prior to 
this, the nonaqueous phase-separation method had been limited to 
hydrophilic materials

T*10 v i t r o releas
than that observed in the single in vivo study. This difference 
in release rates is not surprising in view of the highly lipo
philic milieu which exists in the rabbit uterus. If some lipo
philic substances penetrate the capsule wall, the solubility and 
membrane transport rate for progesterone should be increased. 

The penetration of lipophilic materials through the capsule 
membrane should not prevent the realization of a zero-order 
release rate since the primary requirement governing zero-order 
release from a reservoir device is the maintenance of saturation 
concentrations within the device. This was accomplished in these 
studies since the solubility of progesterone or estrone is much 
lower in an aqueous environment (9 yg/ml for progesterone and 
30 yg/ml for estrone) (8) than the total amount of steroid encap
sulated. Theoretically, we could maintain the saturated concen
tration level within the capsule until the drug is almost com
pletely voided. Thus, in a reservoir device such as a microcap
sule, a zero-order release rate should be feasible but other 
parameters may affect the release rate. These parameters might 
include the total number and size distribution of the microcap
sule, the microcapsule wall thickness, the type of polymer used 
for the microcapsule membrane, the rate of drug solubilization 
within the microcapsule, and the in vivo rate of drug removed 
from the drug interface area surrounding the microcapsule. 

Table V was constructed to determine i f the preliminary 
release rates from cellulose acetate butyrate microcapsules might 
be satisfactory for use as a transcervical drug delivery device. 
This table depicts release rates required of microcapsules and 
assumes different percentages of transcervical migration and 
possible effective localized drug dosages. In addition, we have 
examined three different drug delivery rates which might be 
required at a localized site. 

The amount of drug which w i l l be required at a localized 
site of action is relatively unknown. However, estimates of the 
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amount of progesterone required per day to prevent conception 
indicate that only micrograms or even nanograms of a more potent 
drug might be sufficient. Roland (9) has shown that 75 y g of 
Norgestral orally administered per day to humans effectively pre
vented pregnancy by altering the cervical mucosa, thus prevent
ing sperm migration into the uterine cavity. In addition, 
Silastic rubber implants attached to a modified Lippes intra
uterine loop released 31 yg progesterone/mm capsule/day in 
studies conducted by Lifchez and Scommegna (3)· At a recent 
symposium, an IUD developed by the Alza Corporation was described 
which released 50 yg progesterone/day (10). 

The f i r s t three capsule diameters in Table V would require 
a release rate of 50 yg/day/100 mg of capsules. At the 10 yg/ 
day level, the rate of release required would be 10 yg/100 mg for 
1 percent migration, 3.3 yg/100 mg i f there was 3 percent migra
tion, or 2 yg/100 mg i
smaller release rates
required at a localized site. 

In our single in vivo study, we obtained a progesterone 
release rate of about 4 yg/day/100 mg of capsules and at this 
release rate, we would need approximately 3 percent transcervi
cal migration i f 10 yg/day would suffice as an effective local
ized dosage. An important point to be brought out is that i f a 
drug were 10 times more effective than progesterone, the release 
rates seen in these studies might be adequate i f the assumed 
transcervical migration occurred. 

Thus, from these estimations, a self-administered delivery 
system based upon microcapsules and transcervical migration 
appears feasible i f one considers the small amount of drug which 
might be needed at a localized site. 

Literature Cited 

(1) Mishell, D. R. and Lunkin, Μ. Ε., F e r t i l . & Steril., (1970), 
21, 99. 

(2) Scommegna, Α., et a l . , F e r t i l . & Steril., (1970), 21, 201. 
(3) Lifchez, A. S. and Scommegna, Α., F e r t i l . & Steril., (1970), 

21, 426. 
(4) Chang, C. C. and Kincl, F. Α., Steroids, (1968), 12, 689. 
(5) Chang, C. C. and Kincl, F. Α., F e r t i l . & Steril., (1970), 

21, 134. 
(6) Egli, G. E. and Newton, Μ., F e r t i l . & Steril., (1961), 12, 

151. 
(7) deBoer, D. H., J. Reprod. Fert., (1972), 28, 295. 
(8) Kabasakalian, P., J. Pharm. Sci., (1966), 55 (6), 642. 
(9) Roland, Μ., F e r t i l . & Steril., (1970), 21 (3), 211. 

(10) Symposium on Drug Therapy and Novel Delivery Systems -
Challenges and Responses (1974), Battelle Seattle Research 
Center, Seattle, Washington. 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



13 
Controlled Release of Quinidine Sulfate Microcapsules 

GEORGE R. SOMERVILLE, JOHN T. GOODWIN, and DONALD E. JOHNSON 

Southwest Research Institute, San Antonio, Tex. 78284 

Introduction 

Controlled release formulations are being utilized in 
several types of products, including pharmaceuticals, veterinary 
medical products, pesticides, fertilizers, flavors, aromas and 
corrosion inhibitors. This paper describes a study to develop a 
controlled release formulation for quinidine sulfate, a pharm
aceutical product which is used primarily in the treatment of 
cardiac arrhythmia. 

In general, the objective of developing the controlled re
lease drug formulation is to be able to deliver the drug at the 
optimum level over a period of time ranging up to 12 hours or 
sometimes longer. This does not necessarily mean a com
pletely flat response curve, but the desired response may have 
an initially elevated level followed by a sufficiently extended 
response until the next dose is administered. 

Experimental 

Microencapsulation. Quinidine sulfate was microencap
sulated by the multiorifice centrifugal extrusion process. The 
shell formulation is a liquid during the encapsulation and is 
hardened after the microcapsule is formed. Any of several 
types of shell formulations may be utilized, depending upon the 
material to be encapsulated and the desired properties of the end 
product. These types include hot melts, solutions and latexes. 
Hardening mechanisms include cooling--in the case of hot 
melts--, chemical reaction in an appropriate hardening bath, 
and solvent extraction or evaporation. Combinations of these 
general mechanisms may be used in some instances. From an 
operational standpoint, hot melt systems are the simplest to 
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use, as there is no need for solvent recovery, chemical makeup 
or capsule drying. 

Figure 1 is a schematic representation of the device used 
in the multiorifice centrifugal extrusion process. The liquid 
phase to be encapsulated enters the rotating head through the 
inner of two concentric feed tubes, passing through a seal 
arrangement to a central chamber. It then passes through tubes 
which radiate outward from the central chamber and penetrate 
orifices located about the periphery of the rotating head. 

The liquid shell material enters the outer of the two con
centric feed tubes, passing through a seal arrangement into the 
outer chamber of the head. The shell material is then extruded 
through the annuli created by these sets of tubes and orifices to 
form fluid sheaths abou
are discharged from th
compound fluid "rods", and at some point beyond the periphery 
of the rotating head, the nodes become more pronounced and 
individual fluid capsules are formed. Hot melt capsules are 
cooled in flight, and the resultant capsules are collected. 
Chemically hardened shells and those from which solvent is 
extracted are typically caught in a liquid hardening medium. 
Those systems involving solvent evaporation are generally 
hardened in flight. 

In this encapsulation process, the principal factors in
fluencing capsule size are feed rate, rotational speed and--to a 
lesser extent--orifice size. Increased feed rate tends to in
crease the capsule size, whereas increased rotational speed 
decreases the size. In preparing the quinidine sulfate formu
lations in this study, the operating parameters were adjusted so 
as to produce microcapsules in the size range of 420-841 
microns. 

Capsule formation in the multiorifice centrifugal extrusion 
process is quite rapid. In a typical operation producing 350-
micron capsules, a production rate in excess of 300,000 cap
sules per second per orifice has been observed. This process 
has been taken beyond bench-scale, and a pilot plant is in oper
ation with a demonstrated capacity in excess of 90,000 pounds 
per month. 

In the encapsulation of quinidine sulfate, it was necessary 
to slurry the finely divided drug in a liquid so that it could be 
pumped and extruded. Several materials were investigated as 
slurry vehicles, including molten hydrogenated triglycerides, 
mono-diglycerides and several types of natural and synthetic 
waxes. The shell components comprised similar molten 
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INTERNAL PHASE 

Figure 1. Multiorifiee centrifugal extru
sion head 

materials, except tha
and core hardening, o ,  accomplishe y g
capsules as they are projected from the rotating head. Thus, 
the resultant product is a continuous shell enclosing a dispersion 
of quinidine sulfate particles in a solid matrix. 

Analytical Methods. Gas-liquid chromatography was used 
for assay purposes, for analysis of in vivo samples, and for 
analysis of in vitro samples involving simulated gastric and 
intestinal fluids. 

The blood samples of the in vivo tests were analyzed by 
centrifuging the whole blood and separating the plasma. The 
plasma was treated with sodium hydroxide, extracted with chlor
oform and evaporated to dryness under nitrogen. The dried 
samples were reconstituted with chloroform containing an in
ternal standard of cholesterol acetate and analyzed by gas 
chromatography with a flame ionization detector. Similar work
up procedures were used in the in vitro analyses and in the 
microcapsule assays. The extraction efficiency of this method 
was found to be 88. 6% with a standard deviation of 4. 2. 

Standard response curves were developed using the internal 
standard of cholesterol acetate spiked with varying amounts of 
quinidine and were plotted as quinidine concentration versus the 
ratio of the quinidine and cholesterol acetate peak areas. The 
quinidine concentrations of unknowns were then converted to 
equivalent quinidine sulfate. 

Bioavailability Study. Fifteen normal, healthy subjects 
were used in the study. Those subjects were selected which had 
no history of any physiological problems which would cause con
cern in administration of quinidine sulfate. In addition, each 
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subject was given a thorough examination including medical 
history, physical examination, blood count and electrocardio
gram. Each individual bioavailability study involved five indi
viduals. The participants were randomly selected from the total 
pool of fifteen subjects. Dosages of 300 mg of both unsustained 
and sustained release formulations were orally administered, 
and blood samples were taken at 1-, 2-, 4-, 6-, 8- and 12-hour 
intervals. 

Results and Discussion 

Table I presents the compositions of some of the many 
formulations which were prepared and evaluated during this 
study. It was discovere
of coating materials unde
the quinidine sulfate affected the release rate to a greater degree 
than did the shell components. Other considerations, particu
larly storage stability, led to changes in the shell components as 
the investigation progressed. 

T A B L E I. 
FORMULATIONS OF MICROENCAPSULATED 

QUINIDINE SULFATE (Core Material) 

F o r m u l a t i o n ( p a r t s ) 
Ingredient Control 1 2 3 4 5 

Quinidine Sulfate 100 59 59 59 59 59 
Beeswax 15 10 
Hydrogenated 

Triglycerides 14 10 10 
Mono-Diglycerides 12 31 21 1 10 
Paraffin Wax 40 31 
Payload (%) 100 53 53 53 53 53 

Note: Formulations 1-3 had a shell of 65 parts beeswax and 35 
parts hydrogenated triglycerides. Formulations 4 and 5 
had shells of paraffin wax. 
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Figure 2. In vivo blood 
level variations uAthin subject 

groups—quinidine sulfate 

° H I G H E S T I N D I V I D U A L 

• G R O U P A V E R A G E 

X L O W E S T I N D I V I D U A L 

10 12 

Figure 2 shows the in vivo results for unencapsulated 
quinidine sulfate. As indicated, the dark circles represent the 
group average, and the open circles and crosses represent the 
results for the highest and lowest individual assays within the 
group. A threefold difference between extreme values is 
indicated. 

Figure 3 shows corresponding results for one of the slower 
releasing microencapsulated formulations. The blood levels 
were initially lower but after six hours were substantially higher 
than for the uncoated quinidine sulfate; i . e. , about 30% higher at 
six hours and twice as high at twelve hours. 

Comparisons between a relatively slow release formulation, 
a relatively fast but sustained release formulation and the 
uncoated drug are presented in Figure 4 . 
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Figure 3. In vivo blood level variations within subject 
groups—formulation (3) 
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Figure 4. In vivo blood levels with various formulations 
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Figure 5. Percent release after 
storage at ambient conditions 

for two months in vitro 
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Figure 6. Percent release after 
storage in vitro 
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The in v i t r o availability of three separate formulations 
after aging for two months at ambient conditions is shown in 
F i g u r e 5 . E a c h of these formulations released most of the quin-
idine sulfate when tested within a day or two after preparation. 
It is noted that the formulation containing the highest l e v e l o f 
beeswax and the lowest lev e l of mono-diglycerides released the 
drug quite slowly in this in v i t r o test. A l l three capsules had the 
same shell formulation, i.e. 6 5 % beeswax and 3 5 % hydrogenated 
t r i g l y c e r i d e s , and contained the same amount of drug. Thus, 
aging had a pronounced effect on the high beeswax formulation. 

F i g u r e 6 shows the stability of other formulations in which 
the beeswax and hydrogenated t r i g l y c e r i d e s were replaced with 
paraffin wax, both in the core and in the shell. Although not 
di r e c t l y comparable becaus
temperature, the formulatio
tration of mono-diglycerides in the core exhibits greater in v i t r o 
availability--and stability--on aging. 

Conclusions 

This study has indicated that it is possible to prepare con
troll e d release formulations of quinidine sulfate by means of 
microencapsulation. Shell materials such as waxes and hydro
genated t r i g l y c e r i d e s were used successfully. The composition 
of the quinidine sulfate s l u r r y vehicle, which ends up as the core 
matrix, had a large influence on the release rate of the drug. 
The presence and proportion of mono-diglycerides in the core 
had a major effect on the release rate. 

It was found that release patterns of the formulations con
taining beeswax and hydrogenated t r i g l y c e r i d e s changed s i g 
nificantly during aging. The substitution of paraffin wax in the 
formulations improved the stability markedly. 
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Characterization of Microcapsules Containing Naltrexone 

or Naltrexone Pamoate 

CURT THIES 
Department of Chemical Engineering, Washington University, St. Louis, Mo. 63130 

Introduction 

The concept of long-acting injectable drug formulations has 
intrigued pharmaceutical scientists for some time. One way to 
prepare the desired formulations is to synthesize drug-filled 
microcapsules that can be injected. The coating material used to 
form such capsules must not only provide controlled drug release, 
but also be biocompatible and bioabsorbable. These requirements 
severely restrict the number of acceptable coating materials. 
However, one promising material is d1-poly(lactic acid)(d1-PLA). 
Initial results of efforts to develop injectable microcapsules 
with d1-PLA as the coating material focused on cyclazocine, a 
narcotic antagonist (1). More recent work has focused upon the 
use of d1-PLA to encapsulate naltrexone free base (NFB), also a 
narcotic antagonist, and naltrexone pamoate (NP), the pamoate 
salt of naltrexone free base. This paper describes some of the 
properties of selected NFB and NP microcapsule samples. 

Experimental 

Microcapsules containing NFB or NP were prepared with d1-
poly(lactic acid) supplied by Dr. Donald Wise of Dynatech R/D CO., 
Cambridge, Mass. The capsules contained 33 wt. % NFB or 50 wt.% 
NP. Several capsule fractions were isolated from each capsule 
batch by sieving. For each capsule fraction, the smaller number 
given represents the size of the rectangular screen opening which 
retained the microcapsule, whereas the larger number represents 
the size of the rectangular screen opening through which the 
capsules passed. 

In vitro release properties of the capsules were evaluated 
at 37°C in pH 7.4 phosphate buffer. A l l evaluations were carried 
out in a rotating bottle apparatus (40 rpm) manufactured by 
Ernest Menold, Lester, Pa. The test samples consisted of 15 mg 
of capsules suspended in 75 ml of buffer. Concentration of 
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naltrexone in the extracting solution was established spectro-
photometrically by using the 282 nm band characteristic of 
naltrexone. 

Evaluation of microcapsules containing NP was complicated 
by non-stoichiometric diffusion of naltrexone and pamoic acid 
from such capsules. Pamoic acid has an absorbance maximum at 
288 nm. NP release curves based on changes in magnitude of this 
peak were constructed. However, NP capsules which released their 
payload over a prolonged period did not release naltrexone free 
base and pamoic acid in a 1:1 molecular ratio. For this reason, 
extracts from such NP capsules were acidified to pH 2.0 with HC1. 
This precipitated nearly a l l of the pamoic acid, so the concen
tration of naltrexone left in solution could be established 
from its absorption maximum at 282 nm. Controls containing only 
pamoic acid were treated similarly in order to determine the 
amount of pamoic acid
tribution to the 282 n
tracted from a l l actual test runs in order to give corrected 
values of the amount of naltrexone released by the capsules. 
Release data have been plotted as mg NFB or mg NP released by 15 
mg capsules as a function of extraction time. 

Results and Discussion 

Figures 1 and 2 contain in vitro release data for capsules 
isolated from representative NFB and NP encapsulation runs. 
Figure 1 shows that the NFB capsules being evaluated release 
-50% of their payload within the f i r s t few hours of extraction; 
the remaining NFB is leached out over a three week period. After 
the f i r s t surge of NFB release, NFB extraction from the capsules 
is essentially zero order. 

The relatively large amount of NFB released by the capsules 
i n i t i a l l y is attributed to rapid and essentially complete re
lease of NFB from capsules that have gross defects in their 
walls. The solubility of NFB in pH 7.4 buffer at 37°C is 
-450 mg/100 ml. This does not suffice to classify NFB as a 
highly water-soluble drug. Nevertheless, the solubility is 
sufficiently great to ensure rapid and complete removal of NFB 
from defective <106u capsules. For this NFB capsule sample, 
nearly 50% of the capsules appear to be defective. 

Why the coatings of certain NFB capsules contain gross de
fects is unresolved at the moment. However, scanning electron 
micrographs of such capsule surfaces reveal that many have 
macroscopic craters and pores. Although much of a capsule sur
face may be free of these gross defects, they presumably are the 
points at which drug is transferred rapidly from defective 
capsules to the extracting medium. Not a l l capsules contain 
such defects. If the surfaces of a sufficiently large number of 
capsules are examined, many capsules free of defects are found. 
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Figure 1. Extraction of naU z 

trexone-free base at 37 °C and pH 
7.4 from < 106-μ d\-poly(hctic 
acid) capsules containing initially 

33 wt % drug 

6.0 

4.0 

2.0 

,

4 h 

Figure 2. Extraction of nal-
trexone-free hase and appar
ent extraction of naltrexone 
pamoate at 37°C and pH 7.4 
from 106-180-μ. d\-poly(lactic 
acid) capsules containing ini

tially 50 Wt % drug Extraction Time, hrs. 
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This is particularly true of NP capsules. Figure 3 is a scanning 
electron micrograph of such a capsule containing 50 wt. % NP. 
At present, efforts are being made to produce NFB capsules that 
appear as free of defects as this NP capsule. 

Significantly, the capsules used to obtain the release data 
in Figure 1 were <106μ in diameter. Such capsules are 
sufficiently small to pass freely through a 20 gauge needle. 
Another important practical consideration is that the total 

Figure 3. Scanning electron micrograph of the surface of α 106-108-μ capsule contain
ing 50 wt % naltrexone pamoate 
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weight of <106μ capsules isolated represents 64% of the total 
theoretical yield of capsules. That i s , small capsules suitable 
for injection have been synthesized in relatively high yield. 

Because the solubility of NP in phosphate buffer is markedly 
lower than that of NFB, i t was hypothesized that the reduction 
in solubility should reduce the driving force for drug extraction 
from NP microcapsules thereby enhancing in vitro lifetime. The 
release data in Figure 2 indicate that this has happened. The 
NP capsules do not experience the immediate large burst of drug 
release that occurred with the NFB capsules (Figure 1). 
After 500 hrs. of extraction, the NP capsules release s i g n i f i 
cantly less drug than the theoretical payload of 7.5 mg NP or 
4.5 mg NFB per 15 mg capsules. The release curves shown appear 
to level off after 300 to 500 hrs. of extraction. However, 
longer extractions of similar NP capsules have been carried out 
and results obtained indicat
until the theoretical NF
(2). In contrast, the amount of pamoic acid released does not 
increase significantly. A substantial fraction of the pamoic 
acid portion of NP appears to be effectively trapped within the 
capsule. Thus, the pamoic acid and NFB portions of NP do not 
diffuse from the capsules in a 1:1 stoichiometric ratio. 
Analyses based on the 288 nm band characteristic of pamoic acid 
give misleading results, and the amount of NFB released by the 
capsules must be monitored directly. 

From Figures 1 and 2 i t is clear that neither of the two 
capsule samples being evaluated releases drug at a constant or 
zero order rate over the entire time the capsules are extracted 
in vitro. The i n i t i a l rate of drug release always is higher than 
the rate observed in the latter stages of the capsule extraction 
process. Nevertheless, i t is becoming apparent that as the 
poly(lactic acid) encapsulation technology develops, capsules 
with fewer macroscopic coating defects are being isolated. 
Although the release of drug from such capsules is not zero order, 
the better the capsules become, the closer their release behavior 
approaches the desired zero order goal. Current capsules are 
capable of providing multi-week drug release in vivo (2); how 
much additional improvement in capsule quality can be achieved 
remains to be seen. 
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Effect of Cross-Linking Agents on the Release of Sodium 

Pentobarbital from Nylon Microcapsules 
M . D . DEGENNARO 
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Monroe, La. 71201 
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The process of microencapsulatio
the most extensively investigated means for the storage, pro
tection, taste-masking, and prolongation of release for many 
pharmaceuticals. This is attested to by the rapid accumulation 
of scientific articles and patents in the literature in this and 
other countries. A n extensive listing of pharmaceuticals which 
have been encapsulated has been published by Bakan and Sloan 
(1). Methods available for encapsulation are numerous and an 
overview of many of them may be found in a review of the sub
ject by Ranney (2). Herbig (3) has enumerated some of the 
many materials which may be used as encapsulating mem
branes or as an adjunct to the encapsulating agent. 

Microencapsulation is not a new process. In preparing 
"carbonless carbon paper," Green and Schleicher (4,5) made 
use of the first patented application of microencapsulation. In 
that process, oil soluble dyes were encapsulated in a gelatin-
acacia membrane by the use of complex coacervation (6). 
Luzzi and Gerraughty investigated some of the variables 
involved in the coacervation of oils and solids and in addition 
Nixon et al. (10,11) have extensively studied the preparation 
and release of gelatin coacervate microcapsules. 

It is evident from the literature that most of the pub
lished material on microencapsulation pertains mainly to appli
cations of the coacervate system and that very little has been 
reported, especially using nylon as the encapsulating material 
for pharmaceuticals. Chang et a l . (JL2) prepared semi
permeable collodion and nylon microcapsules containing en
zymes which can be used to treat enzyme deficiencies and also 
reported the use of semipermeable microcapsules in an extra
corporeal shunt system (13, 14). Kondo et a l . (15-18) pre
pared microcapsules via interfacial polymerization using a 
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variety of encapsulating membranes. The same authors also 
reported some of the characteristics of the formed microcap
sules. 

The only reference to the microencapsulation of a phar
maceutical agent, using a nylon membrane as the encapsulating 
material, has apparently been made by Luzzi et a l . (19). Due 
to the potential which exists for the encapsulation of pharma
ceuticals via interfacial polymerization, this work was under
taken to determine what effect the incorporation of cross-
linking agents into the membrane might have upon the release 
of sodium pentobarbital from nylon 6-10 microcapsules. 

Experimental 

Materials. The
pentobarbital, 1 carbon tetrachlorides (reagent grade), 1,6-
hexanediamine^ (Eastman grade), sebacyl chloride^ (Eastman 
grade), diethylenetriamine^ (95%), triethylenetetramine^ 
(technical grade), and Glycerin U . S. P. ^ A l l materials were 
used as supplied by the manufacturers without further purifica
tion. 

Preparation of Drug-Containing Microcapsules. The 
method utilized for the preparation of the nylon microcapsules 
containing sodium pentobarbital in this experimentation was a 
modification of the methods previously reported by Chang et a l . 
(12) and by Luzzi et a l . (19). The modified method consisted 
of adding 100 m l . of an aqueous solution containing the drug to 
be encapsulated, 1, 6-hexanediamine and glycerin to 500 m l . of 
carbon tetrachloride contained in a 2000 m l . beaker. The mix
ture was then stirred at a speed setting of 60 using a counter-
rotating stirrer** for 15 seconds to form a water-in-oil emul
sion. Then, 500 m l . of the same organic solvent containing 
sebacyl chloride was added and the stirring was continued at 

Abbott Laboratories, N . Chicago, 111. 
ο 

J . T . Baker Chemical C o . , Phillipsburg, N . J . 

Eastman Kodak C o . , Rochester, N . Y . 
4 

Aldr ich Chemical C o . , Milwaukee, Wis. 
5 

Fisher Scientific C o . , Fairlawn, N . J . 
Model L2994, Brookfield Engineering Laboratories, 
Stoughton, Mass. 
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the stirrer 's maximum speed for a total of 10 minutes. The 
microcapsules thus formed were collected by filtration. 

While still damp, the filtered microcapsules were passed 
through a standard 12 mesh sieve. The microcapsules were 
then placed in an oven at 3 7 ° for 10-12 hours and were then 
placed in a vacuum desiccator over phosphorous pentoxide for 
an additional 10-12 hours. This procedure insured removal 
of residual solvent and moisture. 

Effect of Cross-Linking Agents. The effect of the cross-
linking agents used in this study, diethylenetriamine and t r i -
ethylenetetramine, on the release of core material was de
termined by progressively incorporating them into the aqueous 
phase in exchange for the 1, 6-hexanediamine. This was done 
on both active site an
were the criteria, a given quantity of 1, 6-hexanediamine was 
removed and replaced with two-thirds the number of moles of 
diethylenetriamine and one-half the number of moles of t r i -
ethylenetetramine. 

Assay Procedure. Ultraviolet spectra for sample solu
tions of sodium pentobarbital in 0. IN ammonium hydroxide were 
recorded using a Perkin-Elmer recording spectrophotometer 
with 0. IN ammonium hydroxide solution as a blank. The wave
length of maximum absorbance was found at 240 nm, and all 
measurements were made at this wavelength while employing 
appropriate blanks. Samples of empty nylon microcapsules 
treated in the same manner failed to exhibit absorbance at 
240 nm. 

Absorbances of the solutions were obtained using a 
Beckman D U spectrophotometer. 8 These data were then used 
to prepare a Beer's law plot which was used for comparison to 
determine the amount of sodium pentobarbital released from 
the microcapsules. 

Assay Procedure for Total Sodium Pentobarbital Content 
of Microcapsules. Triplicate samples of approximately 100 mg. 
of the microcapsules were accurately weighed and placed in a 
150 m l . homogenizing flask containing 50 m l . of 0. IN a m 
monium hydroxide solution. The samples were then completely 

7 Model 202, The Perkin-Elmer C o r p . , Norwalk, Conn, 
g 

Model DU-2 , Beckman Instrument Inc., Fullerton, 
Calif. 
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Table I. Cross-Linking Replacements Carried Out On A n 
Active Site Basis* 

Percent Diamine 
Replaced 0 6 9 12 

Moles of Diamine 0. 032 
Used 

0.031 0.03 0.029 

Moles of Diethyl- 0 
enetriamine Used 

0.0012 0.0019 0.0025 

Moles of Triethyl- 0 
enetetramine 
Used 

0.0015 

* 
Diethylenetriamine and triethylenetriamine replacements 
were not carried out simultaneously. 

15 18 24 60 90 100 

0.028 0.027 0.025 0.013 0.0032 0 

0.0032 0.0038 0.0051 0.013 0.02 0.022 

0.0039 0.0097 0.015 0.016 
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ruptured using a Virtis blender^ at its maximum speed. In 
each case, two samples were blended for 10 minutes and com
plete rupture was assured by blending the third for 15 minutes 
with no observed increase in drug content. Complete collection 
from the flask assembly was insured by washing with 50 m l . of 
0. IN ammonium hydroxide solution. Aliquots were taken and 
diluted to an appropriate volume for spectrophotometric assay. 

In-Vitro Dissolution Studies. Dissolution was followed by 
examining triplicate samples containing approximately 30 mg. 
of drug using the flask method as previously described (20). In 
each case, microcapsules were placed on the surface of 
300 m l . of 0. IN hydrochloric acid in a 500 m l . round bottom 
flask the temperature of which had been brought to equilibrium 
at 37 + 0. 5 ° . 

The mixture was stirred at 50 r . p . m . and samples were 
withdrawn at appropriate time intervals using a pipet fitted 
with a cotton plug. A constant volume of dissolution medium 
was maintained by the addition of an equal volume of medium 
after each 2 m l . sample withdrawal. In each case, the cotton 
plug which had been used as a filter, was added to the dis
solution mixture. Appropriate dilutions were made, ultraviolet 
absorbances recorded, and comparisons to a Beer's law plot 
were made. 

Results and Discussion 

Preliminary investigations showed that stable micro
capsules could be prepared using an aqueous phase consisting 
of 10% sodium pentobarbital, 4. 5% 1, 6-hexanediamine, and 1% 
glycerin. After the initial emulsification period, 500 m l . of 
carbon tetrachloride containing 3. 38% sebacyl chloride was 
added to produce capsule formation. The effect of the cross-
linking agents was determined by replacing preselected por
tions of 1, 6-hexanediamine with the two cross-linking agents 
on both an active site and molar basis. Table I shows the 
quantities of cross-linking agents, diethylenetriamine and t r i -
ethylenetetramine, on an active site basis used to replace the 
indicated percentages of 1, 6-hexanediamine. Table II shows 
the replacements made using diethylenetriamine on a molar 
basis. The amount of sebacyl chloride used was held constant 

Model 45, Virtis Research Equipment, Gardner, N . Y . 
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in ai l cases. 
Figure 1 is a plot of percent sodium pentobarbital re

leased at selected times for the replacement of 1, 6-hexanedia
mine with the indicated quantities of diethylenetriamine on an 
active site basis. This figure shows that when diethylenetria
mine was used to replace the diamine, the percent sodium 
pentobarbital released at all sampling intervals showed an 
irregularly increased release with increasing amounts of d i 
ethylenetriamine. 

6 12 18 24 60 90 100 

PERCENT DIAMINE REPLACED WITH DIETHYLENETRIAMINE -
ACTIVE SITE BASIS 

Figure 1. Percent sodium pentobarbital released at selected time intervals vs. di
amine replacements with diethylenetriamine on an active site basis. Each value rep
resents the average of at least three determinations on a minimum of two, and in 
most cases three or four, batches of microcapsules prepared at different times. 

Ο 5 ™in; · 20 min; Π 40 min; M 120 min. 
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It may be seen from Figure 2 that there was little 
significant change in the amount of sodium pentobarbital re
leased when between 6 and 24% of the diamine were replaced. 
However, when 60-100% replacements were carried out, the 
amount of drug released became significantly greater. 

Figure 3 indicates that when triethylenetetramine was 
used to replace the diamine on an active site basis, the trend 
was also an increased release with increasing amounts of 
cross-linking agent. The one exception was at the 9% replace
ment level. This level of replacement yielded only slightly 
slower release than did that which had no cross-linking agent. 

F r o m Figure 4 it may be seen that when diethylenetria-

w 
CO 

s 
I 
8 
w 
P-i 

100 -, 
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80 
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0 
— ι — ι r-

5 10 20 40 80 
1 

120 

TIME CMINUTES) 
Figure 2. Extremes of the two release ranges observed when diamine was 
replaced with diethylenetriamine on an active site basis. Each value represents 
the average of at least three determinations on a minimum of two, and in most 
cases three or four, batches of microcapsules prepared at different times. 
— higher limits: φ 90% replaced, Ο 60% replaced; lower limits: • 6% 

replaced, • 9% replaced; - · - 0% cross-linking. 
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mine was used to replace 1, 6-hexanediamine on a molar basis, 
there was a general trend towards faster release rates as the 
amount of cross-linking agent was increased. Here again, as 
when replacements were carried out on an active site basis, 
the increase in release was not always directly related to the 
percentage of diamine replaced by diethylenetriamine. 

Since nylon 6-10 is a linear polymer, it was desired to 
add cross-linking agents to the aqueous phase in order to pro
duce a non-linear polymer, and it was thought that the addition 
of cross-linking agents would have a profound effect upon both 
the porosity and strength of the nylon membrane. However, it 
appears that the addition of cross-linking agents is not a suit-

20 H 

10 -Γ 

5 10 20 40 80 120 

TIME (MINUTES) 
Figure 3. Percent sodium pentobarbital released when diamine was replaced 
with triethylenetetramine on an active site basis. Each value represents the 
average of at least three determinations on at least two, and in some cases three 
or four, batches of microcapsules prepared at different times. • 9%; A 24%; 

Ο 60%; Φ 90%; Φ 100%; - · - 0% cross-linking. 
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Figure 4. Percent sodium pentobarbital released when diamine was replaced 
with diethylenetriamine on molar basis. Each value represents the average of 
at least three determinations on at least two, and in most cases three or four, 
batches of microcapsules prepared at different times. • 6%; • 9%; Ο 12%; 

Δ 15%; Φ 18%; 0% cross-linking. 

able means for prolonging drug release from nylon 6-10 micro
capsules. This may be due to any one of a combination of 
factors. 

Kondo (18) revealed that microcapsules prepared using 
different monomer combinations were of different sizes. In 
the present report, the addition of diethylenetriamine and t r i -
ethylenetetramine to the aqueous phase could possibly have 
caused changes in the release rates by bringing about changes 
in porosity or in membrane thickness. Changes in both of 
these factors may have been due to the different polymerization 
characteristics of each combination of monomers. 
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The addition of cross-linking agents to the aqueous phase 
also produces other changes which are not as obvious. Small 
additions of cross-linking agents to the aqueous phase produce 
changes in reactant concentrations as well as in the ratio of 
reactants to each other, and since the diamine concentration 
would be reduced, the cross-linking agents also serve as d i 
luting agents. It has been reported (2 )̂ that while reactant con
centrations determine membrane thickness, there exists an 
optimum proportion of diamine to acid halide for each pair of 
reactants in a given system (16, 22). Each addition of cross-
linking agent produces new ratios of reactants for which opti
mum concentrations must be determined. Changes in the ratio 
of reactants may produce an excess or may alter the availability 
of the amines in such a
rates are produced. 

The most plausible rationale which seems to explain the 
more rapid release rates observed in each case where diamine 
was replaced by diethylenetriamine or triethyltenetetramine i n 
volves the individual diffusion rate of the amines and the effects 
of the presence of diethylenetriamine and triethylenetetramine 
on the diffusion rate of the diamine. Although an orientation 
argument would be plausible, it would appear that on a func
tional group basis, the diamine would be more freely soluble in 
nonaqueous systems than either of the cross-linking agents 
investigated (23). It follows that diffusion into the nonaqueous 
phase for a mixture of these amines would allow a gradation of 
transfer, thus limiting the concentration of amine available for 
"nylon" formation at, or near, an aqueous/nonaqueous inter
face. This rationale is strengthened if there is a competition 
for available water molecules among the mixture of amines, the 
drug, and the glycerin, al l of which are found in the aqueous 
phase. 

The result may be that a lower molecular weight nylon 
is initially formed by the early migration of the diamine. This 
is followed by the formation of higher molecular weight polymer 
brought about by the subsequent diffusion of the diethylenetria
mine or triethylenetetramine. The higher molecular weight 
polymer may be less compact due to several factors including 
a possible predisposition to a combination of vertical and 
tangential polymer backbones. 

It is evident that the effects produced by the addition of 
cross-linking agents show definite trends towards increased 
rates of release. However, these trends are produced on an 
irregular basis, regardless of whether the cross-linking agent 
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is added on an active site or molar basis. It is apparent that 
the addition of cross-linking agents alters several factors, one 
or more of which might account for the changes in release rates 
observed. In order to determine which of these factors is p r i 
marily responsible for the observed results, additional studies 
must be carried out. 

Conclusions 

The objective of this study was to determine the effect 
that the addition of cross-linking agents to the aqueous phase 
during microcapsule formation via interfacial polymerization 
might have upon the release of core material from the micro
capsules. In this study
triamine and triethylenetetramine
tution of the cross-linking agents was carried out on an active 
site as well as molar basis. 

The conclusions resulting from this investigation are: 
1. The progressive addition of diethylenetriamine or 

triethylenetetramine to the aqueous phase as cross-
linking agents, on an active site basis, produced 
microcapsules having increased rates of release. 
The increase observed followed no discernible 
pattern, 

2. The addition of diethylenetriamine to the aqueous 
phase, on a molar basis, also produced microcap
sules with increased release rates as more diethyl
enetriamine was added. Again, the increase 
followed no discernible pattern. 

3. Progressive addition of cross-linking agents into 
the aqueous phase probably produced encapsulating 
shells with increased porosity. 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



15. DE GENNARO E T AL. Cross-Linking Agents 207 

Literature Cited 

1. Bakan, J . A. and Sloan, F . D., Drug and Cosmetic Ind., 
(1972), 110, p. 34. 

2. Ranney, M . W., "Microencapsulation Technology," Noyer 
Development C o r p . , Park Ridge, 1969. 

3. Herbig, J . Α., "Encyclopedia of Chemical Technology," 
2nd e d . , vol . 13, p. 441, Interscience, New York, 1967. 

4. Green, Β . K. and Schleicher, L., U . S . Pat. 2,730,456 
(1956). 

5. Green, Β . K. and Schleicher, L., U . S . Pat. 2,730,457 
(1956). 

6. Bungenberg de Jong, H . G., "Colloid Science," E d . by 
H . R. Kruyt, V o l

7. Luzzi , L . A. and Gerraughty, R. J., J. Pharm. Sci., 
(1964), 53, 429. 

8. Ibid. , (1967), 56, 634. 
9. Ibid. , (1967), 56, 1174. 

10. Khalil , S.A.H., Nixon, J . R. and Carless, J . Ε., 
J. Pharm. Pharmacol . , (1968), 20, 215. 

11. Nixon, J . R. and Walker, S. Ε., Ibid., (1971), 23, 1475. 
12. Chang, T.M.S., MacIntosh, F . C . and Mason, S. G., 

Can. J . Physiol. Pharmacol . , (1966), 44, 115. 
13. Chang, T.M.S., Trans. A m e r . Soc. Art if . Int. Organs. , 

(1966), 12, 13. 
14. Chang, T.M.S., Pont, Α., Johnson, L . J., and 

Malave, Ν . , Ibid. , (1968), 14, 163. 
15. Suzuki, S . , Kondo, T. and Mason, S. G., Chem. Pharm. 

Bull., (1968), 16, 1629. 
16. Koishi, Μ . , Fukuhara, N . and Kondo, T., Ibid. , (1969), 

17, 804. 
17. Shigeri, Y . and Kondo, T., Ibid. , (1969), 17, 1073. 
18. Shigeri, Υ., Koishi, Μ., Kondo, T., Shiba, M . and 

Tomioka, S . , Can. J. C h e m . , (1970), 48, 2047. 
19. Luzzi , L . Α., Zoglio, Μ. Α., and Maulding, Η. V., 

J. Pharm. S c i . , (1970), 59, 338. 
20. Underwood, T . W. and Cadwallader, D. E., J. Pharm. 

Sci., (1972), 61, 239. 
21. Chang, T.M.S., Science, (1964), 146, 524. 
22. Morgan, P. W. and Kwokek, S. L., J. Polym. Sci., 

(1959), 40, 299. 
23. Weast, R. C., Ed., "Handbook of Chemistry and Phys

ics," 51st ed . , Chemical Rubber C o . , Cleveland, Ohio, 
1970. 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



16 
New Concepts in the Application of Controlled Release 

Systems to Agriculture 

NATHAN F. CARDARELLI 
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As worldwide populatio
annual increase i n agricultural yield a global 
imperative to increase food production has resulted. 
Food shortages lead not only to starvation and malnu
trition, but also to social, political and economic 
in s t a b i l i t y . The recent increases i n U.S. food 
exports emphasizes the growing i n a b i l i t y of nations, 
especially i n the third world and the underdeveloped 
soviet sphere, to feed themselves. Agricultural 
surplus i n the United States seldom exceeds 6% of the 
annual harvest and considering our own demographic 
increase it is likely that we will experience 
difficulty in meeting our own needs in future years.(1) 

Two viable alternatives exist to meet the 
foreseeable crises in agriculture; increased tilled 
acreage and pasturelands and/or increase crop yield 
per acre. Certainly both routes will be followed -
and both will lead to serious, perhaps grave, environ
mental consequences. Considering the present methods 
of growing foodstuffs we cannot achieve both increased 
farm output and assure a quality environment. The 
need for fertilizers, herbicides, insecticides, 
fungicides, rodenticides, nematicides and predator 
control is absolute. It is well recognized that the 
chemical agents used create a negative environmental 
impact. Through soil, a i r and water contamination, 
and biomagnification nontarget members of the biota 
including man, can be drastically effected. 

Agricultural pesticides and f e r t i l i z e r s are 
responsible for perhaps 60% of the total U.S. food 
production. Contamination arising from such usage 
cannot be checked without grave national consequences. 
It is noted that economic and social dislocations 
arising from the reduction of industrial contamination 
pale to insignificance compared to the consequences of 
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decreasing the use of agricultural chemicals. 
Present levels of contamination from agricultural 

chemicals do not pose any serious threat to human l i f e 
or i t s quality at this time. A great increase in the 
quantities of pesticides and other agents used - as 
w i l l be necessary for any substantial increase in farm 
production, could result in a major alteration in 
biospheric interactions with perhaps grave conse
quences for humanity. Thousands of articles have been 
written pro and con on this issue and whereas the 
p o s s i b i l i t y i s remote; so i s the demise of the human 
race as a consequent of nuclear war remote - however 
in neither case do we wish to i n i t i a t e the experimen
tation necessary to deny the hypothesis! 

Crops and livestock are produced in a hostile 
environment shared b
species of competin
cally important nematodes, over 10,000 species of 
insects; grain devouring birds and rodents; predators 
such as the coyote and vampire bat that destroy sheep 
and cattle, and a host of parasites and pathogenic 
microbes. Crops and cattle remove nutrients from the 
s o i l which must be replaced i f yield is not to 
drastically decline. Without chemical assistance man 
would be, and has been through most of history, hard 
put to feed only himself and his immediate family. 

It is hypothesized that Controlled Release 
Methodology, i f applied to the use of agricultural 
chemicals, w i l l allow the increased production of 
foodstuffs while simultaneously decreasing the amount 
(and type) of agents used. 

Past experience with controlled release techniques 
have demonstrated that one can reduce the use of anti-
fouling agents by a factor of 12; a t h i r t y - f o l d or 
greater decrease in molluscicide usage has been 
demonstrated, and an unknown, but substantial, 
decrease in the amount of various aquatic herbicides 
necessary to control specific water weeds and algae 
is promised (2, 2) . This emerging technology is now 
providing indirect benefits to agriculture through 
mere ef f i c i e n t human disease control - an important 
element in many nations where the productivity of the 
farmer and herder is greatly dependent on his state of 
health. Individuals suffering from debilitating 
parasitic infections, such as Schistosomiasis and 
malaria, are not physically capable of the labor 
necessary to create agricultural surpluses. Indeed 
many cannot adequately feed themselves. Where 60 to 
80fo of the rural population are victims of Schistoso
miasis, a not unusual condition in vast areas of 
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Africa, the eradication of this one malady should 
result in a significant rise i n crop yield. Controlled 
release molluscicide may well be the key to inter
vention of the Schistosomiasis transmission cycle. 
Also controlled release technology w i l l assist in 
improving protection for stored grains against insect 
and rodent pests. In India and other nations rodents 
alone consume 10$ or more of the harvested and stored 
crops. Encapsulated rodenticides in bait formulations 
are better accepted by rodents (k). Insecticides and 
insect repellents released from various polymeric 
based dispensing mechanisms such as the HERCOIfta1 or 
CONREI/fr11 dispensers promise more ef f i c i e n t pest control 
while using less chemical (j£, 6). 

The above mentioned technology, once widespread, 
should substantiall
however, the reall
agricultural productivity w i l l be i n the f i e l d . To 
date l i t t l e has been done in the application of this 
new technology to both the protection and nutrition of 
growing crops, and the decrease in the quantity of 
chemical agents u t i l i z e d . Pioneering efforts are 
presently underway in the controlled release of sex 
attractant pheromones from a plastic or elastomer 
dispensing system. Pheromones have been used as 
confusants (gypsy moth) (£) to prevent location of one 
sex by another; in mechanical trapping devices (Boll 
Weevil (8), Cabbage Looper (£), etc.) or i n contact 
baits (10, 11). Varying degrees of success have been 
attained and there is l i t t l e doubt that such systems 
w i l l be available to agriculture in the near future. 
Pheromones are extremely non-persistent (that is why 
only controlled release systems represent a viable 
application method), f a i r l y target specific and 
generally do not affect nontarget members of the biota. 
Whether the mass use of trapping devices is a feasible 
alternative to insecticides remains to be seen. 
Unfortunately pheromones are only presently available 
for a few insect species. 

Controlled release antimorphogenetic materials are 
also being investigated. Mosquitos have been 
successfully controlled by this method and chitin 
inhibitors are under evaluation (12, 13). 

Aldicarb and dimethoate have been incorporated in 
polyamide and polyvinyl chloride matrices and released 
in the s o i l (Ik). The insecticidal properties were 
enhanced from the standpoint of extending lifetime. 
One controlled release aquatic herbicide that 
displayed considerable merit i n f i e l d tests has been 
shown to inhibit plant growth when applied to s o i l ( 1 5 ) . 
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Controlled release f e r t i l i z e r s are not new to the 
market place; however, the present commercially 
available materials are expensive for general 
agricultural usage and do not provide s u f f i c i e n t l y 
long term nutrient release to overcome the pricing 
handicap (16, 17). 

Although some progress has been made towards the 
reconciliation of a quality environment with 
agricultural needs through the use of controlled 
release systems, i t i s obvious that we have just begun 
to scratch the surface. 

The merit of controlled release arises from 
several factors. A non-persistent material, such as 
methyl parathion, can be rendered persistent at the 
site of application so that release occurs over an 
extended period of tim
favored low persistenc
Long term continuous release provides greater 
efficiency from the standpoint of less frequent 
application, but also allows the presence of the agent 
over an extended interval rather than the peak-valley 
a v a i l a b i l i t y seen with conventional applications. 

Agricultural chemicals, of necessity, are applied 
in amounts far i n excess of needs. For instance i t is 
doubtful that f e r t i l i z e r take up by the growing crops 
ever exceeds 15?o of the total amount applied. The 
rest i s lost through downward leaching beyond the 
reach of the root systems or run-off with ground 
waters. A considerable quantity reaches major water
ways, lakes, and estuaries with detrimental results on 
f i s h , s h e l l f i s h and other elements of the aquatic 
biota. By their nature controlled release f e r t i l i z e r s , 
save with actual flooding, are not removed via run 
waters and downward percolation losses are decreased. 

Insecticides are applied i n amounts ranging to 
millions of times that required i f each target were 
individually given a lethal dosage. Trapping devices 
overcome this in part by providing motivation for the 
target to seek the toxicant - and thus one need not 
permeate the entire area with a poisonous substance. 
Conventionally large amounts of toxicant are applied 
on day 1 so that ample amounts remain to destroy pest 
l i f e on day "X" - the latter amount perhaps a millionth 
of the former. Controlled release mechanisms applied 
to many such usages w i l l permit dramatic reduction i n 
the quantity of chemical used through extension of the 
time that the agent i s available to target contact. 

Certain natural factors play a crucial role i n 
the efficiency of Controlled Release. The so called 
"Chronicity" phenomenon, demonstrated and confirmed in 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



212 CONTROLLED R E L E A S E P O L Y M E R I C FORMULATIONS 

the instance of snail and water weed control, has 
indicated that target populations can he managed 
through exposure to ultralow toxicant concentrations 
i f the duration of such exposure is extended 18, 
by exposure to 0.001 ppm/day for 20 or so days - or 
conventionally by a 2 ppm treatment dosage i n one day. 
Obviously the slow release method results i n far less 
environmental impact. 

The past thrust of controlled release endeavor 
has been i n the antifouling and public health areas. 
Agricultural work underway at this time has dealt 
essentially with the use of noncontaminants such as 
pheromones and insect growth regulators. It takes no 
g i f t of prophacy to f o r e t e l l that controlled release 
methodology w i l l , o
mental and energy considerations
into the areas of plant nutrients? and weed, fungus, 
insect and nematode control. The matrix element or 
carrier w i l l l i k e l y be a man-made polymer or natural 
rubber. Theoretical effort has been underway for some 
time and one can mathematically demonstrate efficacy 
of controlled release systems (20, 21). Such systems 
have been developed, and in some cases commercialized, 
based upon several methods of release; vapor diffusion 
from a plastic enclosed reservoir (6), vapor diffusion 
from a solid nonporous matrix (22), microencapsulation 
(22)> diffusion-dissolution phenomena based upon 
solution equilibrium of a toxicant in an elastomer 
(2.9 2!±t 25) > leaching phenomena based upon incorpora
tion of a nonsoluble agent in an elastomer or a 
plastic (26, 2£), and the addition of a control agent 
as a pendent substituent to a polymeric backbone with 
concommitant loss in the application environment via 
hydrolysis or other degrading processes (28). 

Examination of the patent and s c i e n t i f i c l i t e r a 
ture discloses that controlled release techniques are 
available. Certainly almost a l l control agents w i l l 
lend themselves to the extant technology. Thus i t i s 
only a matter of time, economics, and necessity, before 
those engaged i n the controlled release area commit 
themselves to extending their knowledge into the 
challenging and wide open f i e l d of agricultural pest 
control. 
Literature Cited 
1. Shaw, W. C. "Need for Controlled Release 

Technology in the Use of Agricultural Chemicals." 
Keynote Address. Proc. Controlled Release 

12). That destroyed 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



16. CARDARELLI Applications to Agriculture 213 

2. Cardarelli, N. F. "Controlled Release Pesticides: 
The State of the Art. Proc. Controlled Release 
Pesticide Symp." Wright State University, Dayton, 
Ohio. (Plenary Lecture), 1, Sept. 8-10, 1975· 

3. Cardarelli, N. F. Controlled Release Pesticide 
Formulations. CRC Press, Cleveland, Ohio, 204 
pages, 1976. 

4. Abrams, J. and Hinkes, T. M. Acceptability and 
Performance of Encapsulated Warfarin. Pest 
Control, (1974) , 42, 14. 

5. McLaughlin, J. R. et.al. "Evaluation of Some 
Formulations for Dispensing Insect Pheromones in 
Field and Orchard Crops." Proc. Controlled 
Release Pesticide Symp. Wright State Univ., 
Dayton, Ohio, 209, Sept. 8-10, 1975. 

6. Ashare, E. et.al
Hallow Fibers.

7. Beroza, M. et.al. Field Trials with Disparlure 
in Massachusetts to Suppress Mating of the Gypsy 
Moth. Environ. Entomol. (1974) , 4 (5), 705. 

8. Hardee, D. D. et.al. Grandlure for Boll Weevils: 
Controlled Release with a Laminated Plastic 
Dispenser. J. Econ. Entomol. 1975, 68 (4), 477. 

9. Beroza, M. et.al. Tests of a 3-Layer Laminated 
Plastic Bait Dispenser for Controlled Emission of 
Attractants from Insect Traps. Environ. Entomol. 
(1974) , 3 (6), 926. 

10. Harris, E. J. "Controlled Release Cue-Lure 
Formulations for Detection and Control of the 
Melon Fly." Proc. Controlled Release Pesticide 
Symp. Rept. #35, Univ. Akron, Akron, Ohio. 
Sept. 16-18, 1974. 

11. Keiser, I. et.al. "Enhanced Duration of Residual 
Effectiveness Against the Mediterranean Fruit Fly 
of Guava Foliage Treated with Encapsulated 
Insecticides and Lures." Proc. Controlled Release 
Pesticide Symp. Wright State Univ., Dayton, Ohio, 
264, Sept. 8-10, 1975. 

12. Rathburn, C. B. and Boike, A. H. "Laboratory and 
Small Plot Field Tests of Altosid and Dimilin for 
the Control of Mosquito Larvae." Rept. West Fla. 
Arthropod Res. Lab., Fla. Dept. Pub. Hlth., 
Panama City, Fla., 1975. 

13. Post, L. C. and Vincent, W. R. A New Insecticide 
Inhibits Chitin Synthesis. Naturwissen. (1973), 
60, 431. 

14. Stokes, R. A. et.al. Use of Selected Plastics i n 
Controlled Release Granular Formulations of 
Aldicarb and Dimethoate. J. Agric. Food Chem. 
(1973), 21, 103. 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



214 CONTROLLED R E L E A S E P O L Y M E R I C FORMULATIONS 

15. Danielson, L. L. and Campbell, T. A. "Evaluation 
of a Latex Based Herbicide Formulation." Proc. 
Controlled Release Pesticide Symp. Rept. 41A, 
Univ. Akron, Akron, Ohio, Sept. 16-18, 1974. 

16. Daniel, W. H. Slow Release IBDU-Promising New 
Tests. Weeds, Trees and Turf (1975), 14 (1), 14. 

17. Allen, S. E. and Mays, D. A. Sulfur-Coated 
F e r t i l i z e r s for Controlled Release: Agronomic 
Evaluation. J. Agr. Food Chem. (1971), 19 (5), 
809. 

18. Quinn, S. A. and Cardarelli, N. F. "Aquatic 
Herbicides Chronicity Study" Ann. Rept. U.S. 
Army Corps. Engineers, Wash., D.C. DACW 73-72-
C-0031, AD903208, July 30, 1972. 

19. Cardarelli, N. F. "Hypothesis Concerning Chronic 
Intoxication o
Release Pesticid
Dayton, Ohio, 349, Sept. 8-10, 1975. 

20. Baker, R. W. et.al. "Membrane-Controlled 
Delivery Systems." Proc. Controlled Release 
Pesticide Symp. Rept. #40, Univ. Akron, Akron, 
Ohio, Sept. 16-18, 1974. 

21. Chandrasekaran, et.al. "A Mathematical Analysis 
for Controlled Delivery of Agrichemicals," Ibid. 
Rept. 11. 

22. Anon. Controlled Release Insecticides. Soap/ 
Cosmetic/Chemicals Specialties, March (1975), 
pp. 1-4. 

23. Ivy, Ε. E. PENCAP M: An Improved Methyl 
Parathion Formulation. J. Econ. Entomol. (1972), 
65, 473. 

24. Janes, G. A. "Polymeric Formulations for the 
Control of Fouling on Pleasure Craft." Proc. 
Controlled Release Pesticide Symp., Wright State 
Univ., Dayton, Ohio, 292, Sept. 8-10, 1975. 

25. Shiff, C. J. "Field Tests of Controlled Release 
Molluscicides i n Rhodesia." Ibid. pp. 177. 

26. Janes, G. A. "Controlled Release Copper 
Herbicides." Ibid. pp. 325. 

27. Evans, E. S. et.al. Larvicidal Effectiveness of 
a Controlled-Release Formulation of Chlorpyrifos 
i n a Woodland Pool Habitat. Mosq. News (1975) 
35 (3), 343. 

28. Harris, F. W. et.al. "Polymers Containing 
Pendent Herbicide Substituents." Proc. Controlled 
Release Pesticide Symp., Wright State Univ., 
Dayton, Ohio, 334, Sept. 8-10, 1975. 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



17 
Development of Field Evaluation of Controlled Release 
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Introduction 

One vital aspect of public health programs in most tropical 
nations lies in the control of parasitic diseases. The major 
snail-borne disease, Schistosomiasis or Bilharzia, may have as 
many as 300 million human victims with several million deaths 
annually attributed directly or indirectly to it. Although death 
is the ultimate tragedy, all those afflicted suffer a loss in 
physical prowess and often in mental ability. Since the victim 
is usually an agricultural worker the disease manifests itself as 
a loss in agricultural output and the national economy is depress
ed accordingly. 

A free swimming larva, the cercaria, develops from asexual 
reproduction in the snail. Released into fresh water it must find 
a human and penetrate the dermis. The cercaria can not obtain 
sustenance nor reproduce so its "infective life" seldom exceeds 
twelve hours. 

The successful penetrant travels via the circulatory system 
to the mesentaries around the liver, spleen and bladder. Here 
development inot the adult worm takes place. Paired male and 
female worms produce massive numbers of eggs continuously. The 
ova must reach the external environment, and this is achieved via 
human excretion. 

An ovum in water hatches into a free swimming, non-reproduc
tive, non-feeding larval form, the miracidium. If the miracidium 
finds a snail of an appropriate species i t penetrates and under
goes changes that lead to the asexual reproduction of cercaria, 
thus completing the cycle. 

An infected snail may release several thousand cercariae per 
day, but this usually represents only a few per cubic foot of 
water. Of the thousands of eggs produced by the worms in the 
human body only a certain percentage reach the appropriate ex
ternal environment, with further attrition during hatching and 
snail location. However, a great number of the eggs never leave 
the human body. They remain entrapped in capillaries and various 
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organs. Tissue damage and a general debility can only lead to 
secondary infections and overall lowered resistance. 

Control Methodology 

The conventional approach to Schistosomiasis control lies in 
the use of chemical agents, molluscicides, to interrupt the para
site transmission cycle by destruction of the snail intermediate 
host. Medical therapy is useless i f contact with infested water 
is not prevented and immunization is not yet possible. The major 
molluscicides used are copper sulfate, niclosamide, trifenmorph 
and several pentachlorophenols. These are applied to snail 
habitats as wettable powders, granules, solutions or emulsions. 
Unfortunately i t is l i t e r a l l y impossible to locate and treat a l l 
snail habitats in a given locale, and even in treated waters a 
small, but relevant, numbe
undertake avoidance behavior
quite isolated f o c i i and periodic retreatment becomes essential. 
Economic resources are, in general, grossly inadequate in the 
endemic nations to permit undertaking of the massive molluscicid-
ing program required and the necessary reapplication of the chem
ica l every few months. 

It is generally acknowledged that the worldwide struggle 
against Schistosomiasis using conventional approaches is failing 
(1). 

In concept the use of controlled release molluscicides would 
allow the extension of the between treatment interval to years, 
provide more effective control at less cost and substantially 
decrease the amount of control agent utilized thus lessening im
pact on the non-target biota. Controlled release also makes 
attack of the miracidium, cercaria, and ova practical. 

Development of Controlled Release Materials 

The precursor of controlled release molluscicides is the 
organotin containing antifouling elastomeric formulations devel
oped in I96U (2,3). The resulting 6$ active chloroprene sheet 
rubber material has been commercialized and applied to ship hulls, 
buoys and other marine objects (i*,5). The i n i t i a l field applica
tions on bouys in 1966 remain biologically effective to date (6). 
That is , a chemical agent, bis(tri-n-butyltin) oxide "TBTO, h a s 
b e e n continuously r e l e a s e d in l e v e l s commensurate with t h e pre
vention of fouling for over 9 years i Inthis and other controlled 
release applications a cost benefit of 7 to 1 or greater is real
ized and a reduction of 10 to 1, or greater, in terme of environ
mental contamination(7,8). 

The very long term sustained release materials are based upon 
solution equilibrium properties common to elastomeric matrices. 
An agent highly soluble in the elastomer is placed in solution in 
the given material—natural rubber, styrene-butadiene copolymers, 
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cis polybutadiene, etc., upon water immersion surface agent mol
ecules undergo gradual dissolution into the rubber/water interface 
thus disturbing solution equilibrium. Concomitantly internal 
solute molecules migrate towards the depleting surface due to sol
ution pressure—and a gradual surface release cycle is established. 
The solubility of the agent in water ought to be quite small. 
System kinetics may be f i r s t or second order depending upon wheth
er diffusion or dissolution is rate controlling (1)· 

Controlled release antifouling materials were found toxic to 
various snail species (3*9)· Trialkyltins, such as TBTO and t r i -
butyltin fluoride "TBTF*, and niclosamide were successfully in
corporated in various elastomers and through proper compounding 
techniques and vulcanization conditions caused to release at a 
slow continous rate when immersed in water. 

Laboratory studies performed at the University of Akron 
demonstrated that variou
mers would destroy snail
tions (i.e. 0.01 ppm or less). In Tanzania such materials were 
examined under semi field conditions—i.e. field water contin
uously flowing through a laboratory bioassay tank and in small 
ponds confirming that mortality did ensue (10). Laboratory tests 
in Puerto Rico likewise provided positive results (11)· I n Brazil 
antifouling rubber sheet strips placed in irrigation reservoirs 
and ponds provided complete snail mortality—within k$ to 60 ex
posure days (12)· Tests in London (Tropical Pesticide Research 
Headquarters) demonstrated that the biological efficacy of a given 
rubber pellet was in excess of two years (13). The formulations 
involved were laboratory specimens and not optimized products. 

Controlled Release Molluscicides ("CRM") 

In 1972 the Creative Biology Laboratory (Barberton, Ohio) 
working under the auspices of the M&T Chemical Company (Rahway, 
New Jersey) undertook the optimization of a TBTO/natural rubber 
formulation. This effort culminated in the 6f0 active material now 
available as BioMet-SRM. In other effort sponsored by the World 
Health Organization a TBTF/natural rubber CRM was developed to 
further enlarge the controlled release arsenal (1^)· These sub
stances function through a diffusion-dissolution loss mechanism 
dependent upon agent solubility within the elastomer (15)· In a 
parallel program a CRM composed of copper sulfate in an ethylene-
propylene-diene rubber base was developed and is now commercial
ized as INCRACIDE E-51 (international Copper Research Organization, 
New York, New York) (l§). This latter material functions through 
a leach type mechanism using an ammonium sulfate coleachant to 
maintain appropriate rubber/water interfacial pH. 

Formulations present no difficulty in mixing, extruding, vul
canizing and pelletizing. Natural rubber, ethylene-propylene ter-
polymers, polychloroprenes, and polyacrylonitriles w i l l retain con
siderable quantities of the organotins in solution and bind up to 
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70$ by weight of copper sulfate. 

Field Studies 
Biomet*01 SRM was applied at rubber dosages of 50 ppm ( 3 ppn 

active) to stationary water bodies such as ponds and marshes; and 
several running water channels in Brazil. Seventeen small test 
sites were thus established (17)· 

Sanil populations were reduced to zero in the static systems 
within a few weeks and no repopulation was observed over the course 
of the 1̂  month program. Macroscopic ovservation of vascular 
water plants showed no discernable damage althouh some reduction 
in algae was apparent. Snail destruction was insufficient in the 
flowing water tests. 

Control has also been demonstrated in lake and reservoir 
tests in Rhodesia (18).
were applied to irrigatio
face area, irrigation channels, aid along lakeside contact points. 
CBL-9B pellets were also applied to lake environments. Organotin 
containing antifouling paints were coated on the concrete walls 
and other structures of promary irrigation canals and weirs. A l l 
tests have given positive results to date—both in static and 
cynamic running water systems. Treatment dosages were but a few 
parts per million. Snail mortality was not observed until sev
eral months after application, and then populations dropped very 
rapidly—approaching zero. Focal control, i.e. treating only the 
human-snail interaction points or areas of large snail populations 
rather than area control, appears on the basis of the Rhodesian 
experience to be the proper approach to intervention. 

Organotin paints are adequate for perhaps one year and the 
controlled release organotin elastomers for 2 or more years—based 
on Rhodesian results. Analysis of pellets returned after ih 
months of exposure in Brazil showed a 15$ to 20$ loss of the ac
tive agent—thus allowing a 2.5 year half-life prediction. 

Comprehensive analysis of non-target test site biota in 
Rhodesia disclosed little environmental impact on vascular plants, 
oligochaetes, water insects, algae, daphnia and other life forms. 
No fish intoxication was observed (19). 

Direct observation, time lapse photography, and analysis of 
treated water, bottom soil, subsoil etc. strongly indicates that 
the organotin content in treated water is very minute—in the low 
parts-per-billion at best—and that i t concentrates in the bottom 
soil where browsing snails ingest i t (19). This could be ex
pected from the extreme hydrophobicity of the organotine. Tests 
conducted by the author showed that where snail contact with the 
bottom soil was permitted a LT99 of 8 days could be expected at 
10 ppm rubber (0.6 ppm T3T0 or 3ppm ΤΒΤΓ active) dosages while 
snails isolated from bottom soil contact under similar regimens 
showed an LT99 of nearly 30 days. 

BioMet™ SRM tests conducted in a flowing water stream in 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



17. WALKER Molluscicides 219 

St, Lucia, B.W.I., exhibited 100$ snail mortality (20). Static 
water evaluation in small natural ponds in the Sudan and Iran with 
BioMet*01 SRM pellets likewise demonstrated wxcellent snail control 
and no gross ecological disturbance (21,22). CBL-9B pellets, 
supplied by the Creative Biology laboratory, have been found 
effective against the amphibious snail vectors of the Asiatic form 
of Schistosomiasis (23). 

In a l l instances one application provided significantly 
longer control than would be realized with conventional treatments 
and drastically less environmental impact. Efficacious dosage 
rates have been in the practical range of 50 ppm pellet (15 or 
less ppm active) at a l l sites. Since complete release of the 
active agent will require no less than 2.5 years and such release 
is continuous through decreasing with time—an average site con
centration would be about 0.016 ppm. The actual water concen
tration likely does no
by soil, plants, etc.
ved in the water, there is little available to fish and other 
beneficial elements of the biota (35 )· MLcroenvironmental lab
oratory tests affirm control without gross effects on fish or 
aquatic vascular plant li f e , at least with ΤΒΤ0, TBTF and copper 
releasing formulations (15,2U). 

Although INCRACIDE E-51 CRM has not been as thoroughly 
tested as other materials, preliminary results from St. Lucia(20), 
Rhodesia (25), and the Sudan (26) indicate feasibility. 

Past and present University of Akron CRM evaluations indicate 
that release levels of 0.007 ppm/day or less of the trialjsyltins 
and about 0.03 ppm/day of copper ion are adequate to control host 
snail populations under varying water quality conditions. pH, 
mineral content and other environmental factors influence rates 
of toxicant release from the elastomeric matrix, snail uptake and 
detoxification mechanisms. CRM dosages are presently being es
tablished based upon water quality parameters (27). 

It is believed that controlled release molluscicides are 
proving to be an economical and feasible method of intervening in 
the parasite transmission cycle. The recent decision by the 
Rbodesian public health authorities to utilize BioMet^01 SRM in an 
area wide control program lends support to the merit of this new 
approach in snail control. 
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Contro l led- re leas
extend the control of a y  targe  organism
been developed (1-3) . For example, herbicide-polyethylene fo r 
mulations have been prepared and s tudied i n t h i s laboratory (4) . 
In these systems the herbic ide i s p h y s i c a l l y incorporated i n the 
plastic matrix and release occurs by d i f f u s i o n . Although formu
l a t ions o f t h i s type have considerable potential, a drawback to 
their production and use i s the large amount of i n e r t polymer 
carrier (70-90% w/w) that must be employed. The development o f 
pest ic ide-polymer formulations that contain a high percentage of 
pes t i c ide i s h ighly des i r ab le . 

One route to such formulations has been the synthesis of 
polymers that contain pes t i c ides as pendent subst i tuents (5-18). 
For example, polymers have been prepared that cons i s t of over 
80% 2,4-dichlorophenoxyacetic ac id (2,4-D) or 2-(2,4,5-trichloro-
phenoxy)propionic ac id (S i l vex ) as pendent s ide chains (14-16). 
Theo re t i c a l l y the con t ro l l ed release of pe s t i c ide i s then 
achieved by the s low, sequential hydrolys is o f the pe s t i c i de 
-polymer chemical bonds. Bioassay studies conducted in moist 
soil, however, ind ica te that homopolymers containing pes t i c ide 
residues that are attached directly to a hydrophobic polymer 
backbone will not undergo hydrolys is (5). The object ive of t h i s 
research was to prepare herbicide-polymer systems that w i l l 
undergo slow hydrolys is when immersed in an aquatic environment. 

In our i n i t i a l approach to obta in ing hydrolyzable systems, 
the herbicides 2,4-D and S i 1 vex were incorporated i n the alcohol 
residues o f a ser ies o f a c r y l i c esters (14-16). In these mono
mers the distance between the herbic ide and the v iny l group and, 
hence, the r e s u l t i n g polymer backbone was var ied by varying the 
length of the un i t connecting the herbic ide to the a c r y l i c a c i d . 
I t was postulated that increas ing the length of the pendent s ide 
chain would enhance the hydro lys i s o f the herbicide-polymer bond 
since the es ter l inkage would be removed from the hydrophobic 
backbone and less s t e r i c a l l y hindered. 

The monomers, i . e . 2 -acry loyloxyethyl 2,4-dichlorophenoxy-
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acetate ( l a ) , 2 -acry loy loxye thy l 2- (2 ,4 ,5- t r ich lorophenoxy)pro-
pionate ( Ib ) , 2-methacryloyloxyethyl 2,4-dichlorophenoxyacetate 
( H a ) , 2-methacryloyloxyethyl 2- (2 ,4 ,5- t r ich lorophenoxy)propio-
nate ( l i b ) , 4 -acry loyloxybuty l 2,4-dichlorophenoxyacetate ( I l i a ) , 
4 -acry loyloxybuty l 2-(2 ,4 ,5- t r ichlorophenoxy)propionate ( I l l b ) , 
4-methacryloyloxybutyl 2,4-dichlorophenoxyacetate ( IVa) , and 
4-methacryloyloxybutyl 2-(2 ,4 ,5- t r ichlorophenoxy)propionate ( IVb) , 
were polymerized by bulk- and s o l u t i o n - f r e e - r a d i c a l techniques to 
y i e l d the corresponding polymers ( V - V I I I ) . The polymerizat ions 
were enhanced by low i n i t i a t o r concentrations and mi ld cond i t ions . 
Polymeric mater ia ls were obtained that exhib i ted inherent v i s c o 
s i t i e s as high as 2.03. 

- ^ Ç H — C H 2 | -

C H ^ C H - C - C H C H ^ O - C -

Ο Ο
H »

l o , b V o , b 
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This communication describes an a l te rna te approach to en
hancing the hydro lys i s o f herbicide-polymer bonds, i . e . the co-
polymerizat ion of v i n y l de r iva t ives o f 2,4-D and S i l v e x wi th 
v i n y l monomers containing hydroph i l i c res idues . The rate o f 
hydro lys i s o f es te r l inkages connecting pendent subst i tuents to a 
hydrocarbon backbone i s known to be increased by the incorpora
t i o n of hydroph i l i c groups along the backbone (4 ,19,20) . Pre
l iminary s tudies of the hydrolys is o f p o l y v i n y l 2 , 4 - d i c h l o r o -
phenoxyacetate), po ly(2-acry loy loxye thy l 2,4-dichlorophenoxy-
acetate) (Va), po ly(4-acry loy loxybuty l 2,4-dichlorophenoxy-
acetate) ( V i l a ) , and a se r ies o f copolymers o f 2 -acry loy loxye thy l 
2,4-dichlorophenoxyacetate have a lso been ca r r i ed out. 

Results and Discussion 

Copolymerizations
( l a ) and S i l v e x ( lb ) wer
methacrylimide ( I X ) , 1,1-dimethyl-2-hydroxypropylamine meth-
acry l imide ( X ) , 1,1-dimethyl-(2-hydroxy-3-butoxypropyl)amine 
methacrylimide ( X I ) , a c r y l i c ac id ( X I I ) , and methacryl ic ac id 
(XI I I ) (Table l ) . The copolymerizations with the aminimides were 

C H 2 = C - C ^ - N ( C H 3 ) 3 C H 2 = Ç - C - R ^ - C H 2 CH C H 3 

C H , C H , C H , 
3 IX „ 

Ο 
II 

C H Q = C - C 
2 I 

C H 3 

C H 2 = C H — C O O H 

XII 

c a r r i e d out without solvent at 70° with a z o b i s i s o b u t y r o n i t r i l e 
(AIBN) as the i n i t i a t o r . The aminimides were used as comonomers 
because of t h e i r extremely hydroph i l i c nature (21-23). The co
polymerizations with a c r y l i c ac id and methacryl ic ac id were run in 
2-butanone due to t h e i r tendency to form c ross l inked gels when 
polymerized by bulk techniques. In f a c t , the so lu t i on copoly
merizations wi th a c r y l i c ac id a lso resu l ted in considerable 
amounts of inso lub le m a t e r i a l . The presence of the appropriate 

^ C H , OH 
Θ ffil 3 ι 

- Ν — Ν — C H g r C H C H 2 - 0 - 4 C H 2 ) 3 C H 3 

C H 3 
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CH 
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hydroph i l i c residues (aminimide,-0H,-C02H) i n the copolymers was 
confirmed by in f ra red spectroscopy. 

TABLE 1 

Copolymer!zation Data 

Copolymer 
Copolymer Composition 

Monomer 1 Monomer 2 
Mole % 

Monomer 1 
i n Feed 

r 
XIV l a IX 8 7 b 0.35 

XV l a IX 7 5 b 0.44 

XVI l a 

XVII Ib IX 50 0.54 

XVIII l a X 50 1.00 

XIX Ib X 50 0.81 

XX l a XI 50 0.87 

XXI Ib XI 50 0.78 

XXII Ib XI 80 1.44 

XXIII Ib XI 95 1.43 

XXIV l a XII 80 0.70 C 

XXV l a XI I I 80 b 0 .38 d 

a Inherent v i s c o s i t y (0.50 g/dl i n chlorobenzene at 30°C). 

^Actual composition as determined by elemental a n a l y s i s . 
c Inherent v i s c o s i t y (0.50 g/dl i n sym-tetrachloroethane at 30°C). 

i n h e r e n t v i s c o s i t y (0.50 g/dl i n 2-butanone at 30°C). 

Hydrolysis Studies . The i n i t i a l r e su l t s of a study of the 
hydrolys is o f p o l y v i n y l 2,4-dichlorophenoxyacetate) , po ly(2-
acry loyloxyethyl 2,4-dichlorophenoxyacetate)(Va), po ly (4 -ac ry loy
loxybutyl 2 ,4-dichlorophenoxyacetate)(VIIa) , and the aminimide 
copolymer XIV ind ica te that only the copolymer i s susceptable to 
hydrolys is (Figure 1) (18). This study i s being c a r r i e d out wi th 
polymer samples that were ground and sieved to a p a r t i c l e s i z e of 
125-400 μ, and then immersed i n d i s t i l l e d water (pH = 7.2) at 
30°C. The amount o f herb ic ide released from each polymer i s 
determined p e r i o d i c a l l y by spectrophotometric a n a l y s i s . The 
amounts shown i n Figure 1 are the averages o f three r e p l i c a t e s . 
This study has now been continued fo r 324 days. The copolymer 
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samples have released an average of 23 mg of herbic ide whi le the 
homopolymers have f a i l e d to hydrolyze. 

An i nves t iga t ion of the hydro lys i s o f p o l y ( v i n y l 2 , 4 - d i 
chlorophenoxyacetate), polymer Va , copolymer XV, copolymer XVI , 
and copolymer XXV in a pH 8 buffer has a lso been i n i t i a t e d . The 
buffer was used to simulate the pH of the natural waters i n the 
South where aquatic weed problems are the most pronounced. The 
data shown i n Figure 2 were obtained by employing procedures des
cr ibed for the previous study. As can be seen from the F igure , 
the homopolymers are s t i l l r e s i s t an t to hydro lys i s at pH 8. The 
rate of hydro lys i s of copolymer XV which contains 25% t r i m e t h y l -
amine methacrylimide i s not s i g n i f i c a n t l y d i f f e ren t than that 
observed for copolymer XIV i n the i n i t i a l hydro lys i s study. Co
polymer XVI which contains 35% o f the aminimide, however, releases 
herbic ide considerably fas te r . This copolymer has released 20 mg 
of herbic ide in 32 days
ac id copolymer XXV was
polymer released 117 mg of herbic ide in the f i r s t s i x days of the 
study. This rap id hydro lys i s was accompanied by considerable 
swe l l ing of the polymer p a r t i c l e s which prevented further spectro
scopic analys is of the sample s o l u t i o n s . 

Conclusions 

The homopolymers conta ining herbicides as pendent s u b s t i 
tuents prepared in t h i s work w i l l not undergo hydro lys i s under 
s l i g h t l y a l k a l i n e condit ions at 30° . Increasing the length 
of the pendent s ide chains does not in i t s e l f s i g n i f i c a n t l y 
enhance the hydro lys i s of the herbicide-polymer es ter bonds. 
The incorpora t ion of hydroph i l i c aminimide residues along the 
polymer backbone, however, r e su l t s i n the slow hydro lys i s of the 
es ter l inkages . Increasing the percentage o f aminimide in the 
system from 25 to 35% resu l t s in an increase i n the rate o f he rb i 
cide re lease . The rate o f hydro lys is can be increased dramati
c a l l y by incorpora t ing ca rboxy l i c a c i d groups along the polymer 
backbone. These groups are very e f f ec t ive in ca t a lyz ing the 
hydrolys is o f the herbicide-polymer es ter bonds. 

Experimental 

U l t r a v i o l e t spectra were obtained wi th a Cary Model 14 
spectrophotometer. Infrared spectra were obtained on th in f i lms 
with a Perkin-Elmer Model 457 spectrophotometer. V i s c o s i t i e s were 
determined with a Cannon Number 75 viscometer. The aminimide 
monomers were furnished by Ashland Chemicals, Columbus, Ohio. 

General Bulk Copolymer!zation Procedure. Herbicide monomer, 
comonomer, and 0.1% AIBN were thoroughly mixed and s lowly heated 
to 70° . Af te r heating at 70° fo r 3 h r , the residue was cooled , 
d i sso lved i n chloroform, and p r ec ip i t a t ed i n hexane. The polymer 
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was c o l l e c t e d by f i l t r a t i o n and d r i ed under vacuum at 60° fo r 
24 hr . 

General Solu t ion Copolymerization Procedure. Herbicide 
monomer, comonomer, 2-butanone (4 ml/g o f monomers), and 0.05% 
AIBN were thoroughly mixed and s lowly heated under ni trogen to 
75° . Af ter heating at 75° fo r 3 h r , the mixture was cooled , 
d i l u t e d with 2-butanone, and p r ec ip i t a t ed in hexane. The copoly
mer was c o l l e c t e d by f i l t r a t i o n and d r i ed under vacuum at 60° 
for 3 hr . 

Hydrolys is S tudies . The copolymers were extracted wi th 
methanol for 18 hr to remove unreacted monomer, d r ied under 
vacuum, and then ground and sieved to a p a r t i c l e s i z e of 125-
400 y. Three one-gram samples of each copolymer were placed in 
500-ml erlenmeyer f lask
hydroxide buffer (pH =
constant temperature bath at 30±0 .1° . The amount o f herbic ide 
released from each copolymer was determined p e r i o d i c a l l y by 
spectrophotometry analys is at 198 nm. 
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Control of Aquatic Weeds by Chronic Intoxication 

GEORGE E. JANES 
Creative Biology Laboratory, Inc., 3070 Cleveland-Massillon Road, 
Barberton, Ohio 44203 

Laboratory studie
others have shown that
released from specially compounded elastomers at relatively con
stant rates over long periods of time. The chemicals or "pesti
cides" thus released demonstrate the same biological activity as 
if they were conventionally applied. 

The controlled release system, however, offers advantages or 
variations in approach that are not possible or at best are 
impractical with conventional application. Chronic intoxication 
of pest aquatic weeds with a constant low level herbicide dosage 
is one example. Obviously the high cost of conventional spread
ing or spraying herbicides precludes daily applications of ultra 
low concentrations and dictates that a single acute dose be 
applied. 

Chronic intoxication of aquatic weeds by itself, is not an 
advantage in favor of controlled release. Ultimately there must 
be an economic or environmental advantage. Thus it is not suf
ficient to simply extend the toxicant disbursal time. There must 
be an accompanying enhancement of efficacy, an extention of the 
time between applications, a reduction in toxicant usage, or some 
other factor altered that can be converted into a dollar savings 
or environmental benefit. 

With this in mind, we were quick to note during the course 
of this effort that the mortality curve, in many instances, was 
not proportional to the dosages used, i.e. i f 0.1 ppm/day dose 
killed in one week and the concentration/time (Ct) equation were 
accurate, then a 0.01 ppm/day dose should give the same results 
in 10 weeks. Both in laboratory and pond tests, this was not so. 
The time factor was about 1.7 and not 10. Thus, i t was hypoth
esized that whereas a Ct relationship probably held for acute 
terminal dosages where the time period was confined to several 
days, i.e. conventional treatment; the ultralow agent concentra
tions experienced with slow release methodology leads to a termi
nal chronic intoxication whose mechanism of action is different. 

It is also suspected that the slow release mechanism results 

231 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



232 CONTROLLED R E L E A S E P O L Y M E R I C FORMULATIONS 

in a truly molecular concentration in the water envelope, whereas 
conventional use of granules, emulsions, etc. lead to molecular 
aggregrates. The statistics of contact as well as the absorbtiv-
ity of the agent by the plant may be significantly different. 

This "chronicity" phenomenon was investigated in a study 
involving two basic experiments. In one the herbicide was added 
daily and the toxicant was allowed to accumulate. In the other 
case the herbicide was also added daily, but the test water was 
changed so that the agent concentration was held fairly constant. 

Watermilfoil, Elodea, Cabomba, Vallisneria and Southern 
naiad were evaluated in one gallon jars, each with 3 liters of 
water. Plants were potted, three to the jar, in 200 ml. cups. 
Gro-lux lighting was used in indoor tests with intensity adjusted 
for optimum growth. Other plants were tested in 5 gallon plastic 
lined containers. Plants were conditioned for 4 to 8 weeks prior 
to instituting a poisonin

Test containers wer
jectively rated on a 100 (healthy) to 0 (mortality) scale with the 
degree of thinning and browning serving as the rating criteria. 

Evaluations performed during the course of this effort tend 
to confirm the hypothesis that the Ct relationship does not hold 
when ultralow herbicide concentrations are maintained for extended 
periods of time. This is shown in the following data. 

TABLE 1 

EFFECTS OF FIVE TOXICANTS ON WATERMILFOIL: DOSE ACCUMULATIVE 

Toxicant Dose (ppmw) Days to Given % Mortality 
50% 90% 100% 

Diquat 1.0 9 13 14 
tt 0.1 9 12 13 
it 0.01 10 16 19 
tt 0.001 18 24 38 

Fenac 1.0 14 19 21 
tt 0.1 22 42 43 
II 0.01 24 43 48 
t l 0.001 never never never 

Silvex 1.0 8 13 18 
i t 0.1 18 23 27 
11 0.01 18 20 21 
II 0.001 never never plants recovered 

2,4-D acid 1.0 8 12 14 
It 0.1 8 14 18 
II 0.01 13 20 24 
II 0.001 21 never recovery 
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TABLE I (cont.) 

EFFECTS OF FIVE TOXICANTS ON WATERMILFOIL: DOSE ACCUMULATIVE 

Toxicant Dose (ppraw) Days to Given % Mortality 
50% 90% 100% 

2,4-D BEE 1.0 10 13 15 
0.1 10 15 17 

" 0.01 10 14 18 
" 0.001 10 IS 22 

Water Controls average 6% mortality 
Solvent Controls average 16% mortality 

EFFECTS OF FIVE TOXICANTS ON WATERMILFOIL: DOSE CONSTANT 

Toxicant Dose (ppmw) Days to Given % Mortality 
50% 90% 100% 

Diquat 1.0 8 10 11 
It 0.1 9 14 19 
f! 0.01 9 13 16 
II 0.001 23 27 32 

Fenac 1.0 19 never recovery 
II 0.1 never never recovery 
II 0.01 23 never recovery 
II 0.001 35 never recovery 

Silvex 1.0 8 11 15 
II 0.1 20 never never 
ft 0.01 21 never never 
tt 0.001 never never never 

2,4-D acid 1.0 12 18 20 
π 0.1 20 never never 
It 0.01 never never never 
It 0.001 never never never 

2,4-D BEE 1.0 7 10 13 
It 0.1 6 13 19 
II 0.01 13 22 24 
11 0.001 20 38 never 

Water Controls 31% mortality 
Solvents Controls 35% mortality 
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Days: 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 
Figure 1. Diquat vs. watermilfoil: dose accumulative 

Figure 2. Diquat vs. watermilfoil: dose constant 
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The preceding data represents an average reading of four 
test aquaria, or a total of 12 plants, for each toxicant at each 
concentration. Control data is an average of 12 jars or 36 plants 
each. 

The data on 2,4-D BEE and Diquat is shown in graph form in 
Figures 1 through 4 to better illustrate the minimal time penal
ties incurred to achieve control at ultra-low toxicant concentra
tions. 

A controlled release formulation of copper sulfate monohy
drate (JL) with a measured release rate of only a fraction of one 
percent of total available toxicant per day was evaluated against 
Vallisneria, Cabomba. duckweed, watermilfoil and algae to see i f 
the f ,chronicity M phenomenon" was reflected in the results. 

Planting, preparation and rating was the same as in the pre
vious experiments. Toxicant pellets were added at 10 ppm, 50 ppm 
and 100 ppm by rubber weigh
of 1.75 ppm, 8.75 ppm an
a 0.03 ppm copper ion solution to approximate the actual release 
from a 100 ppm pellet. Table III shows the data for the Cabomba 
exposure and the information is charted in Figure 5. The "chron
ic ity phenomenon" is pronounced here in that a difference of only 
5 days is noted for a 100% k i l l between the lowest and highest 
rates. (2) 

Figure 3. BEE vs. watermilfoil: dose accumulative 
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Figure 4. 2,4-D BEE vs. watermilfoil: dose constant 

Days: 0 5 10 15 20 25 30 35 40 45 50 55 60 
Figure 5. E-51 vs. Cabomba caroliniana 
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TABLE III 

E-51 vs. Cabomba carolintana 
Mortality at a given time (day)* 

Day Control CirH- 0.03 ppm/dav 10 ppm 50 ppm 100 ι 
5 3% 10% 23% 37% 26% 
10 10% 30 33 60 40 
15 24 35 50 82 60 
20 30 40 66 85 78 
25 30 45 80 85 78 
30 30 65 90 92 90 
35 40 65 93 100 100 
40 30 90 100 — --45 25 
50 25 

* average of replicates 

The presence or absence of the "chronicity phenomenon" as 
noted in these studies to date is summerized in Table IV. 

TABLE IV 

Presence (+) or Absence (-) 
of the "Chronicity Phenomenon" 

Plants 
Herbicide Vallisneria Cabomba Milfoi l Elodea Southern Naiad 

2,4-D BEE + + + + UNK 

Diquat + + + + -f-

Silvex -'r + + UNK 

Fenac + + + + 

2,4-D Acid - + - + UNK 

Endothall - + + 

Fenuron - + UNK + UNK 

Copper + + + + UNK 
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Conclusions 

The studies indicate that chronic intoxication of aquatic 
plants occurs and that very low doses of herbicides will destroy 
pest weeds given a long enough period of time. Furthermore, 
there is in many instances a beneficial chronic effect which min
imizes the time penalty. This "chronicity phenomenon" indicates 
that control with slow release materials could significantly 
reduce environmental contamination as well as lowering costs and 
minimizing field hazards in handling toxicants. 
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Organometallic Polymers: Development of Controlled 
Release Antifoulants 

VINCENT J. CASTELLI and WILLIAM L. YEAGER 
David W. Taylor Naval Ship R&D Center, Annapolis, Md. 21402 

The savings associate
coatings are quite real, especially for the Navy. Estimates of 
the rates of fouling for ships vary, as do the effects of these 
fouling rates on hull drag and the attendant increases in fuel 
consumption. For Navy ships, it is estimated that the increase 
in fuel consumption averages 8 - 10% per year from day one out of 
drydock. These increases are cumulative, and there is evidence 
that the rate increases even faster following the period of 
incipient antifouling coating failure. Since the current dry-
docking schedule for most Navy ships is five years, i t is our 
estimate that on the average 20 - 25% of the fuel consumption per 
year is attributable exclusively to the fouling of the hull. 
Since the Navy's annual fuel bill at post energy crisis costs 
exceeds $700 million, this wasted fuel is costing the Navy about 
$150 million per year. Savings as low as 1% of these huge costs 
would permit extensive return-on-investment on the cost of the 
development of long life antifouling coatings. 

The need to control the activities of plant and animal pests 
is well accepted. However, environmental concerns have necessi
tated that prudence be exercised especially when the more toxic 
pesticides are used. Many of these toxicants have been shown to 
be resistant to degradation and to possess activity toward plants 
and animals other than the original target specie(s). It was 
this concern that alerted the Navy to the problems present with 
its current antifouling paint systems. Antifouling paints, by 
their very nature, are designed to leach out a pesticide to pre
vent the attachment and growth of fouling organisms. The i n i t i a l 
leaching is far in excess of the amounts required to control foul
ing, but since the rate of solution of the pesticide decays 
exponentially, large amounts of chemical are wasted in the i n i t i a l 
phases, only to leave the coating depleted of toxin in a short 
period of time. Therefore, the coating is susceptable to fouling. 
This waste is further compounded because once these toxic sub
stances leave the coating film, they are free to interfere with 
the l i f e processes of a l l susceptible organisms. 
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THE "WHYS" OF CONTROLLED 
RELEASE 

1. D E C R E A S E P E S T I C I D E D O S E 

2. L I M I T S P H E R E O F A C T I O N 

3 . S A V E M O N E Y A N D 
E N V I R O N M E N T 

CONTROLLED RELEASE 
BY CHEMICAL ATTACHMENT 

Figure 2 
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The idea therefore, at that time, was to produce a "non
toxic" toxicant whose effects would only be apparent on those 
surfaces treated with i t . The quandry this posed was resolved 
with the idea of producing a surface which provided toxic 
dosages "on demand," at the instant a fouling organism started 
to settle. This postulated material was termed a "contact 
toxin," and was our f i r s t exposure to the concept of controlled 
release. The rationale for the controlled release approach is 
summarized in Figure 1. 

The basic controlled release idea using chemical bonding is 
indicated conceptually in Figure 2. One practical rendition is 
also described in the same figure. This particular approach was 
utilized by Dyckman, et al (1972, 1974, 1975) to formulate poly
meric resins whose pesticide portion was primarily organometallic 
toxicants, and were name organometallic polymers (OMPs)  As may 
have been predicted, th
nature will be influence
Figure 3. These three factors a l l have profound effects on the 
ability of the system to perform effectively, but the relative 
contribution of each subsystem has yet to be determined. However, 
the characteristics of the individual pieces of the system have 
been well studied. 

Perhaps the most intensely studied subsystem has been the 
pesticides, since i t is ultimately their task to provide the 
required control. Some of the more common marine pesticides are 
given in Figure 4. These include the metallic materials such as 
copper, one of man's f i r s t antifoulants, and copper alloys, such 
as the various copper-nickel alloys so favored for submerged 
marine applications. Also included are the inorganic compounds, 
such as copper oxide, which presently handles over 75% of current 
demand for antifoulant coatings, arsenic salts, which are no 
longer used to any extent in marine antifouling coatings due to 
gross occupational hazards associated with their manufacture and 
application and mercuric salts, which though they have displayed 
fine fouling resistance suffer from the same problems as do the 
arsenic salts. More recent additions to the field of marine 
pesticides are the organic antifoulants particularly the poly-
chlorinated phenols, which provide excellent control of marine 
plants, but possess negligible effect on most fouling animals, 
and the aryl and alkyl nitriles, whose benefits and drawbacks are 
just beginning to be explored. The newest class of antifoulants 
to be investigated are the organometallic pesticides, such as the 
trialkyl and triaryl tin compounds, which have demonstrated 
relatively wide spectrum activity against most species of fouling 
plants and animals, triaryl lead compounds, whose effectiveness 
has been shown to extend over a wide range of fouling organisms, 
and various organomercurials and organoarsenicals whose effective
ness is l i t t l e disputed but which suffer from even more trouble
some manufacture and application hazards than their inorganic 
cousins. 
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FACTORS INFLUENCING 
EFFECTIVE ACTION 

® P E S T I C I D E 

2 ) P O L Y M E R T Y P E 

3 ) L I N K A G E B E T W E E N P E S T I C I D E 
A N D P O L Y M E R 

Figure 3 

COMMON MARINE PESTICIDES 

METALLIC -

INORGANIC -

ORGANIC -

ORGANOMETALLIC -

Cu 

Cu ALLOYS 

CuO 
ARSENICAL SALTS 
MERCURIAL SALTS 
POLYCHLOROPHENOLS 
ARYL AND ALKYL NITRILES 

TRIALKYL AND TRIARYL TINS 
TRIARYL LEADS 
VARIOUS ORGANOMERCURIALS 
VARIOUS ORGANOARSENICALS 

Figure 4 
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In choosing a pesticide from the above l i s t suitable for a 
controlled release formulation, certain factors need to be 
considered. One factor is that antifouling control should be 
obtained at relatively low dosage level to permit slow degradation 
of the controlled release formulation with attendant long service 
l i f e . The Navy, for example, is presently seeking hull coatings 
capable of remaining fouling free for five years. Another 
consideration is the ability of the pesticide to provide suitable 
binding sites for chemical attachment. In the case of metallic 
and inorganic compounds, these are obviously not suitable when 
bonded ionicly, because of problems in maintaining effective 
counter-ion concentration at the surface in a medium such as sea-
water. If these compounds were bonded covalently however, the 
effect would be the production of organometallic compounds, which 
might be effective agents. But by far, organic and organometallic 
antifoulants provide th
through convalent chemica
toxic compounds possessing certain types of pendants such as 
hydroxyl, amino and carboxylic groups, just to name a few. 

The second subsystem affecting the performance of the 
controlled release pesticide is the "inert" polymer backbone. It 
is the carrier for the pesticide, and its properties determine 
the possible applications for the materials. Examples of polymer 
types, properties, and potential areas of usage are provided in 
Figure 5. Most present applications of plastics in the marine 
environment can be accomodated by the polymers listed, and for 
these not covered suitable modifications can be developed. 

These modifications will be determined by the last element 
of our system, the type of chemical bond. Though, in theory, any 
chemical bond which can provide an adequate joint between the 
polymer and the pesticide is suitable, certain bond types are 
preferred. This preference is generally related to the ease of 
synthesis of the required monomers, and therefore have been 
limited. Those linkages which have been investigated at this 
Laboratory appear in Figure 6. The most encouraging results to 
date has been in cases where the bonding has been through an 
ester linkage. Field results in which the polymers have been 
various vinyl monomers with carboxylic groups esterfied to 
organometallic tin species have shown four years of 100% resis
tance to a l l forms of fouling in continuing tests. Field results 
of polymer systems in which the bonding has been through ether 
linkages is less encouraging with test samples lasting less than 
eighteen months. The third system in which the linkage has been 
through a carbon-carbon bond, has been the most disappointing 
with test panels not even lasting six months. With the above 
empirical data as a guide, emphasis at our Laboratory has been 
placed on refining the polymer-pesticide systems which use the 
ester linkage. Also work is underway investigating high perfor
mance polymeric systems - epoxies for the formulation of fouling 
resistant glass reinforced laminates and polyurethanes for high 
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performance coating applications. 
With the empirical data available to date on the types of 

controlled release polymers described, i t is beneficial to examine 
the possible theories which might describe the actual mode of 
action. The more plausible theories are outlined in Figure 7. 
Realistically, the true mechanism is probably a combination of 
some that are given. 

The f i r s t postulates that the molecular weight of the major
ity of the polymer is low enough to permit solution of the intact 
toxic substituted polymer. This toxic polymer would then be free 
to diffuse away from the surface and then might be ingested by 
some potential fouling organism in which the toxic groups would 
be cleaved from the backbone and, disrupt the normal activities 
of the organism. Considering the observed long antifouling 
service l i f e of some of the polymer systems of relatively high 
molecular weight (over
not entirely feasible

The next pathway assumes that the controlled release system 
functions in the manner originally envisioned. Specifically, this 
postulates that the basic mode of bond cleavage occurs only when 
an organism makes intimate contact with the surface, as in attach
ment. It is then thought that the body fluids of the animal in 
some way catalyze the hydrolysis of the ester linkage and produce 
a local high concentration of the antifoulant which then is able 
to eliminate the fouling organism. After this has occurred 
innumerable times on the same polymer chain, the hydrophilicity of 

POSSIBLE MODES OF ACTION 

1. INTACT TOXIC POLYMER SOLVOLYSIS 

2. SURFACE BIOTIC BOND CLEAVAGE 

(CONTACT TOXIN) 

3. SURFACE ABIOTIC BOND CLEAVAGE 

4. BULK ABIOTIC BOND CLEAVAGE 

5. PESTICIDE DETOXIFICATION AND SUB
SEQUENT BOND CLEAVAGE 

Figure 7 
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the chain is increased to the point where solution of the stripped 
polymer chain is possible, and in so doing, a fresh, completely 
toxic surface is exposed. In this model, the increase in the 
hydrophilicity of the stripped polymer chain is assumed to be 
sufficient to permit solvolysis, and precludes the existence 
of large numbers of hydrophobic chain members, as well as limits 
the chain to essentially two-dimensional structure devoid of 
cross-linking. There is no evidence which discounts this theory 
of the "contact toxin, 1 1 in fact, bouyed by the long resistance to 
fouling exhibited by many of the test panels, may indeed be 
wholly or partially responsible for their apparent success. 

The third pathway assumes that the fouling resistance of 
these polymers is the result of a normal degree of weathering to 
which a l l materials exposed in the marine environment are 
subjected. The chemical forces which are responsible for this 
degradation are also responsibl
linkage anchoring the pesticide
nearly constant outflow of pesticide from the surface which would 
be in excess of the lethal concentration for the fouling organisms. 
This model also assumes that after a sufficient number of 
hydrolyses of the toxic pendant groups occurs the hydrophilicity 
is sufficient to permit solvolysis. Also assumed is an absence 
of large numbers of hydrophobic chain members as well as a limit 
of the chain to essentially two-dimensional structure, devoid of 
cross-linking. The available evidence does not discount this 
model, and may in fact be used to support i t . Since the 
phenomenon of weathering is known to be essentially a slow 
process, i t is possible for a material to display the observed 
antifouling action, and may be partially or wholly responsible 
for the performance indicated. 

Another model postulates that these polymeric materials can 
be envisioned as tight sponges in which the "holes" are f i l l e d 
by chemically bound toxicant. The toxicant bond to the polymer 
is cleaved through some hydrolysis mechanism and slowly diffuses 
from the boundary layer in contact with the surface into the sea-
water environment. This exposes new pendant toxicants which are 
then cleaved, and then diffused, etc. All during this time 
period, the stripped polymer chains remain intact on the surface. 
After sufficient time has elapsed, the stripped polymer network 
appears as a sponge of sorts in which the necessary agents which 
affect hydrolysis are diffusing into the matrix, and the 
hydrolyzed pesticide is diffusing out of the network. This model 
differs in one important aspect from the currently recognized 
model of conventional antifouling paints in that the rate of 
toxicant outflow from the controlled release polymer is governed 
by the chemical hydrolysis of the polymer-pesticide bond, not 
simply the dissolution of the toxicant. This theory also is 
supported by evidence from the field which indicates that even 
the most highly cross-lined organometallic polymer resins are 
effective antifoulants after four years of marine exposure in a 
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continuing series of tests. 
The last model proposed is more "blue sky" than any of the 

preceding in that i t postulates that i t is the toxic surface i t 
self which prevents fouling by giving the fouling organisms a 
"bad taste" when they attempt to settle on the surface, and 
effectively preventing a l l fouling. The degradation of the 
surface would be concentrated primarily on the pesticide and 
would detoxify the agent before i t ever left the surface. In 
effect, this would be an antifoulant which would only be toxic on 
the surface to which i t was applied, and have only the most minor 
of environmental impacts, since the leachate from the surface 
would be of low inherent toxicity. This model cannot be elimina
ted from the data available at present, but should possibly be 
taken as a goal to strive for, rather than celebrating i t as 
one achieved. 
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The paper is concerne
terials, when immersed in organic sweller solvents or in water. 
These releases are a function of the lower polymer fraction with
in such polymeric materials. They refer to such compounds which 
have been formed by the development of a high polymer fraction 
within an initial low polymer fluid which represents the monomer 
form or its minor modifications in this development and remains 
still present within the polymer material even when other frac
tions have already progressed to a higher polymer form. Such 
formations are here being referred to as "heterophase polymeric 
materials". These polymer formations with their fluid fraction 
are of particular interest because they relate to formations 
which occur in nature as well as in synthetic materials. Hereby 
the starting material is molecularly dispersible or "soluble", 
and the developing polymer matter is no longer molecularly dis
persible or no longer "soluble" and is capable of increasing its 
volume in contact with the liquid sweller substance. Even though 
both have the appearance of a uniform material they consist of 
more than one phase each of which participates in the development 
of the characteristics of the product. 

The question arises how far the lower polymer sweller frac
tion remains stable over extended periods of time when no expo
sure to specific energy applications takes place. That is, whe
ther heterophase polymer materials w i l l , on aging, remain in the 
state of mixed fractions or i f under such conditions the low poly
mer fraction will continue to progress in polymerization and will 
so change the ratio between the fractions. The paper shows that, 
indeed, heterophase polymer materials - synthetic as well as na
tural ones - can maintain their condition over very long periods 
of time and that even afterwards i t is s t i l l possible to separate 
their fluid sweller fraction under the same methods as estab
lished previously, and subsequently the so-isolated fluid frac
tion can chemically be reacted into higher polymeric forms in the 
same manner as in reacting their i n i t i a l low polymer form. These 
facts are being studied experimentally in laboratory tests in the 
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f i r s t section of the paper. In a second experimental section, 
various factors of this presentation are then tested also by 
studying the behavior of the modified elastomeric polymers and 
their released fractions under extended outdoor underwater expo
sure and, in particular, the resulting behavior of such selected 
materials against the attack of fouling organisms. 

Section I. Laboratory Investigations 

The laboratory investigations concern: (a) the release of a 
sweller fraction from a natural crepe rubber, (b) the varying 
forms of releases from a polyether urethane compound when differ
ent forms of organo metal components have been introduced, (c) 
the heterophase polymer character of selected natural resins, 
and (e) of heterophase polymeric residues of the petroleum dis
ti l l a t i o n . 

The Release of the Sweller Fraction from Natural Crepe Rub
ber. In preceding papers the heterophase character of a synthe
t i c polyisoprene, the introduction of organo metal acetates, and 
the release of the soluble fraction without and with the attached 
organo metal groupings have been studied (1)(2). The present 
study is concerned with investigations on a natural No. IX Thick 
Pale Crepe rubber. Such material is obtained by the coagulation 
of the Hevea Plantation rubber latex with subsequent washing and 
drying of the coagulum. Hereby the rubber globules of the latex 
stage fuse into one crude rubber which has a homogeneous appear
ance (3). In view of this fused condition the presence of the 
tridimensional insoluble fraction and of the fluid lower polymer 
fraction is less readily detectable. However after the crude rub
ber is immersed in benzene (benzol) and allowed to swell to a 
stage where i t i s dispersed in the solvent, the high polymer frac
tion can be precipitated by the addition of a poorer sweller 
fluid. The precipitate can then be separated and studied. Viewed 
under the electron microscope such particles are tridimensional 
in appearance, but they are noncrystalline and therefore the elec
tron diffraction pattern shows no indication of the "spot" forma
tions typical for a l l crystalline materials. (Figure 1) 

Studies of the presence and the release of the fluid fraction 
are influenced by the fused state of the produced crepe rubber. 
A specimen of fused rubber rotated in distilled water for 3 days 
shows in the infrared spectrum of its ether-extracted matter, 
the presence of the released rubber around 2950 cm-1 ; the ex
pected band around 1750 cm-1 is very l i t t l e developed. But when 
the crepe rubber has been loosened by swelling in benzol and 
after driving off the sweller the resulting gel under water immer
sion releases an increased ratio of the lower polymer fraction and 
gives an increased band at around 1750 cm-1 . When an organo 
metal grouping is being introduced, using tributyllead acetate 
(10% of the rubber solids in the dispersion), the underwater re
lease from the new gel material shows in its ether extracted 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



250 CONTROLLED R E L E A S E P O L Y M E R I C FORMULATIONS 

Figure 1. Natural crepe rubber: (a) precipitated phase (125,000χ); (b) its electron dif
fraction pattern 

Figure 2. Infrared spectra of released fractions of natural crepe rubber 
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matter the 1750 cm-1 band where the lower polymer fraction has re
acted strongly with the new groupings besides the same bands as 
had been observed on organo lead modifications of elastomers (4). 
The infrared spectra are made with the P-E .Model 621 grating spec
trophotometer. The released lead content in the exposure water 
is determined using the dithizone test of ASTM C-555-64 T. 
(Figure 2) 

Comparative studies have been made of a synthetic elastomeric 
polymer material with introduced triphenyllead acetate groupings: 
studying once the released matter from an immersion in water and 
again from immersion of the applied polymer in an organic solvent 
which is, in particular, a solvent for the low polymer fractions. 
The spectra of two recovered releases (in water and in hexane) 
show that the low polymeric fraction has been released together 
with the incorporated organolead grouping. The release in hexane 
is hereby considerably
water. (Figure 3) 

The Influence of the Introduced Organometal Component on a 
Polyurethane Resin. In the preceding studies the organo metal 
grouping is introduced into the lower polymer fraction of the 
heterophase polymers in the form of organo metal acylates such as 
triphenyllead acetate, dibutyltin diacetate, and others. The re
sulting released matter combines the organic spectrum as well as 
the organo metal grouping of the developing polymer. On the other 
hand the author has shown that many thermoplastic polymer resins 
as well as elastomeric polymers increase rapidly into highly de
veloped tridimensional formations when reacted with tetra alkyl 
titanates (5)(6). It is therefore of interest to explore whether 
or not such gel formation with alkyl titanates also will release, 
under water, corresponding lower polymeric and organo metal group-
carrying fractions which can be identified in their infrared spec
tra. For this investigation a fluid polyether urethane was se
lected. The resin as obtained has a low ratio of tridimensional 
to liquid fraction. When dispersed 1:1 in benzol, the addition of 
petroleum ether or of acetone causes a limited precipitation; and 
when this is left on a glass slide over night, no gelation of the 
precipitate is visible. But when this resin is exposed to the in
frared light of the GE R-40 250 watt lamp at 50°C. the ratio of 
tri-dimensional matter increases considerably and can be precipi
tated from a benzol dispersion. Such a precipitate fuses on the 
slide into a coherent film. This demonstrates the available re
activity in the i n i t i a l product. Gelation products were prepared 
with organo metal acylates as well as with tetra alkyl titanates. 
Both were immersed in water and their releases were studied under 
the infrared spectrophotometer. The released matter from the 
gelation product with tributyllead acetate shows in the IR spec
trum the typical bands of the urethane groupings as well as of the 
organo lead matter, but the gelation product with a tetraethyl-
hexyl titanate does not show the corresponding bands. This form 
of gelation is therefore of a different nature due to the 
specific nature of the titanate itse l f . (Figure 4 and 5) 
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Figure 3. Infrared spectra of releases from elastomeric paint G-4 

Recovering the Lower Polymer Fraction from Aged Polymer For
mations: An Aged Highly Polymerized Polystyrene. Without the in
troduction of any of these organo metal groups into the hetero
phase polymers, the low polymer fraction itself remains unchanged 
and is therefore being released into organic sweller solvents as 
well as into water in its own form. On the other hand, experi
ences in the large scale production of polystyrene and polystyrene 
-butadiene rubbers have shown that the styrene vapors on sudden 
cooling can be obtained in highly insolubilized polymer forms, 
which because of their appearance have been referred to as popcorn 
styrene. In 1948 the author has shown that gelled or solid drying 
o i l polymers (that i s , insoluble polymers of unsaturated glycer-

Figure 4. Fluid poluurethane (450χ): (a) fresh precipitate; (b) same, after exposure to 
ir; (c)on glass slide 24 hr; (d) ir-exposed precipitate, left on slide 24 hr 
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Figure 5. Infrared spectra of releases from polyether urethane 

ine fatty acid ester-oils) can be redispersed by heating them with 
metal soaps whereafter they may be "diluted" with volatile sol
vents. Film forming dispersions had so been obtained and such re
sulting films contain the dispersed high polymer units imbedded 
solidly within the films. When strips of such films are immersed 
in freshly distilled monostyrene there occurs at around 50°C. a 
formation of film-shaped infusible polystyrene, following in its 
pattern that of the immersed polymer film. Such a formation which 
had been prepared in 1948, that is about 27 years ago (7), has now 
been studied in order to determine how far this early formation 
of insoluble polystyrene s t i l l contains a lower polymer fraction 
or i f during the long storage in the laboratory the polymerization 
has progressed and has insolubilized this i n i t i a l l y soluble frac
tion. On breaking off parts of the old polystyrene sample, pow
dering i t , and dispersing i t in carbon tetrachloride the recovered 
monostyrene was found within the IR spectrum of this dispersion; 
and in swelling the old polystyrene in benzol the low polymer 
fraction was released into the sweller, isolated, and identified 
from there. (Figure 6 and 7) 

Heterophase Condition of a Polymer Tung Oil Gel after 25 
Years in the Soil. The behavior of a low polymer sweller fraction 
has been studied under more severe storage conditions in the case 
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Figure 6. Grown polystyrene of 1949: (a) whole sample, and in 
cross-section; (b) electron micrograph (ΙΟΟ,ΟΟΟχ), with inset (450χ) 
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Figure 7. Infrared spectra of released fractions from styrene 
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of a polymer Chinawood o i l , which was recovered after having been 
spilled during production into the earth a long time ago. The 
Chinawood-, or tung, o i l is the most readily polymerizing drying 
o i l , since i t is an alpha-elaeostearic acid triglyceride having 
three conjugated double bonds in each of its three acid groups. 
On heating, i t turns readily into an insoluble gel. However in 
this coherent gel form i t shows, when dispersed in a solvent upon 
precipitation under an electron microscope, the solid high polymer 
units surrounded by a fluid fraction and i t is possible to study 
the progress of the formation of its solid phase progressingly 
under varying heating conditions. For the present studies on the 
stability of its fluid fraction a special gelled form has been 
used. About forty years ago when the author was in charge of a 
varnish factory in Europe considerable amounts of Chinawood o i l 
were prepolymerized into a heat bodied o i l , heating i t in venti
lated kettels under carbo
what higher than the Z-
was then transferred to 500 gallon storage tanks which had been 
placed on shelves above the bare ground under a wooden roof. When 
the crew took out some of the pretreated o i l regularly, they evi
dently spilled some o i l which sank into the ground. But when 25 
years later the factory was enlarged and the s o i l excavated con
glomerates of solid polymerized o i l were recovered, and some of i t 
was sent to the author's lab. On removing the earth and washing 
the product with solvent to remove some residual stickiness, the 
solvent was again removed. The obtained material represents a 
solidified reddish conglomerate instead of the fluid bodied o i l 
form which sank into the ground. When now the recovered conglom
erates were broken into fine particles and pressed between salt 
crystals, their IR spectrum shows only minor differences from that 
of a freshly prepared o i l gel. And when swollen in benzol for 3 
weeks, i t is possible to recover from the sweller solvent a freed 
fluid o i l which has a spectrum very similar to that of fluid tung 
o i l . This establishes that despite the extended exposure the 
fluid fraction of the polymerized material is s t i l l present. 
(Figures 8, 9 and 10) 

Application of the Test Methods to Heterophase Natural Poly
mers. Extending the study further into the preservation of heter
ophase polymeric conditions over extended periods of time, a na
tural fossil polymer resin has been studied, the Congo copal gum. 
This fossil plant-derived resin is obtained in diggings from 
swampy ground in the spring flood area of the Congo River in cen
tral Africa. For the present studies the underground harvested 
gum was used in a clear, transparent grade known as Grade No. 1. 
Despite the large amounts of gum used around the world the knowl
edge of its chemical nature is limited to the facts that i t is in
soluble in common varnish solvents and that i t can be made soluble 
by a partial breaking down of the polymer gum. Certain long chain 
acids have been identified from this resin, but i t s polymeric and 
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Figure 8. Aged Chinawood oil (tung oil) gel: (a) solids viewed against light (5χ); (b) 
after 25 years in the soil; (c) precipitated fresh gel (ΙΟΟ,ΟΟΟχ) 

FRESH TUNGOIL GEL. 

Figure 9. Infrared spectra of releases from tung oil 
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Figure 10. Infrared spectra of releases from tung oil 

in particular its heterophase nature has not been investigated. 
When, now, the powdered fossil gum was entered into benzol as a 
sweller fluid and exposed there for 3 days at a temperature of 
38°C, the lower polymeric fraction enters the solvent, and can 
from there be isolated as an o i l . This then can further be poly
merized with di-t-butyl peroxide whereby i t turns into a trans
parent resin. Infrared spectra indicate, in the isolated fluid 
o i l , strong characteristic bands around 1800 cm-1 which are not 
defined in the powdered Congo copal gum; the spectra of the perox
ide treated fluid fraction are nearly the same as of the gum. On 
stirring the powdered fossil gum in water for 1 month, the ether 
extract indicates released matter with a strong band at 3000 cm-1 

and between 1750 and 1600 cm-1 . (Figures 11, 12, 13 and 14) 
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Figure 11. Congo copal
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Figure 12. Infrared spectra of releases from fossil Congo copal gum 
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Figure 14. Infrared spectra of fossil gum after fluid fraction has been 
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A polymerizing resin derived from an insect secretion 
(shellac): In nature the formation of heterophase polymeric res
ins is not limited to plant exudations. Another resin which was 
studied is derived from the secretion of an insect, the laccifer 
laca> and is hardening on trees and shrubs in India where the in
sect protects its larvae by the resinous covering. When i t has 
been scraped off, the natives obtain a thermoplastic resin from i t 
which, in warm state, they form into sheets, whereafter the 
hardened sheets are broken into the well known flakes of shellac. 
(The material used in the tests is a Lemon No. 1 Orange Flake 
Shellac). It is alcohol-soluble and its output from India amounts 
to millions of pounds a year. But i t is known that this thermo
plastic and soluble resin turns on extended storage and on heat
ing i t at about 150°C. into a tough rubbery and insoluble gel. 
This indicates that its earlier form has contained an unsaturated 
fluid fraction which i
tion under limited hea
allowing an entry of an organometal aerylate grouping, a mixture 
of shellac with 10% tributyllead acetate was included in the gela
tion tests. The straight shellac gel and the gelled shellac-
organolead product were immersed in water and rotated for 5 days. 
Afterwards the released matter was recovered from both by ethyl 
ether extracts and studied by IR spectroscopy. That the organo-
lead modified gelled shellac gives off lead into the water at a 
gradual rate of release was studied also by the dithizone test. 
A l l these tests confirm the heterophase polymer character of the 
products. (Figure 15) 

Release Studies on the Heterophase Polymer Residues of Petro
leum Asphalts. Finally, the release of a low polymeric matter 
under water immersion was studied also on petroleum asphalts. The 
author has pointed out in an earlier presentation already that 
these petroleum asphalts represent colloidal substances of hetero
phase polymeric nature. Hereby the tri-dimensional insoluble 
fraction has been referred to by an earlier author as the "as-
phaltenes" fraction and the s t i l l soluble fraction of these as
phalts has been referred to as "maltenes" (8). In the present 
work such a petroleum asphalt has been used in its i n i t i a l state, 
and in a second form the polymeric fraction has been increased by 
reacting the asphalt with dicumyl peroxide. Even though this 
treatment increases the softening point from 41.5°C to 53°C and 
lowers the penetration index (0°C) from 166 to 66.5, upon water 
immersion the released fractions from both have the same infrared 
spectrum. It indicates that the peroxide treatment has increased 
the ratio of higher polymer fraction without essentially changing 
the residual low polymer and the released fraction. (Figure 16) 

Sectionll. Underwater Outdoor Exposures 

The aforementioned laboratory experiments established general 
principles of the release of low polymer fractions from hetero
phase polymer coatings. They were studied further under seawater 
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Figure 16. Infrared spectra of releases from petroleum asphalt 
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exposure of applied coatings. By using in particular an organo-
lead toxicant such as triphenyllead acetate (TPLA) for these 
tests, the underwater released fractions were tested for their re
sistance to the growth of algae and of barnacles in highly fouling 
waters in the coastal area of Connecticut throughout the fouling 
season of 1975. The following observations were made: 

The Influence of organolead toxicant in antifouling paints. 
The introduction of organometallic toxicant groupings, such as 
using TPLA, provided in elastomeric polymer vehicles and in a 
vinyl copolymer paint - without wood rosin - satisfactory fouling 
resistance. The introduction of metallic lead powder as a toxi
cant in a vinyl copolymer antifouling paint was ineffective. 
Without the organo-grouping no entry of the lead was possible into 
the lower molecular fraction of the vehicle-polymer. Replacing a 
considerable part of th
practices - by wood rosi
nation nine times. Nevertheless the exposed panels showed, at 
least on the shaded side of the exposure site, a higher rate of 
algal growth than on the all-polymer vehicle paint, despite i t s 
low release rate. (Figure 17 and 18) 

Effect of the Amount of Organolead Toxicant on the Fouling 
Resistance of Elastomeric Coatings. In the same Connecticut 
coastal area, early in 1974, the underwater section of a ship was 
painted with an elastomeric paint G-4 containing TPLA as the only 
toxicant. This paint contained 10% of the solids in the form of 
TPLA and no growth of marine fouling was observed throughout the 
spring and summer fouling seasons. During the 1975 fouling sea
son, one-fourth of the shipbottom (toward the bow) was exposed 
for a season with the 1974 G-4 coating. The remaining three-
fourths of the hull was repainted with elastomeric coatings con
taining 2.5%, 5% and 10% TPLA, respectively. At the end of the 
1975 fouling season, the ship was inspected. No growth was de
tected on any of these four areas. In another test at the Miami 
test site of the Naval Ship Research and Development Center, 
epoxy fiberglass panels were exposed in duplicate groups which 
were coated with the test paint: one group containing 10% t r i 
phenyllead acetate, another group having 2.5% TPLA. After 11 
months exposure the panels are reported to have 100% fouling re
sistance. 

Introduction of Organolead Toxicant in Water-Based Elasto
meric Paints. Porous concrete blocks, coated with new water-
based elastomeric paints containing TPLA, were free of blistering, 
were nonporous, and showed no sign of marine fouling at the end of 
the 1975 fouling season in Connecticut coastal waters. Corre
sponding coatings with dibutyl tin diacetate as toxicant showed 
after this exposure period - due to their accelerated toxicant re
lease rates - increasing development of fouling. When the same 
water-based paints had been applied on the concrete blocks, 
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Figure 17. Underwater exposures 
of vinyl copolymer paints: (a) with 
organolead; (b) with metallic lead 

Figure 18. Underwater exposures 
of vinyl copolymer paints: (a) with 
organolead with rosin; (b) with or

ganolead without rosin 
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Figure 19. Water-based elastomeric
boxes) after exposure season

with top coat; (b,c) formulation with organolead, without and with top coat 

followed by a top coat, using either the same TPLA paints as used 
on the ship tests or using the same paint formulation but contain
ing a triphenyltin acetate as toxicant, both of these topcoated 
blocks were free of fouling (Figure 19). 
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22 
Use of Pheromones in Insect Control Programs: 
Slow Release Formulations 

B. A. BIERL, E. D. D E V I L B I S S, and J . R. PLIMMER 
Agric. Environ. Qual. Inst., USDA, Beltsville, Md. 20705 

Among the newer strategie
techniques that make use of naturally occurring compounds that 
affect the behavior of insects. These compounds are extremely 
specific in their action and have minimal impact on non-target 
species. They must be protected during the period required for 
activity because they are usually readily degradable by oxidants 
or sunlight. For this purpose, synthetic or natural polymers may 
be used as permeable coatings to protect labile materials and 
permit their controlled release. The U.S. Department of 
Agriculture supports a number of pest control programs involving 
the use of insect attractants. Such compounds are ideally suited 
for incorporation in controlled-release formulations. We have 
examined a number of these formulations and studied some prop
erties that affect the practical application of polymeric formula
tions for release of attractants, including the emission rate and 
its dependence on temperature and other parameters. It is to be 
anticipated that more sophisticated theoretical treatment can 
ultimately provide a direction for improved technology. 

During the past decade, increased knowledge of the chemical 
basis of sensory communication among insects has contributed to 
the science of pest management. Mating behavior, aggregation 
attraction to sites for feeding or oviposition, and other forms of 
insect behavior are mediated by chemicals known as "pheromones". 
Such chemicals are used for communication among members of the 
same species. In particular, some lepidopteran species are 
equipped with well-developed antennae which can detect pheromones 
at extremely low concentrations. Often a specific blend of two 
or three chemicals is used by a particular insect species. How
ever, in the case of the gypsy moth, Lymantria dispar (L.), 
evidence to date indicates that a single compound, identified as 
cis-7,8-epoxy-2-methyloctadecane. disparlure, is the sex pheromone 
emitted by the virgin female to attract the male (1). 

The last decade has witnessed considerable advancement in our 
knowledge of the chemistry of natural pheromones, largely because 
instrumental techniques have improved to the extent that microgram 
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quantities of material can be used for structural studies. The 
minute amounts of pheromones that are secreted by the insect may 
be obtained by extraction or by collection of volatiles emitted 
by caged insects. Sex attractant pheromones are emitted by in
sects of one sex to attract the other and stimulate mating. The 
value of virgin female moths as baits for trapping was recognized 
during the eighteenth century. The use of synthetic chemicals as 
attractants for trapping insects is a well-established practice 
and the identification of pheromones has supplemented and ex
tended the value of this technique. 

Insect traps containing chemical baits are used for surveying 
or monitoring insect infestations. In some cases, grids of traps 
may be adequate to achieve some degree of population control by 
mass trapping. Damage to ornamental or economic plants may thus 
be reduced. Trapping for survey purposes is important i f in
secticide applications
cost and in chemical contaminatio
achieved i f insecticides are applied on a local basis only when tie 
need exists. 

The use of attractant traps for proper timing of insecticidal 
spray applications has achieved considerable savings in the cost 
of insecticides used to control fruit flies (2). Other benefits 
may be cited. For example, regular applications of orchard sprays 
to control the codling moth, Laspeyresia pomonella (L.), have 
affected the balance of population of other insects with the re
sult that some of these have now become major pests. Traps baited 
with the sex attractant pheromone, trans,trans-8,10-dodecadien-l-
ol (codlelure) (3,4) have been used to improve timing of pesticide 
applications and to reduce their frequency. Thus, savings in 
costs have also been accompanied by benefits in pest management 
practices (5^,7), 

A promising technique for control of some insect species is 
the use of pheromones for reduction of mating. Permeation of the 
infested area with sex attractant pheromones or related compounds 
may lead to disorientation of the male and a reduction in fre
quency of mating. Effective reduction of mating should result in 
a decline of the pest population. Experimental evaluation of 
this technique has demonstrated it s ability to reduce mating of 
the gypsy moth, the pink bollworm, Pectinophora gossypiella 
(Saunders), and other insect pests. In one experiment (&), the 
sex pheromone of the pink bollworm, gossyplure, was evaporated 
into the air from evaporators spaced at 40 m. intervals in a l l 
cotton fields in the Coachella Valley of California. The amount 
of larval boll infestation was comparable to that provided by con
ventional insecticide applications and there was about a month de
lay in the onset of larval infestations in the bolls, as compared 
to previous years. 

Mating reduction of the gypsy moth has been successfully 
achieved using formulations of the sex pheromone, disparlure (£, 
10). Disparlure is a stable liquid of relatively low volatility 
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that can be evaporated slowly into the air from a wick or re
servoir. However, consistently successful application of a 
control technique based on air permeation must depend on formula
tions of 'delivery systems' that can be used under a variety of 
environmental conditions. 

Demonstration of the value of a particular chemical in pest 
control is of great scientific interest, but practical applica
tion is necessary to prove its worth. The use of pheromones has 
great promise since they are species-specific and w i l l not ad
versely affect predators or beneficial insects. Environmentally, 
they present a few problems since they are effective at applica
tion rates of few grams per acre (2 to 16 grams per acre in 
the case of disparlure). Chemicals that are readily degradable 
in the environment and that can be used at such extremely low 
rates of application offer valuable alternatives to conventional 
pest control chemicals
strate the use and practica
native techniques of pest control are being undertaken in many 
parts of the U.S. Success depends in part on the use of the 
correct pheromone or blend, combined with a reliable technique 
for release into the environment. 

Our research on formulation of insect pheromones had the 
following two major objectives. The f i r s t was to achieve optimum 
rates of release from a dispenser that could be used in a survey 
trap. The second was to provide a formulation that would per
meate the forest atmosphere with the desired concentration of 
pheromone throughout the mating period of the insect. 

The principal topic of the discussion to follow is the gypsy 
moth and its attractant pheromone, disparlure. The gypsy moth 
is a serious pest of forest, shade, and orchard trees in the 
northeastern U. S. and in Europe. Larvae emerge in early May 
from eggs laid in the previous year. Leaves are consumed by the 
larvae and the resulting defoliation k i l l s many trees. The 
larvae pupate and emerge as adult moths in early summer; a 
flight period of six to eight weeks follows. The male is a strong 
f l i e r but in North America, at least, the female does not normally 
fly. The female emits the pheromone to attract the male for 
mating. For effective use of disparlure in traps, the rate of 
emission of disparlure from the source must be similar to that 
from the female moth and should remain at that level throughout 
the mating period. Several types of dispensers have been used. -, 
The one in current use (the Hereon® dispenser, manufactured by — 
the Hereon Div. of Health-Chem Corp., New York, N.Y., 10010) 
has proved effective for the controlled emission of disparlure 
and a number of other insect pheromones (11). It consists of a 
plastic laminate fabricated in three layers; two outer plastic 

1/ Mention of a proprietary product does not imply endorse
ment by the USDA. 
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layers cover an inner layer impregnated with disparlure. The 
rate of emission of lure is controlled by its concentration and 
by the thickness of the outer layers (Table I). 

Table I. Emission Rate of Hereon Dispenser 

Per Dispensers Season 
% Lure mils mg lure yg/hr * Used 

2.4 7 3.4 0.10 
2.0 12 4.8 0.09 -2.0 21 7.4 0.08 1974 
5.0 7 7.0 0.24 -6.0 13 14.4 0.22 -3.9 6 6.2 0.22 1975 

* Emission rate at  temperatur

By using a simple technique for trapping and measurement of re
leased pheromone (12) , wejiave shown that the emission rate of 
disparlure from a Hereon © dispenser under controlled conditions 
is relatively constant (13, 14). The emission rate of disparlure 
from the dispensers used in 1974 field tests was very low 
(0.1 yg/hr) in proportion to the amount of material originally 
present. Although the rate of emission remained constant over 
extremely long periods, the loss of disparlure was low. Approxi
mately 90% of the lure remained in dispensers that had hung in 
traps for the entire season. 

Current studies of emission rates have taken into account 
not only concentration and thickness of outer layers of the dis
penser but also factors such as temperature and air movement. 

The dispensers used in 1975 field tests, manufactured in 
1975,again contained 6 mg disparlure but the thickness of the 
laminate was only 6 mils. From such a dispenser, the rate of 
emission was 0.24 yg/hr at 80°F in a constant flow of dry air 
at 100 ml/min (Table II). 

Table II. Temperature Dependence of 1975 Hereon Dispensers 
Temp yg/hr * 
80° F 0.24 
90° F 0.45 

100° F 0.83 
Rate of Increase: 1.8 yg/hr per 10° F 
* Emission rate for dispenser containing 6.2 mg of 

lure 
The rate approximately doubled with each increment of 10°F., and 
at 100°F, the rate was 0.83 yg/hr. Under our experimental condi-
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tions, the increase in emission rate with flow rate was linear. 
Emission rates for efficient trapping cannot be arrived at 

by precise laboratory measurement. Biological and atmospheric 
variations wil l be responsible for wide fluctuations in the con
centration of the natural pheromone. Overall constancy of 
emission rate from the dispenser must be maintained throughout 
the flight period, but emission must also be maintained at an 
adequate rate over the range of environmental conditions en
countered in the field. Hereon © dispensers appear to satisfy 
these conditions. Thus, current dispenser technology appears 
adequate but there are other subtle factors which may enter into 
the consideration of insect trapping efficiency. 

Mating disruption techniques that rely on permeation of the 
forest environment by pheromones are subject to similar limita
tions. The technical proble  i  that f providin  unifor
centration of pheromon
flight period of the gypsy ,
as those used for pesticides would require application at fre
quent intervals. Since this is impractical, a controlled-release 
formulation is essential. The effects of environmental condi
tions on such formulations would be expected^to be even more im
portant than those observed with the Hereon® dispensers. It is 
important that an effective level of pheromone be maintained in 
the forest atmosphere during the entire flight period of the moth. 

One of the most promising methods of controlled release of 
insect pheromones is microencapsulation. Although various methods 
of encapsulation are available, our own research has been primar
i l y directed toward the study of the behavior of gelatin-walled 
microcapsules containing a 2% solution of disparlure in xylene/ 
amyl acetate. The capsules range from 25 to 250 microns in size 
and are formulated by the National Cash Register Corp., Dayton, 
Ohio. The formulation was applied as an aerial spray at the 
rate of 2 to 16 grams disparlure per acre. To improve the per
formance of the microencapsulated material during application and 
in the field, thickeners and stickers were added. Such additives 
w i l l affect rates of emission and our laboratory studies were 
aimed at accumulating comparative data on formulations of varying 
composition. Ultimately we hope to correlate laboratory data 
with field behavior so that the performance of candidate formu
lations may be predicted from the laboratory results. 

During the 1975 field season, microencapsulated disparlure 
was applied by air over large acreages in Pennsylvania, 
Massachusetts, New Jersey, and Maryland; by taking field samples, 
we had an opportunity to observe the behavior of microcapsules 
under practical conditions. Subsequently, these observations 
were supplemented by laboratory measurements. However, our 
ultimate goal is to study the distribution of disparlure under 
forest conditions. Experiments to measure disparlure concentra
tions in air have been successful on experimental plots and 
further experiments along these lines will be continued during 
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the 1976 field season. 
Emission rates of the microcapsules produced in 1975 were 

determined for 250 mg of capsules containing 4.2 mg of dispar
lure. The capsules were mixed with 2 other ingredients of the 
formulation, hydroxyethyl cellulose and Rhoplex B-15, and were 
then allowed to dry overnight on a microscope slide. Dry air was 
continuously passed over the capsules for 672 hours (28 days) at 
80°F. Over this period there was no reduction in emission rate, 
although some fluctuations were observed. The average rate of 
emission was approximately 2 ug per hour and at this rate, the 
lure content would be reduced to 50 percent of its original value 
after 43 days. The experiment did not take into account factors 
such as humidity, temperature variations, sun, etc. 

In another experiment, microscope slides coated with capsules 
were maintained indoors at room temperature; outdoors,inverted
covered; outdoors, inverted
posed to the effects o
tions, the time required for the disparlure content of the 
capsules to f a l l to half of its i n i t i a l value was 123 days, 34 
days, 15 days and 10 days respectively (Table III). 

Table III. Aging Effects of Microencapsulated Disparlure 

Exposed to H/2 * 
Location Rain Sun Wind (days) 

Indoors No No No 123 
Outdoors No No Yes 34 
Outdoors No Yes Yes 15 
Outdoors Yes Yes Yes 10 

* Based on residual lure contents 

Many capsules, especially those of larger diameter, appeared 
to lose their spherical shape; this collapse of the capsule wall 
seemed to be related to high humidity. The effects of humidity 
and temperature on the 1975 NCR capsules were determined in the 
laboratory. Increasing temperature had a greater effect on the 
emission rate of disparlure from microcapsules than i t did with 
the Hereon© dispensers; the rate from capsules was 0.59 yg/hr at 
100°F (Table IV). 
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Table IV. NCR Microencapsulated Disparlure 

Temp. Ug/hr 
80°F 0.59 
90°F 1.6 
100°F 4.2 

Rate of Increase: 2.7 ug/hr per 10°F 

* Emission rate for 4.2 mg of lure encapsulated in 
250 mg of wet capsules 

The rate had therefore increased by a factor of 2.7 per 10°F 
compared with a factor of 1.8 for the Hereon® dispensers. If 
the air passing over th
there was also an increas
passing humidified air over capsules for one week was to in
crease the rate of emission by 13-26%. However after 20 days of 
aging there was a 30 to 40% reduction of emission rate in moist 
air compared with that in dry air. ^ 

The rate of emission of disparlure from Hereon dispensers 
or NCR microcapsules was affected by environmental parameters in 
a predictable manner. Although minor modifications of the formu
lations affected the rate of emission, the observed changes were 
not comparable in magnitude to those resulting from temperature 
variations or fluctuations in other environmental parameters. 
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Controlled Release from Hollow Fibers 

E. ASHARE, T. W. BROOKS, and D. W. SWENSON 

CONREL, An Albany International Co., 735 Providence Highway, 
Norwood, Mass. 02062 

In recent years controlle
emerged as a distinct technology  grea y
-use needs in medicine, agriculture, forestry and the home. The 
subject has gained enough prominence to deserve a book (1) and 
two international symposia (2). A growing number of commercial 
products are based on controlled release formulations including 
such familiar items as time release oral medications, fragrance 
dispensing wicks and gels, and impregnated plastic pesticide 
strips or animal collars. Modern controlled release devices 
and systems such as impregnated plastic or rubber matrices, mem
brane envelopes, laminated poromerics and microcapsules testify 
to the growing level of sophistication being demanded of this 
technology to satisfy increasingly complex end-use requirements. 

A novel controlled release device for vaporizable materials 
has been developed, consisting of hollow fibers which function 
both as a reservoir and as a means of control over dissemination 
of vapors from the open end of the fibers. There is great f l e x i 
bility in the use of this system in that it is capable of dis
pensing any vaporizable material at a release rate which is de
pendent on the inside diameter and number of fibers and for an 
effective l i f e dependent on fiber length. This system shows 
promise for use with insect pheromones, insecticides, animal 
repellents, and fragrances. 

Mass Transport Theory 

The mechanism for dispensing of volatile materials from 
capillary channels consists of three steps: 

a. evaporation at the liquid-vapor interface; 
b. diffusion from the liquid-vapor interface to the open 

end of the hollow fiber; 
c. convection away from the open end. 
Generally, the diffusion step will be the rate-controlling 

factor. The rate of diffusion can be predicted by use of the 
transport equations. 

2 7 3 
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The molar flux (Fig. 1), N a is given by (3, p. 522): 

N a « - cD_ ^ a (1) 
1-xa dz 

where x â is the mole fraction of the volatile material, c its 
molar density, and D the diffusion coefficient. 

A mass balance, dNa/dz«0, combined with Eq. (1) and assum
ing ideal gas behavior gives: 

-In <l-xa)= Ciz+C2 (2) 

where C\ and C2 are constants which must be determined by the 
boundary conditions. 

B.C. 1 

B.C

at z«0, x 0 (3) 

The f i r s t boundary condition indicates that there is zero con
centration at the open end of the fiber, i.e., convection is 
sufficient to remove the volatile material away from the fiber. 
The second boundry condition implies vapor-liquid equilibrium at 
the liquid-vapor interface, and P a

 v a p is the vapor pressure of 
the volatile material. 

Applying these boundary conditions gives: 

(l-x a) » (l-P a
v aP/P) (5) 

The liquid-vapor interface is continuously moving away from 
the fiber open end and the rate of this movement can be related 
to the molar flux, Na. 

(6) 

where Δ is the liquid density, M the molecular weight, and $ is 
the distance between the fiber open end and the liquid-vapor 
interface. 

Combining Eqs. (1), (5) and (6) gives: 

d . 
dt 

cMD 

pi 
In (1- _ a ) ( 7 ) 

This then leads to 

dt 
-McD In (1- — 

Ρ 

vap") 
1/2 

'J -1/2 (8) 
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For most materials and temperatures considered P a
v a P « P. A 

Maclaurin expansion of the In term gives: 

x> v a P vap 
In (1 - ^ ) Z - ?a / p 

so that 

dt 
McD 

P vap 
a 

1/2 
t - l / 2 

(9) 

Thus, the change i n meniscus leve l with time, dj^/dt, which 
i s related to the dispensing rate  i s predicted to be inversely 
proportional to the hal
tionship makes use of a
state i s assumed at each instant even though the meniscus i s 
continuously moving. The v a l i d i t y of this relationship was 
checked by measuring the movement of the meniscus for carbon 
tetrachloride. The results are shown i n Figure 2 where the s o l 
i d l i n e represents Eq. 9 and points are measured values for re
lease rate. The agreement i s quite good considering that the 
d i f f u s i o n c o e f f i c i e n t , D, was calculated by using an empirical 
equation (3., Eq. 16.3-1). The slope of the experimental curve 
i s -1/2 as predicted by Eq. 9. 

The vapor pressure used i n Eq. 9 i s not the true e q u i l i b 
rium vapor pressure of the material but a reduced value due to 
the curved meniscus i n the c a p i l l a r y . This reduction i s a func
tion of the radius of curvature of the meniscus(4) and as a 
result i s dependent on the diameter of the hollow f i b e r . The 
curvature i s also a function of surface tension and i s therefore 
dependent on the nature of the material from which the hollow 
fib e r i s made. (In practice, a hollow fiber dispenser i s best 
designed by making laboratory measurements using a hollow fiber 
of the size and material which w i l l be used i n the f i n a l product*) 

The rate of release i s dependent on temperature since the 
material properties, P a

v aP, D and c are temperature dependent. 
The major contribution to this dependence i s the vapor pressure 
and i s given by the Clausius-Clapeyron equation. 

d In P v aP » AHvap ( 1 0 ) 

A 30 eF temperature change (e.g., from 70*F to 100°F) w i l l r e s u l t 
i n a vapor pressure increase for pheromone-type materials of 
about 200%, while the d i f f u s i v i t y , D, increases by only about 
10% and the molar gas density, c, decreases by about 5%. Thus, 
from Eq. 9 i t i s noted that the dispensing rate w i l l about 
double for a 30°F temperature r i s e . 
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2 = 0 

8z 

z=l 

X 0 * 0 

VAPOR 

Î 

ι β » Ρ Ϊ β ρ / Ρ 

Figure 1. Diffusion through a stagnant 
gas layer 
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Figure 2. Release curve for carbon tetra
chloride 
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Evaporation Studies 

The rate of release of volatile materials is determined in 
the laboratory by following the meniscus movement in the hollow 
fiber via a cathetometer. These menisci readings can be made 
to ±0.002 cm with the equipment used. This is equivalent to 
about ±1 μg for a fiber with 8 mil inside diameter. This 
type of release rate measurement has been shown to give approxi
mately the same result as by cold trapping the effluent vapors 
and analyzing by gas chromatography (5). 

Figure 3 is a typical plot of amount dispensed as a func
tion of time for several different materials at 70°F. The slope 
of each curve is the dispensing rate. Note that there is an 
i n i t i a l high slope (or dispensing rate) which corresponds to the 
time in which the meniscus is near the open end. As the menis
cus recedes down the fibe
rate becomes less pronounced
rate occurs after only a very short time and is usually the 
value to which the system is designed. 

Fiber material selection is dictated largely by the com
patibility between fiber and active material. It is essential 
that active material be nonreactive with the fiber and that the 
fiber walls are impermeable to the active material. These re
quirements are necessary for reasons of shelf l i f e , and in the 
case of biologically active materials such as pheromones, for 
preservation of activity. 

Field Tests 

Hollow fiber dispensers have been designed for use with 
insect pheromones for field evaluations. The evaluations in
clude survey, mass trapping, and disruption approaches for 
pheromone application. The use of pheromones of about 20 
insects are being investigated. 

For insect survey or monitoring, sex pheromones are em
ployed to determine the presence of an insect infestation, from 
which i t is determined i f and when an insecticide should be 
used. For this method of use, i t is desired to have a delivery 
system with a relatively constant release rate throughout a 
season. Hollow fiber dispensers were extensively evaluated in 
1975 for use as a survey tool with sex pheromones of many lepi-
doptera insects. These tests indicated that the hollow fiber 
concept shows promise as a survey tool. The i n i t i a l investi
gation brought out a distinct advantage for the hollow fiber 
concept, namely, the release rate can be easily varied by chang
ing the number of fibers, thus making i t simpler to determine 
the optimum rate of release for a pheromone system for survey 
purposes. This has been done for pink bollworm (6) and gypsy 
moth (7.). 
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TIME (HRS.) 

Figure 3. Vapor release curves for various materials 
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Figure 4. Mass trapping of elm bark beetle 
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Hollow fiber pheromone dispensers have also been used for 
mass trapping, i.e., a procedure of using pheromones to attract 
and trap a large percentage of an insect population to minimize 
the pest damage. To date, the largest evaluation of these dis
pensers is mass trapping of the elm bark beetle, the vector for 
Dutch elm disease* This field work was done by the U. S. Forest 
Service, Delaware, Ohio. The versatility of the hollow fiber 
dispenser is illustrated by this study. The elm bark beetle 
pheromone is a mixture of three components and the desired dose 
rate is obtained by supplying each component in separate fibers, 
the number of fibers of each being dependent on the relative 
delivery rate of each component. Employing separate fibers for 
each component eliminates any problem of a distillation effect, 
that i s , the changing concentration of a vapor mixture due to 
the different evaporation rates of each component of the mixture

Dispensers were fiel
in early 1975 when U.S
results are presented in Table I (8). The hollow fiber dispens
ers consistently out-captured beetles when compared to a poly
ethylene vial type of dispenser which is frequently employed by 
experimenters. Further, as the season progressed the hollow 
fiber dispensers improved in performance relative to the plastic 
vials. Since no data were collected after the fifth week, no 
comment can be made on total performance. The data as indicated 
by beetle catch do suggest that the hollow fiber dispensers 
adhered more closely to release design specifications than did 
the plastic vials. This demonstrates the potential hollow 
fibers offer in designing dispensers for multicomponent phero
mones . 

Data are presented in Figure 4 for elm bark beetle mass 
trapping studies carried out in Detroit, Michigan and Ft. 
Collins, Colorado in the summer of 1975 (8). The data are 
presented as beetle catch with a hollow fiber dispenser com
pared to beetle catch with a standard. The standard used was 
a freshly activated hollow fiber dispenser replaced every two 
ueeks. As the theoretical analysis and release rate data pre
sented above indicate, the rate of release drops with time, and 
i t is therefore expected that the beetle catch with an aged 
dispenser will be less than the catch with a freshly activated 
dispenser, as is shown in Figure 4. 

In the mating disruption technique, an area is permeated 
with a quantity of sex pheromone, sufficient to interfere with 
the insect's olfactory sexual communication system. The result 
is no mating, and therefore a reduction in the population of 
the next generation. This is extremely useful for lepidoptera, 
since i t is in the larval stage when the insect does its damage. 

Hollow fibers have recently been used for a mating dis
ruption experiment for grape berry moth (9), a very serious pest 
in Eastern U.S. grape growing regions. The results of these 
experiments are presented in Table II. Dispensers were placed 
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Table I 

Elm Bark Beetle Trapping Results 
with Hollow Fiber Pheromone Dispensers 

Trap Trap Installed On Dispens- Beetle Catch on Dates (1975) 
No. Tree Species er Type** 2/6 2/12 2/26 3/17 
1 Eucalyptus saligna PV 31 175 13 54 
3 a Archontophoenix 

cunninghamiana 
4 " HF 
5 Nothofagus sol-

anderi PV 
7 Ulmus procera HF 
8 11 PV 
9 a Prunus spp. 
11 Ulmus procera H
12a Quercus spp. 
13 Eucalyptus calo-

phylla PV 
14 Ulmus procera HF 
16 Cedrus deodara PV 
17 Ulmus procera HF 
19 Pinus radiata PV 
21a Pinus ponderosa 
22 Ulmus procera HF 
23a " 

Total Catches 
% of Total with HF 
Dispensers 

aControl trees, traps installed without baits 
bpv • polyethylene vials 
HF = hollow fiber dispenser 

in the test plot, one per vine and 605 per acre. Both in the 
treated and untreated plots pheromone baited survey traps were 
used to determine the presence of males. If the male could find 
its way to the trap, i t was presumed i t would be able to find 
the female. If the xaale could not find the trap, i t was pre
sumed that disruption was effective, i.e., the male could not 
find the female for mating purposes. 

The data in Table II indicate that orientation to pheromone 
baited survey traps was disrupted for a 2-1/2 month period, after 
which time the experiment was terminated. Disruption of E. 
argutanus was also observed for the same period of time. The 
latter insect is a local species of no economic consequence. 
The record of its disruption serves only as additional evidence 
that the technique is working. The grape berry moths in this 
test were lab-reared insects while E. argutanus were from the 
local wild population. 

0 0 
15 37 

6 15 
3 35 
17 99 

0 0 

4 5 
16 302 
23 75 
210 786 
33 70 
0 0 
54 235 
_0 _0 
430 1978 

73 78 

0 0 
15 143 

5 7 
53 112 
35 193 

0 0 

1 9 
130 200 
4 7 

209 990 
16 32 
0 0 
34 160 
0 0 

497 2127 

90 86 
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Table II 

Grape Berry Moth Orientation Disruption Tests 
with Hollow Fiber Pheromone Dispensers - 1975a 

Number of Males Captured in 6 Traps 

Date 
Treated Plot Untreated Check Plot 

Date GBM E. ArgutanusD GBM E. Argutanus 

Jul 15 0 0 2 2 
20 0 0 19 45 
25 0 14 65 
30 0 0 7 39 

Aug 6 2 
16 0 
26 0 1 11 26 

Sept 5 0 0 15 8 
15 0 0 7 0 
25 0 0 11 _0 

Totals 2 3 123 433 

aThese data were obtained by Dr. E. F. Taschenberg, Vineyard 
Laboratory New York State Agricultural Experiment Station, 
Fredonia, New York. 

bE. argutanus is a non-pest insect attracted by (Z)-9-dodecenyl 
acetate, the sex pheromone of the grape berry moth. 

This is the fi r s t time, to our knowledge, that orientation 
disruption of a pest insect was achieved for a two and one-half 
month period with a single pheromone treatment. This fact, 
coupled with the very modest rate of pheromone application of 
about 1 gm per acre per season, clearly indicates that mating 
disruption with pheromones could be an economically feasible 
approach to insect control in agriculture. These tests showed 
only disruption to a survey trap. Tests planned for the 1976 
season will be designed to ascertain whether disruption of the 
grape berry moth also protects the crop against insect-caused 
damage)the ultimate measure of economic value for any treatment 
method. 
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The purpose of thi
experiences with the new 3-layer HERCON  polymeric dispenser for 
controlled release of such volatile organic chemicals as the insect 
sex pheromones and related potent behavior-controlling chemicals. 
The dispenser is manufactured by The Hercon Division of Health-
Chem Corporation, New York, N.Y., 10010, and its first use in 
dispensing pheromones was reported in December 1974. (1) During 
the 1974 and 1975 seasons, millions of these dispensers containing 
sex pheromones were sold. This paper will report and examine the 
results that have become available and comment on the future 
potential of the product. 

First, some background material is in order. In the mid
-fifties we began to hear of insects becoming resistant to insect
icides and of pesticide residues appearing in our food. Later we 
heard of wildlife being affected, beneficial insects being destroyed 
along with the injurious ones, and that our air, soil, and water were 
becoming polluted with pesticides. Spurred by these ominous reports 
scientists began to cast about seriously in search of alternatives to 
the use of insecticides for insect control. One of the alternatives 
involved the use of insect attractants. At first, it was more 
fruitful to test a great variety of chemicals to find an attractant 
than to try to isolate and identify an attractive chemical from an 
insect. About half dozen attractants were found this way by the 
USDA, and they were put to good use. For example, traps each 
baited with synthetic lures for 3 of the world's worst insect pests, 
the Mediterranean fruit fly, oriental fruit fly, and the melon fly, 
were deployed about ports of entry to the U.S. since the early 1960s 
to detect an accidental importation of any of these subtropical pests. 
Infestations of all of these species were found, and they were 
eradicated quickly with the traps showing where and when to apply 
the appropriate counter measures. USDA has stated that the traps 
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have saved them millions of dollars in potential eradication costs, 
but they saved the agricultural community and the public far greater 
in increased prices o£ food that would have resulted i£ we had to live 
with these insects. 

With the great value of insect attractants established, the 
possibility of similar use of the attractants that the insects them
selves manufacture, e.g., their sex attractants or pheromones, 
became most appealing. We have already heard from Dr. Bierl and 
her co-workers (2) about pheromones and their biological function, 
particularly their role in aiding the insect reproductive process. 
They also noted potential uses; i.e., how pheromones are useful in 
monitoring the whereabouts of injurious insect species, in timing 
control measures such as insecticide sprays to achieve optimum 
effects, and how pheromone
by mass trapping or by
insect populations to prevent the sexes from finding each other and 
mating. 

For a long time, the isolation, identification, and synthesis of 
these materials—mainly the sex attractants—were hampered by the 
minute amounts of these potent substances present in insects. For
tunately, by the late 1960s, this situation was largely reversed by the 
introduction of remarkable improvements in spectrometric, chroma
tographic, instrumental, and specialized techniques, which greatly 
facilitated the isolation and identification of minute amounts of the 
pheromones. Progress has been so rapid in the past five years that 
pheromones or chemicals believed to be pheromones are now known 
for hundreds of insect species, (3), and many of these species are of 
great economic importance. 

What is needed now is the Technology to use the pheromones effect
ively. 

As a partial answer to this need, the HERCO^ dispensing 
system was developed. In its simplest form, the Hereon dispenser 
is a three-layer plastic laminate with the pheromone reservoir in the 
inner layer. (See Figure 1). A pressure sensitive adhesive can also be 
incorporated for ease of application. When the dispenser is exposed 
(as in a trap), the pheromone gradually diffuses out through the outer 
layers and is thereby released much as an insect releases its phero
mone to lure a mate. Great flexibility in regulating the emission 
rate of the pheromone from the dispenser is readily achieved by 
adjusting the area of the dispenser (readily cut to size with scissors), 
the thickness of the outer layers, and the amount of pheromone per 
dispenser. Since most pheromones are potent, very little pheromone 
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φ PRESSURE SENSITIVE ADHESIVE (OPTIONAL) 

Figure 1 

is needed and a dispenser may contain enough pheromone to last an 
entire season. A major point is that the pheromone is released at a 
near-constant rate. As a further feature, the position of the 
pheromone in the plastic laminate protects it from degradation by 
light or air. The importance of this protection should not be under
estimated. Some pheromones, e.g., aldehydes, are rather unstable 
and have to be protected. Also, the degradation products of some 
sex attractants are inhibitors which quickly nullify attraction. For 
example, the sex lure of the cabbage looper (Tricoplusia ni [Hubner]) 
and the oriental fruit moth (Grapholitha molesta [Busck]) are 
acetates, and their corresponding alcohols (formed by deacetylation) 
are highly inhibitory (4)(5); as little as a few percent conversion of 
these acetates to their alcohols (hydrolysis) severly diminishes trap 
captures. 

The USDA gypsy moth (Lymantria dispar [L]) survey program 
was the first to use the HERCOI^ dispenser in their traps (6). In 
1974, and again in 1975, at least 100, 000 of the traps were strat
egically placed in the Eastern half of the U.S. to monitor the where
abouts of the gypsy moth. The rate of emission of disparlure, the 
gypsy moth sex attractant, from the dispensers has been shown to 
be ample and fairly constant (6), and the dispensers are effective 
for an entire season. Compare Figure 2 and Figure 3 which give the 
emission rates of the Hereon dispenser and the previously used 
cotton wick dispenser. 

Mass-trapping with a new, inexpensive, highly efficient trap 
baited with the new dispenser has shown potential for direct control 
of the gypsy moth in light infestations (7). Further improvements 
of this trap are being made by the Animal and Plant Health 
Inspection Service of the USDA. Earlier demonstrations that mass-
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0 , 0 0 0 10 20 30 40 50 60 70 80 0 

D A Y S 

Figure 3. Rate of emission of cotton wicks, each initially containing 
300 pg disparlure and 2 mg trioctanoin (solid line, ordinate on left), 
and percentage lure remaining (dashed line, ordinate on right, lure 
initially — 100% ) after aging up to 84 days at room temperature 

trapping can prevent a buildup o£ low-level populations have been 
reported. 

The HERCON dispenser has also been used successfully by the 
US DA (8) with grandlure, the boll weevil (Anthonomus grandis 
Boheman) sex pheromone, a 4-component mixture of chemicals (9), 
two of which are aldehydes. As one part of an integrated control 
program designed to determine the feasibility of eradicating the 
boll weevil (the worst pest of cotton), the dispenser is used to lure 
weevils into traps. Of 4 types of dispensers recently tested by 
scientists of the Boll Weevil Research Laboratory, the HERCON 
dispenser performed best (10). After 12 weeks in the field, it caught 
177% as many weevils as the next best type of dispenser, which was 
the standard 3 mg lure on a filter in a vial that had to be changed 
weekly throughout the test. (See Table I). The HERCON grandlure 
dispenser has now been designated as the standard in the Belt-wide 
tests being conducted against the boll weevil. The release rate of 
grandlure is also constant with time as shown in Figure 4. 
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TABLE I 

MEXICO GRANDLURE FORMULATION TEST (1975) 
BOLL WEEVIL CATCHES 

Week HERCO]Sf5> USDA STANDARD 
(changed weekly) 

2 71 17 
4 138 50 
6 115 75 
8 40 41 
10 17 27 
12 7 9 

TOTAL 388 219 
H 
HERCON 177

PRODUCT A 29% Catches o£ Standard 
PRODUCT Β 25% Catches o£ Standard 
PRODUCT C 91% Catches of Standard 

Source: T.B. Davich, Boll Weevil Research Lab, USDA. 

RELEASE RATE OF GRANDLURE 

° 0 4 8 12 16 20 24 28 32 36 40 44 
D A Y S 

Figure 4. Release rate of grandlure 
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The HERCON dispenser has also been adopted for use in the 
USDA pinkbollworm (Pectinophora gossypiella [Saunders]) survey 
program. This insect is the second most injurious pest of cotton in 
this country. Dispensers, 1 sq cm in size and containing about 1.5mg 
of the lure, a 1:1 mixture of (Z, 5̂ - and U-hexadecadien-l-ol 
acetates, have been highly effective in capturing pink bollworms in 
the field tests in different parts of the country. 

A recent report by McLaughlin, Mitchell and Tumlinson (L2J 
stated that HERCON dispensers provide an "excellent means for 
baiting pheromone traps" for the peachtree borer (Synanthedon 
exitiosa [Say]), the lesser peachtree borer (Synanthedon pictipes 
[G.Y.R.]), the soybean looper, (Pseudophtsia includens [Walker]), 
and the cabbage looper. They state further that the HERCON 
system is excellent fo
be stored and handled wit
active compound is readily adjusted." 

The smaller European elm bark beetle, Scolytus multistriatus 
(Marsham), has been responsible for the decline of the American 
elm tree (Ulmus americana L.) in this country. After the ingred
ients of the sex pheromone of this beetle were reported by Pearce 
et al. to be 4-methyl-3-heptanol, cubebene, and a chemical called 
multistriatin (I3j, formulations of HERCON dispensers containing 
these ingredients were tested by Dr. John Peacock and R. A. Cuthbert 
of the USDA Forest Service (14J, and some were found highly attrac
tive to the beetle. A production run of the best dispensers was 
tested over a prolonged period by comparing captures of traps 
baited with it versus captures made by traps with the same 
dispenser but freshly baited every two weeks. For 11 weeks, 
captures with the aged and freshly baited dispensers were not too 
different, which indicates that the rate of release of lure from 
fresh and aged dispensers was not too different; if a 70% level of 
captures by aged versus fresh dispensers is considered acceptable, 
the HERCON dispenser gave a total of 13 weeks of acceptable 
performance (5/22 - 8/20/75) without rebaiting (See Table II)· These 
results indicate that only one rebaiting would be needed to retain 
trap effectiveness for the 150-180-day season of the beetle. 

HERCON dispensers have been prepared with virelure, the sex 
attractant of the tobacco budworm (Heliothis virescens (F.), which 
consists of a mixture of (Z)-ll-hexadecenal and (Z)-9-tetradecenal. 
Our latest information indicates that the HERCON dispensers with 
virelure are catching well compared to other commercial formulations 
It outcatches several live females in a trap and remains effective for 
at least a month (15 ). Favorable results have also been reported in 
tests of the 3-layer laminate against other insect species, e.g., 
fall armyworm (Spodoptera frugip^rda Q, E. Smith]), Douglas-fir 
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TABLE II 

Catches of Elm Bark Beetle 
at traps baited with HERCON® dispensers 

May 22 - August 20, 1975 
Mean beetle catches for 20 traps 

WEEKS 
I 3 5 7 9 11 13 

HERCON 391 368 476 162 95 515 567 
CHECK— 342 283 477 128 294 518 820 
% of Check 114 130 100 127 33^ 100 69 

IjFresh dispenser every two weeks 
]y Probably anomalou

Source: Drs. John Peacock and Roy Cuthbert 
N/E Forest Expt. Station, USDA, Delaware. 

tussock moth (Orgyia pseudotsugata [McDunnough]), eastern spruce 
budworm ( Choristoneura fumiferana [Clemans]); but again the data 
have not been released by the investigators doing the testing. 

The 3-layer laminates also have potential for dispensing 
chemicals other than pheromones. For example, in an experiment 
with trimedlure, a synthetic lure for the Mediterranean fruit fly, 
(Ceratitis capitata [Wiedemann]), HERCON laminates attracted 
more than 21/2 times as many flies as the bait dispenser in current 
use, and this throughout a 2-month period. Furthermore, the 
HERCON dispenser achieved these results with less than 1/4 of the 
amount of lure used in the current bait dispenser. 

Before we leave the subject of trapping, it is well to note 
that the design of an optimum trapping system, whether for 
detection or control, requires consideration of many parameters. 
In addition to emission rate of lure, lure stability and quantity, and 
duration of effectiveness — which are related to the lure dispenser, 
consideration must also be given to trap design and color, trap 
height, trap placement, trapping means (e.g., use of adhesive or 
insecticide), position of bait dispenser in trap, effect of host crop, 
effective distance of attraction, time of insect response, cost of 
trap, and ratio of ingredients if the lure is multi-component. More 
attention to the determination of these parameters for the many 
different species of insects is needed. 

A device now under investigation by the Herculite Protective 
Fabrics Corporation comprises a long-lasting combination of the 
HERCON pheromone dispenser with a similar laminate that releases 
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insecticide at a controlled rate. The objective o£ the device is to 
attract the target insect to an insecticide-containing plastic sheet 
that will dispatch the insect on contact. 

Permeation o£ the atmosphere with sex pheromone to dis
orient insects trying to find mates has already been mentioned. 
This technique has proven successful in experiments with the gypsy 
moth (up to 98% suppression in mating) (7) (16 ), oriental fruit moth 
(1>), codling moth (Laspeyresia pomonella [L]) (18), pink bolloworm 
moth (19), and many other insect pests (12). In most of these 
applications, micorencapsulated solutions of the pheromone were 
dispensed from aircraft or ground equipment. In some cases, metal 
planchets were used to evaporate the chemical into the atmosphere. 

USDA workers Mitchell and Tumlinson have come up with a 
simple means of accomplishin
communication betwee
iment, they demonstrated such disruption with the boll weevil in a 
cotton field by using HERCON dispensers as evaporators of the boll 
weevil pheromone (20). The 1-inch-square dispensers were arrayed 
in a checkerboard pattern in a test plot with a pheromone baited 
trap at its center. The general idea of the test is that the boll 
weevils in the cotton field would have difficulty finding the trap if 
the pheromone emitted by the dispensers disoriented the weevils, 
and, in fact, this is what happened. Over a 20-day period, trap cap
tures of weevils in the plot with the dispensers were suppressed 83% 
compared to trap captures in a similar plot without the dispensers. 
Similar suppression in captures was also obtained with dispensers 
containing two of the four grandlure components. 

In another similar experiment, C.R. Gentry and coworkers 
disoriented the peachtree borer and the lesser peachtree borer (20). 
Laminated HERCON strips (1-inch-square) containing the pheromone 
of the peachtree borer, (Ζ, Z, )-3,13-octadecadien-l-ol acetate (21), 
were hung on trees in two 2-acre peach orchards; another orchard 
was left untreated as a check. Traps baited with the pheromone of 
each insect were placed in each orchard to monitor the ability of the 
borers to find the traps. In comparison with the check, captures of 
the lesser peachtree borer in the plots with the dispensers were 
suppressed 100% for 9 weeks; then results became erratic. Fresh 
HERCON strips restored almost complete suppression of captures 
for another 10 weeks. (See Table III). Similar results were recorded 
for the peachtree borer, but because the population of this insect 
was extremely low, the significance of these results are question
able. 
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TABLE ΠΙ 
Effect of air-permeation trials on captures 

of lesser peachtree borer males 
in pheromone traps — 

Treated Untreated 
Week Orchard Ù/ Orchard 2 Orchard 3 

1 1 (86) 0 (100) 7 
2 0 (100) 2 (93) 27 
3 2 (92) 0 (100) 24 
4 1 (93) 0 (100) 15 
5 0 (100) 0 (100) 2 
6 1 (90) 0 (100) 10 
7 0 (100) 1 (92) 12 
8 0 
9 0 - -
10 0 (100) 2 (83) 12 

f!/ Each orchard had 5 traps baited with 
.100 mg of pure EJ Z. 

— Value in parenthesis is percent reduction 
compared to the untreated orchard. 

A preliminary report on the foregoing was made by 
McLaughlin et al (12) who also noted that HERCON formulations of 
(Z)-7-dodecen-l-ol acetate were tested in soybean fields as dis-
ruptants of soybean looper communication. "Several formulations 
were quite effective with excellent longevity",, according to these 
workers. 

If ground application of the pheromone formulation for air 
permeation is contemplated, use of the HERCON 3-layer dispensers 
as evaporators of the pheromone, e.g., by fastening them to foliage 
or other objects throughout the crop area, appears to offer a means 
that is simpler, more controllable, more dependable, and less 
expensive than any other means now available. 

In another variation of the air-permeation technique, sheets 
of the 3-layer laminate containing pheromone were reduced to a 
confetti or granules, which were then distributed over the crops to 
be protected. Although data are lacking on the results of such 
tests, we have been told that such material tested against the pink 
boll worm was effective for about 3 weeks. For application from 
aircraft or ground equipment, the pheromone granules or confetti 
will probably have to be dispensed with a sticker so the particles 
will adhere to the foliage upon impact and then slowly emit their 
lure to the atmosphere over a prolonged period and not be washed off 
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by rain or removed by wind. Use of the HERCON granules may have 
advantages over other slow-release methods in terms of efficacy or 
cost or both. 

Mitchell has recently proposed the development of integrated 
pest management systems that use the atmospheric permeation 
technique with several chemicals to disrupt the mating of same or 
all of the offending coexisting species in a given vicinity (22). In 
seeking appropriate systems for Heliothis species, he has success
fully disrupted insect communication with HERCON 3-layer 
laminates that volatilized (Z)-U-hexadecenal and (2J-9-tetradecenal 
into the atmosphere at a controlled rate. These unsaturated alde
hydes are sensitive compounds. However, in most cases, the 
addition of an anti-oxidant has not improved performance of HERCON 
pheromone dispensers
laminated plastic strip
several chemicals # 

Summarizing Contents 

With pheromones of economically important insects species 
rapidly becoming available (see recent listing of pheromones) (3) (23), 
the HERCON dispensing system appears to have excellent potential 
for use in trapping, air permeating, and in lure-insecticide 
combinations. The flexibility of the system makes it easy to adjust 
the rate of emission of the behavior chemical to values approaching 
optimum and greatly facilitates their use as dispensers in traps or 
as evaporators of pheromone in the air-permeation technique. Ease 
of handling and storage, protection of a broad variety of chemicals 
from degradation by light and air, and excellent weathering qualities 
are other unique features of the HERCON multi-layered polymeric 
dispenser. 
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Application of a New Controlled Release Concept in 
Household Products 

A. F. K Y D O N I E U S , A. R. Q U I S U M B I N G , and S. H Y M A N 

Health-Chem Corp., 1107 Broadway, New York, N.Y. 10010 

As the public becam
of our environnent, they joined efforts with environmentalists to 
force federal and state governments to pass legislation regulating 
the use of harmful pesticides or industrial pollutants that may 
ultimately endanger man and his surroundings. This has resulted 
in many legal control measures emphasizing the need for effective, 
safe pesticides. 

In the area of pesticides, proposed regulations dealt not 
only with the active ingredients but were also extended to propel
lent gases used in various aerosol products. Arguments - pro and 
con - on the effect of these gases upon the atmosphere's ozone 
layer are a constant subject of debate. 

The rampant use of chemicals, among other things, has often 
resulted in the development of pesticide-resistant strains of 
pests. In addition to hazards arising from pesticide residues, 
increased outbreaks of secondary pests have also resulted from the 
accidental destruction of natural predators (1). 

In spite of limitations of the use of pesticide chemicals, 
however, there is little other than these chemicals that man can 
use to avoid damage and to obtain the desired immediate reduction 
of pest populations. Aid since man has the right to protect him
self, his crops and possessions frcm pest attack, i t appears that 
pesticides will continue to be used as an important part of pest 
management programs. 

There is a need to judge the use of each chemical independ
ently. It will be a gross mistake to replace chemical control 
with sophisticated but untested or ineffective pest management 
techniques. An effort must be exerted to find a new revolutionary 
approach for applying the existing tools for pest control. Trad
itional methodology must be modified to utilize pesticides in a 
manner that will be both effective and safe to user and off-target 
organisms. 

Spraying, fogging and dusting methods have been reviewed to 
insure that problems from drift and residues do not arise. Proper 
application procedures, amounts, persistence and placements of 

2 9 5 

In Controlled Release Polymeric Formulations; Paul, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



296 CONTROLLED R E L E A S E P O L Y M E R I C FORMULATIONS 

pesticides are continuously underscored by government and industry 
to help make our environment a safe and clean place to live in. 
Recently, researchers became interested in mixing the active in
gredients with unconventional materials, e.g., lacquer, resins and 
plastics, to lengthen the pesticide's residual activity. 

Health-Chem Corporation's patented HEROON controlled release 
process utilizes a multi-layered polymeric dispensing system. Ihe 
basic characteristics of this HEROON technology have been des
cribed elsewhere (2). utilizing its unique controlled release 
concept, Health-Chem is introducing household products designed 
not only for insect control, but also as room air fresheners or 
deodorizers. This paper describes these household products. 
These include I. ROACH KILLERS, II. FLY STRIPS, and III. AIR 
FRESHENERS. 

Health-Chem has been involved in controlled release techno
logy for 15 years. Throug
New York-based subsidiary
line of fabrics which featured a controlled release anti-bacterial 
agent. Seme Staph-Chek mattress coverings were found to be ef
fective in controlling Staphylococcus and Klebsiella bacteria even 
after six years usage (3). 

I. Roach K i l l e r s . HEROON INSECT APE® Insecticidal Strips 
is the household product marketed for control of exxikroaches or 
"waterbugs". These multi-layered plastic strips k i l l the insects 
on contact as they walk across its surface. The insecticide on 
the surface is replenished continuously frcm a specially designed 
storage layer sealed in the strip (Figure 1). 

The use of INSECTAPE allows the hameewner more control over 
insecticide placement than many other formulations or application 
techniques. Additionally, the strips are installed in out-of-
sight locations, away frcm likely contact with children, pets or 
clothing. 

After extensive laboratory and field testing in 12 states, 
the INSECTAPE was registered for general use roach control by the 
U.S. Environmental Protection Agency (EPA). The currently regis
tered INSECTAPE dispensers use either propoxur ( ®BAYGCN) or 
diazinon insecticides. Submissions for registration of insecti
cidal strips which will dispense chlorpyrifos (DURSBAN̂  insecti
cide were submitted to EPA in late 1975. 

The three insecticides used in INSECTAPE formulations have 
been proven to be effective pesticides for roach control. There 
are distinct advantages of having these different chemicals as 
active ingredients in INSECTAPE. An important benefit is that a 
choice of insecticide will help counter the development of roach 
resistance to a specific kind of insecticide. 

The INSECTAPE product will be available in three different 
product versions depending upon the strips' length of effective
ness. The household consumer INSECTAPE is designed to be effect
ive for six months. Exclusive sales rights were granted to the 
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Johnson Wax organization for sale of the six-month product in 
supermarkets and other retail outlets in the United States. This 
product will be marketed under their RAID® ROACH-TAPE® label. 

For professional and institutional use, an INSECTAPE product 
which will be effective for 12 months has been developed. The 
12-month efficacy is beneficial to pest control operators involved 
in roach control in residences, institutions and industry. 

Another long-life INSECTAPE which will deliver the pesticide 
for up to five years is also being tested. This latter delivery 
system is designed to protect vending machines, refrigerators, 
washers and dryers, and telephone equipment frcm future roach 
infestations. These strips are intended to be installed in fact
ories where the above equipment are manufactured. 

When the INSECTAPE was first produced, the challenge was to 
prove that HEROON dispensers of chemical roach killers were at 
least as effective as,
treatments. Tests on residua
strips were shewn to be equal to or superior to those of convent
ional means (£, 5, 6). 

Table I surtmarizes the comparisons between conventional spray 
treatments and INSECTAPE only treatments. Efficacy is expressed 
in terms of percentage reduction of the original roach infestation 
(6). The following equation was used: 

FOLLOW-UP 
ROACH INFESTATION REDUCTION = P R E ~ œ u N T " COUNT— 

PRE-COUNT 
where pre-count is the number of roaches counted when INSECTAPE 
strips were initially applied, and follow-up count is the number 
of live roaches found during a subsequent visit (or follow-up). 

To obtain roach counts in test sites, the 3-minute sub-lethal 
flush method was used. A pressurized spray of non-residual pyre-
thrin and piperonyl butoxide was directed into suspected harbor
ages and counts taken when the roaches emerged. 

The percent infestation reduction reflects the decrease in 
number of live roaches, and also indicates percent mortality due 
to the control measures. 

Table I shows that control by INSECTAPE strips œntaining 
either propoxur, diazinon or chlorpyrifos were similar to each 
other, but were superior to control due to spray applications. 
Reduction of roach infestation, as a result of INSECTAPE applic
ations, remained high even five months after strip installation. 
Roach control due to residual sprays, on the other hand, though 
appreciably high two to three months after spraying, eventually 
decreased. The latter may be due to a gradual loss of the sprayed 
chemical's efficacy in time. After three to five months, percent 
infestation reduction obtained by the use of INSECTAPE strips with 
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Table I. Summary of tests ccrnparing efficacy of RESIDUAL SPRAY 
TREATMENT ONLY, and HEROON INSECTAPE ONLY, cmtaining either 
propcxur (BAYGON), diazinon, or chlorpyrifos (DURSBAN). 

HEROON INSECTAPE 
Variables BAYGCN DIAZINON DURSBAN 

u w l j ï Insecticidal Strips Only 

No. of sites tested 19 38 27 28 

Νο· of roaches/site 
AVE. % INFESTATION 
REDUCTION 

47.74 30.92 36.33 12.18 

After 1 - 1.5 months 43.31 85.78 71.10 78.70 

After 2-3 months 65.28 92.07 92.59 88.42 

After 3-5 months 34.37 86.69 90.18 92.91 

propcxur, diazinon or chlorpyrifos were 86.69%, 90.18% and 92.91%, 
respectively; percent reduction due to sprays was only 34.37%. 

Laboratory studies with German roaches, Blattella germanica 
(L. ), also shewed that length of time of contact required for 
100% Imockdcwn and k i l l was shorter with the INSECTAPE than with 
a sprayed surface (7). Moore reported that a two-second roach 
contact with the strip knocked dewn 93% of a roach sample within 
two hours, and killed a l l roaches within three days. Increasing 
the contact time to four minutes shortened the killing time to 
two days. In a similar test, Moore (8) discovered that a 30-
second contact with a plate sprayed with BAYGCN insecticide did 
not result in any knockdown even after seven hours. 

It was also interesting to note that when sprayed plates were 
assayed, the rate of application of prqpoxur was found to be 667.6 
mg/sq.ft. (8). Significantly, INSECTAPE has a smaller concentra
tion of propoxur on the strip's surface. Infra-red spectrcphoto-
metric analyses of an INSECTAPE strip containing propoxur shewed 
that the amount of active ingredient on the surface was only 270 
mg/sq.ft. Determinations of concentration of the pesticide, and 
the reduction in cockroach infestations indicate that an effective 
roach killer need not carry large amounts of the active ingredi
ent. 

Moore (7) also indicated that there was minimal fumigant 
action by the HEROON insecticidal strips. The absence of a fumi-
gant action is desirable since possibility of contamination of 
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non-target surroundings is irrinimized. This characteristic will 
also be useful in treating areas where spray drift may be hazard
ous and the use of dusts may be unsightly or messy. Such areas 
include pet shops or shelves where a fish aquarium or a hamster 
cage may be found. 

To expand the INSECTAPE's uses as registered currently with 
EPA, Health-Chem is analyzing data frcm tests conducted to prove 
that these roach killers will also control other household pests, 
including ants, silverfish and spiders. 
II. Fly Strips. Another controlled release product 
designed for households i s an insecticide dispenser 
for use in controlling flies. The fly strips, now undergoing ex
tensive field tests, are designed also for use in dairy and cattle 
barns, and livestock sheds  Also multi-layered  the HEROON Fly 
Strip has both outside

To improve the effectivenes
uct, a separate strip containing a fly attractant will be attached 
to the insecticide dispenser. The fly attractant has been shown 
to stimulate flies to come in contact with the insecticide-con
taining surface, thus resulting in a greater percentage of fly 
k i l l . 

The fly strip's active ingredient is resmethrin (SBP 1382), 
a relatively non-volatile, solid synthetic pyrethroid. With its 
low mammalian toxicity, resmethrin is desirable for use in the 
house where safety of humans and pets is always an important con
sideration. A non-volatile insecticide is preferred to minimize 
contamination of the irrmediate surroundings. 

Since resmethrin kills by contact, there is no release of 
undesirable toxic vapors. Also, unlike the standard fly strips 
which release volatile DDVP or dichlorvos insecticide, the HEROON 
product may be used continuously in nurseries and kitchens. Since 
the insecticide is non-volatile, air movement will not be a 
serious factor in decreasing the HEROON fly strip's efficacy. 

The specific non-toxic attractant was chosen after screening 
dozens of materials known to be attractive to flies. Test data 
have shown that efficacy of aged strips was "revitalized" when 
the attractant strip was added. In one test, the addition of a 
fly attractant dispenser to a Ah months old fly strip resulted in 
fly mortality not different from control obtained with new fly 
strips. 

Studies on the release rate of resmethrin indicate that after 
40 days, only 1.5 mg/sq.in. out of the original 16.21 mg/sq.in. 
active ingredient were lost (Figure 2). Extrapolating from this 
rate, the fly strip is expected to k i l l flies for at least nine 
months. 

Figure 3, on the other hand, shows the release rate of the 
fly attractant. With the HEROON controlled release system, only 
16% of the attractant present in the strip was lost after 50 days, 
thus making this dispenser effective for at least eight months. 
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CONTROLLED AMOUNTS OF PESTICIDE 
. MOVE FROM RESERVOIR LAYER TO 

SUSTAIN ACTIVE SURFACE 

φ ACTIVE SURFACE 

φ PROTECTIVE PLASTIC LAYER 

φ PESTICIDE RESERVOIR LAYER ' 

φ PROTECTIVE PLASTIC BARRIER 

A PRESSURE SENSITIVE ADHESIVE-

Figure 1. Schematic of HERCON®
of an

T I M E (days) 
Figure 2. Release rate of active ingredient Resmethrin (SBP 1382) 

from HERCON fly strip 
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FLY 

TIME (days) 
Figure 3. Release rate of non-toxic fly attractant from HERCON dispenser fly strip 

III. Air Fresheners. In addition to research on pest 
control, Health-Chem is currently developing the SCEOTSTRIT/^^ch 
utilizes the HEROON concept instead of the conventional aerosol or 
gel systems. In this household product, the inner reservoir of 
the multi-layered unit contains a fragrance or perfume. 

The introduction of air freshener strip dispensers into the 
household market hopefully will contribute to the further reduct
ion of dependence on aerosol products. 

Over 30 different kinds of fragrances, scents and perfumes 
have already been tested in the laboratory for possible use as 
room fresheners or deodorizers. Because of varying compositions 
of the fragrances, release rates from the SCENTSTRIPs have been 
recorded regularly to determine the best construction of a dis
penser for each product. 

In laboratory tests, linear release rates of fragrances frcm 
standard solid fresheners (wherein the fragrance is carried in a 
gel which shrinks and evaporates in time) have been duplicated 
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using the SCENTSTRIPs. Complete evaporation of fragrances frcm 
conventional gel dispensers were observed, on the average, to 
occur after four to five weeks. 

Tests are continuing to develop a SCENTSTRIP with a linear 
release rate and which w i l l last significantly longer than con
ventional products. 

CONCLUSION 

We believe that with the HEROON controlled release concept of 
dispensing active agents, a positive effort i s exerted to minimize 
the anamination of our environment - by reducing the amount of 
toxic material released into our ecosystem, and by reducing the 
frequency of pesticide applications. At the same time, we s t i l l 
obtain the high level of control that i s always desired. 

Potential application
process are numerous, stretchin
where there i s need for toxicants, repellents and attractants -
and beyond, into fields or industries involving fragrances, deo
dorizers, paints, floor coverings and pet care. 

To date almost 100 chemical agents have been incorporated in 
our controlled release polymers. As a consequence, there i s a 
growing body of laboratory and f i e l d test data which increasingly 
attests the wide applicability and practical importance of this 
unique controlled release concept. 
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Controlled Release from Ultramicroporous Cellulose 
Triacetate 

A. S. OBERMAYER and L. D. NICHOLS 

Moleculon Research Corp., 139 Main St., Cambridge, Mass. 02142 

A broad range of controlle
c a r r i e d out recently based on the unique properties of an ultra
microporous, open-celled form of cellulose triacetate which has 
the trade name POROPLASTIC® when in film or membrane form and 
SUSTRELLETM when in microbeador powder form for controlled release. 

Since this product as formed normally contains between 70% 
and 98% liquid, it is often referred to as "a solid composed 
mostly of liquid" or as a "molecular sponge." It is made by a 
coagulation process which r e s u l t s in a crystalline, non-crosslinked 
polymer matrix. 

For some a p p l i c a t i o n s , the properties of Poroplastic are com
parable to a typical membrane, sometimes it is considered similar 
to a hydrogel, and sometimes it responds more l i k e a porous 
polymer or plastisol. S u s t r e l l e powder is usually compared to a 
microencapsulated product or an absorbent. However, none of these 
other materials have the same unique combination of properties. 

Experiments which have been performed on Poroplastic film and 
Sustrelle powder have, thus far, shown no difference in properties 
that c o u l d not be a c c o u n t e d for s o l e l y by the difference in 
surface area-to-volume r a t i o between f i l m and powder. In almost 
al I cases, i n i t i a l laboratory investigations are best ca r r i e d out 
with the product in f i l m form, because (I) f i l m samples have w e l l -
defined dimensions and internal loading c a p a c i t i e s ; (2) they can 
ea s i l y be handled and weighed; (3) phase changes and shrinkage can 
be v i s u a l l y observed in the transparent f i l m ; (4) excess surface 
l i q u i d can r e a d i l y be removed by b l o t t i n g ; and (5) experience 
gained with f i l m can be roughly translated into subsequent exper
iments with powder. Any l i q u i d (as long as i t i s not a solvent 
for c e l l u l o s e t r i a c e t a t e ) can be impregnated into S u s t r e l l e or 
Poroplastic by a simple d i f f u s i o n a l exchange process of miscible 
l i q u i d s . The most common I iquî d imprégnants are aqueous so I ut ions, 
a Icohols, a l c o h o l i c s o l u t i o n s , e s s e n t i a l o i l s , al i p h a t i c or 
aromatic hydrocarbons, s i l i c o n e o i l s , esters, ketones, and l i q u i d 
monomers. Table I provides a comparison of mechanical properties 
as a function of content for water and mineral o i l f i l l e d material. 
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T A B L E I 

P R O P E R T I E S O F P O R O P L A S T I C F I L M 

Aqueous Aqueous Oi 1 Oi 1 
P r o p e r t y MA-70 MA-92 MA-70 MA-92 

Composition — 
Res i n % 30 8 30 8 
Water % 70 92 — — 
M i n e r a l O i l % — — 70 92 

Apparent Pore S i z e , 14 60 14 60 Angstroms 60 14 60 

S p e c i f i c G r a v i t y 1.09 1.02 1.01 0.91 
T e n s i l e S t r e n g t h , p s i 1,300 175 2,300 400 
E l o n g a t i o n a t Break, % 
T e n s i l e S t r e n g t h a f t e 2,60D r y i n g , p s i 
E l a s t i c Modulus, p s i 21,000 200 41,000 3,400 
E l o n g a t i o n a t E l a s t i c 2.4 4.0 2.4 3.1 
L i m i t , % 

2.4 4.0 

H y d r a u l i c f l u x data i n d i c a t e s t h a t P o r o p l a s t i c f i l m a c t s as 
a homogeneous membrane whose f l u x v a r i e s l i n e a r l y w i t h p r e s s u r e 
and i n v e r s e l y w i t h f i l m t h i c k n e s s . The c h a r a c t e r i s t i c pore s i z e 
o f e i t h e r f i l m o r powder can be v a r i e d by c o n t r o l o f t h e l i q u i d 
c o n t e n t o f th e produc t . Measurements of c h a r a c t e r i s t i c pore 
diameter have been made by d e t e r m i n i n g t h e a b i l i t y o f f i l m t o a c t 
as a f i I t e r and r e t a i n molecules of w e l l - d e f i n e d dimensions. T a b l e 
II and F i g u r e I demonstrate t h e v a r i a t i o n i n c h a r a c t e r i s t i c pore 
dimensions w i t h t h e water c o n t e n t o f t h e f i l m . 

ΙΟ 3 ΙΟ 4 ΙΟ 5 I0 6 

MOLECULAR WEIGHT OF SOLUTE 

Figure 1. Effect of water content on molecular 
weight cutoff (90% retention, 0.004-in. film) 
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TABLE II 
RETENTION CHARACTERISTICS OF 

POROPLASTIC FILM 

% R e t e n t i o n a t 30 p s i on 4 mi 1 
M o l e c u l a r FÎ 1ms 

S o l u t e Weight MA-70 MA-85 MA-92 MA-97.5 

P h e n y l - A l a n i n e 165 0 0 0 0 
Sucrose 342 0 0 0 0 
Vi t a m i n B-12 1,355 70 0 0 0 
I n u l i n 5,200 — 10 0 0 
Cytochrome C 12,400 >99 87 7 0 
Beta L a c t o g l o b u l i n — — 
HemogIob i η 
Albumin (Bovine) 67,000 >99 95 25 0 
Gamma G l o b u l i n 153,000 >99 >99 >98 0 
A p o f e r r i t i n 480,000 >99 >99 >99 42 
Blue Dextran 2000 2,000,000 >99 >99 >99 93 

Apparent Pore Diameter 14 25 60 >200 
i n Angstroms 14 25 60 

Apparent Pore Diameter 0.0014 0.0025 0.006 >0.02 
in M i c r o n s 0.0014 

91.5% Water Content by Weight 10% 85% 92% 91.5% 

1.8 

1.6 

1.41 

I 1-2 

*1 1.0 

£ 0.8 
UJ 

r?, 0.6 

* 0.4 

1 

85% Water 

1 1 I 

0.5 Hour Half life, 

-

X^-Departure from Zero 
V Order at 0.5 Hours — 

42% Water 
yZO Hour Half life \ ^ 

1 

Departure from Z e r o^^Ov-
Order at 5.3 Hours \ Λ 

I I I Ν 
20 40 60 

PERCENT RELEASED 
80 100 

Figure 
MA-85 

2. Release of precipitated zinc fluorescein from 
(85% water) poroplastic film and from a simihr 

sample dried to 42% water 
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In c o n t r a d i s t i n c t i o n t o most g e l s , P o r o p l a s t i c and S u s t r e l l e 
s h r i n k i r r e v e r s i b l y when l i q u i d i s removed from them, f o r example, 
by e v a p o r a t i o n . T h i s r e s u l t o c c u r s because i t i s not c r o s s l i n k e d 
and, t h e r e f o r e , i s no more s t a b l e i n i t s s w o l l e n s t a t e than a f t e r 
i t has been d r i e d . When an i n t e r n a l l i q u i d such as water i s 
p a r t i a l l y o r w h o l l y removed, s h r i n k a g e appears t o o c c u r i n i t i a l l y 
w i t h t h e c o l l a p s e o f t h e s m a l l e s t pores and e v e n t u a l l y a l s o 
i n c l u d e s t h e l a r g e r pores. Thus, l i q u i d s o r s o l u t i o n s can i n i 
t i a l l y be d i f f u s e d i n t o t h e u l t r a m i c r o p o r o u s m a t r i x . Subsequently, 
by a d r y i n g process t h e pores can be p a r t i a l l y c o l l a p s e d so as t o 
reduce t h e r a t e of a c t i v e agent d i f f u s i o n t o t h e s u r f a c e o f the 
m a t r i x . T h i s p o r e c o l l a p s e p r o c e s s r e p r e s e n t s t h e most common 
method of f i x a t i o n o r r e d u c i n g t h e r a t e of r e l e a s e of a c t i v e agent. 

In g e n e r a l , a t h r e e step process i s i n v o l v e d i n the c o n t r o l led 
r e l e a s e of a c t i v e agent  The s t e p s a r e : ( I ) impregnation  (2) 
f i x a t i o n , and (3) d i f f u s i o n a
mal I y i n v o l v e s a s e r i e
l i q u i d s u n t i l t h e l i q u i d w i t h i n t h e polymer m a t r i x i s t h e a c t i v e 
agent o r a s o l u t i o n o f t h e a c t i v e agent t o be r e l e a s e d . The 
f i x a t i o n step u t i l i z e s some procedure t o r e t a r d t h e r a t e o f d i f 
f u s i o n o f a c t i v e a g e n t t o t h e environment. In a d d i t i o n t o t h e 
pore c o l l a p s e f i x a t i o n method d e s c r i b e d above, t h e r e a r e a number 
of f i x a t i o n methods based on t h e p r e c i p i t a t i o n of a c t i v e agent 
w i t h i n t h e porous m a t r i x . For example, when t h e porous m a t r i x i s 
impregnated w i t h a s a t u r a t e d s o l u t i o n , e v a p o r a t i o n of t h e s o l v e n t 
can cause the s o l u t e t o p r e c i p i t a t e w i t h i n t h e porous m a t r i x . The 
s o l v e n t e v a p o r a t i o n causes p a r t i a l pore c o l l a p s e , and t h e p r e c i p 
i t a t e d a c t i v e a g e n t f i l l s t h e remaining pore s t r u c t u r e and 
pre v e n t s complete c o l l a p s e . I n t e r n a l p r e c i p i t a t i o n of an a c t i v e 
agent can a l s o be accomplished by a s o l v e n t s u b s t i t u t i o n method. 
In t h i s c a s e , a f t e r impregnation w i t h a s o l u t i o n of t h e a c t i v e 
agent, another l i q u i d i s added w i t h which t h e o r i g i n a l s o l v e n t i s 
m i s c i b l e b u t i n w h i c h t h e a c t i v e agent i s i n s o l u b l e . A t h i r d 
p r e c i p i t a t i o n t e c h n i q u e i η vo I v e s c h e m i c a l r e a c t i o n w i t h i n t h e 
porous m a t r i x t o produce a p r e c i p i t a t e . 

D i f f u s i o n a l r e l e a s e may r e q u i r e a t r i g g e r mechanism f o r 
i n i t i a t i o n . I t d i f f e r s from m i c r o e n c a p s u l a t i o n i n t h a t no o u t e r 
s h e l l i s broken, and i t d i f f e r s from common adsorbents such as 
a c t i v a t e d carbon i n t h a t no chemical bonding t o the s u b s t r a t e i s 
i n v o l v e d . 

A s p e c i f i c example which demonstrates t h e s t e p s i n v o l v e d i n 
t h i s process i s the c o n t r o l I ed r e l e a s e o f f l u o r e s c e i n from a MA-85 
P o r o p l a s t i c f i l m m a t r i x . Sodium f l u o r e s c e i n i s very s o l u b l e (over 
20%) i n water, whereas, z i n c f l u o r e s c e i n i s r e p o r t e d t o be s o l u b l e 
o n l y t o t h e e x t e n t of about 0.\6%. When a 5% aqueous s o l u t i o n of 
sodium f l u o r e s c e i n i s a l l o w e d t o d i f f u s e i n t o a 0.009 inch water-
c o n t a i n i n g f i l m from one s i d e and a 0.5% aqueous s o l u t i o n o f z i n c 
c h l o r i d e i s a l l o w e d t o d i f f u s e i n t o t h e f i l m from t h e o t h e r s i d e , 
an i n t e r n a l p r e c i p i t a t e of z i n c f l u o r e s c e i n o c c u r s c l o s e t o t h e 
middle of t h e P o r o p l a s t i c f i l m . The p r e c i p i t a t e can be observed 
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in t h e t r a n s p a r e n t f i l m by t h e onset of c l o u d i n e s s and e v e n t u a l l y 
the f i l m may become d i s t e n d e d o r b r i t t l e as l a r g e amounts o f z i n c 
f l u o r e s c e i n p r e c i p i t a t e a r e formed near t h e c e n t e r o f t h e f i l m . 
In o r d e r t o i n s u r e t h a t o n l y t h e s l i g h t l y s o l u b l e z i n c f l u o r e s c e i n 
i s p r e s e n t w i t h i n t h e f i l m , a f i n a l water wash i s c a r r i e d o u t t o 
remove excess sodium f l u o r e s c e i n . A f i l m sample so prepared was 
then p l a c e d i n w e l l a g i t a t e d water and t h e r a t e o f r e l e a s e o f z i n c 
f l u o r e s c e i n was measured. An almost c o n s t a n t o r z e r o o r d e r r e l e a s e 
was observed f o r 30 minutes r e p r e s e n t i n g 50% of the loaded m a t e r i a I. 
T h i s was f o l l o w e d by a d e c l i n i n g r e l e a s e r a t e g i v i n g 90% d e l i v e r y 
a f t e r two hours. A second p i e c e o f z i n c f l u o r e s c e i n f i l m prepared 
as above was d r i e d from 85% water t o 42.5% water and showed a con
s t a n t r e l e a s e r a t e f o r over 5 hours, r e p r e s e n t i n g more than 80$ of 
the c o n t a i n e d l o a d i n g . Rate data f o r both f i l m samples a r e shown 
in F i g u r e 2. 

T h i s t y p e o f experimen
P o r o p l a s t i c f i l m can b
of a t y p i c a l 2-piece hard g e l a t i n c a p s u l e . Z i n c f l u o r e s c e i n , o r 
o t h e r a c t i v e agents, can be p l a c e d d i r e c t l y w i t h i n t h e c a p s u l e , 
and t he r a t e of r e l e a s e can be measured through t h e permeable wa I I s 
of t h e c a p s u l e . S i n c e t he r a t e d e t e r m i n i n g step i s d i f f u s i o n 
through t h e c a p s u l e w a l l s and t h e r e i s a l a r g e r e s e r v o i r o f s o l i d 
a c t i v e agent t o m a i n t a i n a s a t u r a t i o n l e v e l w i t h i n t h e c a p s u l e , 
c o n s t a n t r e l e a s e r a t e s a r e commonly measured. Such experiments 
have been c a r r i e d o u t not o n l y w i t h z i n c f l u o r e s c e i n but a l s o w i t h 
such d i v e r s e compounds as methylene b l u e and potassium c h l o r i d e . 
Methylene b l u e i s about 3% water s o l u b l e , and potassium c h l o r i d e 
i s about 30% water s o l u b l e . From an exp e r i m e n t a l s t a n d p o i n t , t h e 
p r i n c i p a l c o m p l i c a t i n g f e a t u r e i s the need f o r t h e c a p s u l e t o 
w i t h s t a n d an os m o t i c p r e s s u r e b u i l d up, o r a l t e r n a t i v e l y one can 
balance t h e i o n i c s t r e n g t h and r e s u l t a n t o s m o t i c p r e s s u r e s on both 
s i d e s of t h e c a p s u l e w a l l . When s o l u b i l i t i e s a r e below \%, the s e 
o s m o t i c p r e s s u r e s g e n e r a l l y can be ign o r e d . P o r o p l a s t i c c a p s u l e s 
a l s o o f f e r a conv e n i e n t form f o r c a r r y i n g o u t l a b o r a t o r y e x p e r i 
ments and r e l e a s i n g a c t i v e agents a t a c o n s t a n t r a t e . We a n t i c i p a t e 
t h a t many new a p p l i c a t i o n s f o r P o r o p l a s t i c c a p s u l e s w i l l be found. 

There a r e many o t h e r s i m i l a r t y pes o f experiments t h a t can be 
performed w i t h a c t i v e a g e n t s t h a t have p r a c t i c a l u t i l i t y as 
p h a r m a c e u t i c a l s , c o s m e t i c s , a i r f r e s h e n e r s , t o i l e t r i e s , household 
products and p e s t i c i d e s . 
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