
DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY,13(12),2159-2178 (1987) 

P R O L O N G E D  R E L E A S E  O F  T H E O P H Y L L I N E  FROM A Q U E O U S  SUSPENSIONS 

J.  L. Zatz and D .  W .  Woodford 
Rutgers University College o f  Pharmacy 

P . O .  Box 789 
P i  scataway, NJ 08855-0789 

ABSTRACT 
The dissolut ion of theophylline from aqueous 

suspensions was measured by the U.S.P. paddle method. 

Theophylline release was retarded i n  the presence of 
xanthan gum, 1 % ,  sodium a lg ina te ,  O. ! j%,  a n d  equi-weight 
mixtures o f  gela t in  type B and io ta  carrageenan, 1 % .  
These suspensions formed gels -__ i n  s i t u  in Simulated 
Gastric F l u i d ,  U . S . P .  Diffusion c e l l  s tudies  suggested 
t h a t  theophylline t ransport  w i t h i n  the formed m a t r i x  
was due t o  diffusion through immobilized l i q u i d  water. 
Evidence in s u p p o r t  o f  a diffusion controlled dissolut ion 
mechanism i n  these systems were l i n e a r i t y  o f  the i n i t i a l  
section of p lo ts  o f  dissolut ion against  the square 
route of time, the lack of e f f e c t  o f  theophylline 
p a r t i c l e  s ize  on dissolut ion r a t e ,  a n d  the tendency 
f o r  release from a par t icu lar  system t o  become 
independent of polymer concentration once a s u f f i c i e n t l y  
h i g h  concentration was reached. 
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2 A T Z  AND WOODFORD 2160 

INTRODUCTION 

T h e o p h y l l i n e  i s  w i d e l y  used i n  t h e  t r e a t m e n t  o f  

asthma and o t h e r  r e s p i r a t o r y  d i seases .  L i q u i d  dosage 

fo rms a r e  needed f o r  t h e  t r e a t m e n t  o f  t h e  many c h i l d r e n  

and a d u l t s  who f i n d  i t  d i f f i c u l t  t o  swa l l ow  a t a b l e t  

o r  capsu le .  Commerc ia l l y  a v a i l a b l e  l i q u i d s  a r e  u s u a l l y  

h y d r o a l c o h o l  i c  s o l u t i o n s  o r  aqueous suspens ions ,  t h e  

l a t t e r  h a v i n g  t h e  the rapeu t i c :  advantage o f  e l i m i n a t i n g  

a l c o h o l  f r o m  t h e  f o r m u l a t i o n .  

A1 though t h e o p h y l l i n e  i s  a v a l u a b l e ,  

w i d e l y - p r e s c r i  bed e n t i t y ,  i t  has a na r row t h e r a p e u t i c  

range, g e n e r a l l y  c o n s i d e r e d  t o  be 10 t o  20 pg/mL ( 1 ) .  
I n  a s t u d y  o f  serum l e v e l  v e r s u s  t o x i c i t y  i n  87 p a t i e n t s ,  

i t  was found  t h a t  81 p e r c e n t  o f  t h o s e  w i t h  serum l e v e l s  

f r o m  20 t o  29.91 pg/mL showed a t  l e a s t  one t o x i c  symptom. 

Four  p a t i e n t s  i n  t h e  s t u d y  had s e i z u r e s  a s s o c i a t e d  

w i t h  serum l e v e l s  o v e r  40 pg/ml. ( 2 ) .  

Theophyl  1 i ne i s  r a p i d l y  absorbed and e l  i m i n a t e d  ., 

F o l l o w i n g  a d m i n i s t r a t i o n  o f  a n o n a l c o h o l i c  l i q u i d  

p r e p a r a t i o n  t o  normal a d u l t  human s u b j e c t s ,  t h e  

a b s o r p t i o n  h a l f  l i f e  was 0.27 +/- 0.07 h r ;  serum 

e l i m i n a t i o n  h a l f  l i f e  v a l u e s  o f  6.19 +/-. 0.31 h r  were 

o b t a i n e d  i n  t h e  same s t u d y  ( 3 ) .  
Rap id  a b s o r p t i o n  and e l i m i n a t i o n ,  combined with1 

t h e  smal 1 s e p a r a t i o n  between m i n i m a l l y  e f f e c t i v e  

t h e r a p e u t i c  b l o o d  l e v e l s  and t h o s e  t h a t  r e s u l t  i n  
u n d e s i r a b l e  s i d e  e f f e c t s  make f r e q u e n t  a d m i n i s t r a t i o n  

o f  c a r e f u l  l y  c o n t r o l  l e d  doses necessa ry .  S u s t a i n e d  

r e l e a s e  dosage fo rms  h e l p  t o  l o w e r  t h e  p o t e n t i a l  f o r  

un toward  e f f e c t s  and t o  p e r m i t  l e s s  f r e q u e n t  d o s i n g  

b y  m a i n t a i n i n g  b l o o d  l e v e l s  i n  t h e  t h e r a p e u t i c  range 
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RELEASE OF THEOPHYLLINE FROM AQUEOUS SUSPENSIONS 2161 

for periods longer t h a n  i s  a t ta inable  following 
administration of a s ingle  dose. 

Barzegar- Jal  a1 i and  Richards ( 4 )  determined the 
e f f e c t  of several polymers on b ioavai lab i l i ty  o f  aspi r in  
from suspensions, i n  r a b b i t s .  They found t h a t  both 
peak blood concentration and area uinder the blood-time 
curve from 0 t o  9 hours were proportional t o  the 
logarithm of apparent viscosi ty  a t  a shear r a t e  of 
100 sec-1. An increase in viscosi ty  enhanced asp i r in  
absorption, apparently because of  prolongation of stomach 
residence time of the acidic  d r u g .  

For drugs be t te r  absorbed from the small i n t e s t i n e  
than the stomach, the same e f f e c t  may $result  i n  a 
retardation of absorption. Polymer-drug complexation 
( 5 )  and  slowed dissolution resul t ing from h i g h  b u l k  
v iscosi ty  ( 6 )  a re  other fac tors  t h a t  could be responsible 
f o r  a reduction i n  absorption ra te .  

O u r  goa l  was t o  design prototype l iquid suspensions 
of theophylline t h a t  change into a gel matrix upon 
entering the ac id ic  g a s t r i c  f l u i d  environment, which 
has been reported as being under mild ag i ta t ion  ( 7 ,  
8 ) .  Theophylline dissolut ion would then be slowed 
because of the imposition o f  a diffusion s tep  w i t h i n  
the s e r i e s  of t ransfers  leading t o  the appearance o f  
dissolved d r u g  i n  the stomach. 1:n other words, the 
dissolut ion r a t e  (hence the -- i n  v i v o  absorption r a t e )  
would be limited by diffusion t h r o u g h  the gel m a t r i x .  
I n  t h i s  study, several polymer systems were evaluated 
a s  potential  agents f o r  promoting -- in1 s i t u  gel formation. 
Diffusion and dissolut ion s tudies  were used t o  determine 
polymer effect iveness  and ver i fy  the principal mechanism 
of polymer act ion.  
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E X P E R I M E N T A L  
Materi a1 s 

Theophyll ine anhydrous (Eastman Kodak, Rochester, 
New York), xanthan gum (Kelco SS-4749, Kelco Division 
of Merck d n d  Company, San Diego, Cal i forn ia)  , sodium 
a lg ina te  (Kelgin-F, Kelco Division o f  Merck a n d  Company, 
San Diego, Cal i fornia)  i o t a  carrageenan (Gelcarin DG. ,  
Marine Colloids Division o f  FMC Corporation, Spr ingf ie ld ,  
New Jersey) ,  and ge la t in  type B (Pharrriagel B ,  Ruger 
Chemical Company, I r v i n g t o n  , New Jersey)  were used 
as received. Other materials were U.S .P .  grade. 
S u s pen s i on iP re pa r'a t i on -- 

Theophylline suspensions t h a t  d i d  not contain 
ge la t in  a n d  carrageenan were made by a d d i n g  the proper 
weight of theophylline anhydrous powder t o  a tared 
glass  j a r  containing the required weight of  d i s t i l l e d  
water preserved w i t h  0.25% w/w chlorobutanol . After 
forming an aqueous s l u r r y  of the theophyll ine,  powdered 
polymeric excip'ients were slowly added ! w i t h  ag i ta t ion  
by a counter-rlotating mixer (Brookf i e l  cl Engineering, 
Stoughton, Massachusetts) u n t i l  a f i n e  dispersion was 
formed. Then the cap was screwed on and the j a r  stored 
a t  4°C overnight o r  un t i l  used. 

For suspensions containing ge la t in  and carrageenan, 
anhydrous theophyl l i n e  powder was s l u r r i e d  i n  preserved 
d i s t i l l e d  water; carrageenan then was added and dispersed 
u s i n g  a counter-rotati  ng  mixer. The requi red weight 
of ge la t in  was added t o  preserved water, heated t o  
75-85°C. Tlhe ge la t in  and carrageenan iiiixtures were 
then combined w i t h  a1 te rna te  mechanical st irring a n d  
hand shaking. Hard, lumpy aggregates t h a t  formed were 
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RELEASE OF THEOPHYLLINE FROM AQUEOUS SUSPENSIONS 2163 

e l i m i n a t e d  by  p a s s i n g  t h e  e n t i r e  b a t c h  t h r o u g h  a hand 

homogenizer. 

D i s s o l u t i o n  T e s t i n g  

Standard  U.S.P.  Te f l on -coa ted  s t a i n l e s s  s t e e l  

padd les  and g l a s s  round bo t tom beakers  were u t i l i z e d .  

S t i r r i n g  speed was m a i n t a i n e d  c o n s t a n t  by  commercial 

feedback c o n t r o l  c i r c u i t r y  a t  50 rpm. T h i s  speed was 

s low enough t o  a v o i d  b r e a k i n g  up t h e  g e l l e d  suspension 

sample and was i n  keep ing  w i t h  t h e  m i l d  a g i t a t i o n  

c o n d i t i o n s  b e l i e v e d  t o  e x i s t  i n  v i v o .  However, i t  

was r a p i d  enough t o  make t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  

t h e o p h y l l i n e  u n i f o r m  t h r o u g h o u t .  The d i s s o l u t i o n  medium 

c o n s i s t e d  o f  1000 mL o f  S imu la ted  G a s t r i c  F l u i d  U.S.P. ,  

w i t h o u t  enzyme, k e p t  a t  37°C i n  a w a t e r  b a t h  equipped 

w i t h  a h e a t e r - c i  r c u l  a t o r .  

Prewarmed, de -ae ra ted  suspens ion  was drawn up 

i n t o  a 0.27 cm i n n e r  r a d i u s  g l a s s  tube  u s i n g  an a t t a c h e d  

3 mL d i s p o s a b l e  s y r i n g e  j o i n e d  by  a segment o f  p l a s t i c  

t u b i n g .  Two mL o f  suspension were drawn up, t h e  tube  

was wiped c l e a n  and excess suspension removed f r o m  

t h e  tube  end. Next t h e  tube  end was p l a c e d  i n t o  t h e  

d i s s o l u t i o n  medium and t h e  s y r i n g e  p l u n g e r  depressed 

s l o w l y  t o  e x t r u d e  one mL; t h e  suspension was c u t  o f f  

f r o m  t h e  tube  end w i t h  a r a z o r  b lade .  
A t  each t i m e  i n t e r v a l ,  a p r e c i s e l y  measured sample 

o f  t h e  d i s s o l u t i o n  medium was removed and d i l u t e d  t o  

b r i n g  t h e  t h e o p h y l l i n e  c o n c e n t r a t i o n  i n t o  t h e  l i n e a r  

range o f  t h e  s tandard  c a l i b r a t i o n  cu rve .  Absorbance 

o f  t h e o p h y l l i n e  was measured a t  272 mm u s i n g  a s i n g l e  

beam spec t rophotome t e r  . The p r e c i s e  amount o f  

t h e o p h y l l i n e  i n  t h e  suspension sample was de termined 

~- 
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ZATZ AND WOODFORD 2164 

a t  t h e  end (of t h e  d i s s o l u t i o n  exper iment  by  s t i r r i n g  

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

measur ing t h e  absorbance. I n t e r f e r e n c e  f rom t h e  

e x c i p i e n t s  wais n e g l i g i b l e .  Drug c o n c e n t r a t i o n  i n  t h e  

beaker never exceeded one pe rcen t  o f  s o l  u b i  1 i t y ,  

m a i n t a i n i n g  a s i n k  c o n d i t i o n .  These exper iments were 

conducted i n  d u p l i c a t e  o r  t r i p l i c a t e .  

D i f f u s i o n  S t u d i e s  

The 1 owe r r e c e p t o r  compdrtments f r o m  two Franz- t y p e  

d i f f u s i o n  c e l l s  (Crown Glass, S o m e r v i l l e ,  New Je rsey )  

were clamped t o g e t h e r  t o  form a two-chambered h o r i z o n t a l  

c e l l  ( F i g u r e  1 ) .  The r e c e p t o r  chamber was s t i r r e d  

by a smal l  rnagnetic s t i r  ba r  mounted a t  t h e  end, as 

shown i n  t h e  f i g u r e .  A 1 .2 1u-n f i l t e r  membrane separated 

t h e  donor compartment, whic:h con ta ined  t h e  u n s t i r r e d  

suspension, f rom t h e  s t i r r e d  r e c e p t o r  compartment. 

The temperature o f  c i r c u l a t i n g  water  was ma in ta ined  

a t  37.0"C by a the rmos ta t .  

Prewarmed, de-aerated samples o f  suspension were 

loaded i n t o  t h e  donor chamber o f  t h e  d i f f u s i o n  ce l l : ;  

u s i n g  a s y r i n g e  w i t h  t h i n  p l a s t i c  t u b i n g  a t t a c h e d .  

The r e c e p t o r  c o n s i s t e d  o f  S imulated G a s t r i c  F l u i d  U.S.P. 

w i t h o u t  enzyme. For  r e c e p t o r  f l u i d  sampling, a p l a s t i c  

c a t h e t e r  a t tached  t o  an 18 gauge needle was used. 

The r e c e p t o r  f l u i d  was removed f r e q u e n t l y  and r e p l a c e d  

w i t h  t h e  same volume t o  m a i n t a i n  s i n k  c o n d i t i o n s .  

The a n a l y t i c a l  procedure was t h e  same as t h a t  f o r  t h e  

d i s s o l u t i o n  s t u d i e s .  A f t e r  two t o  t h r e e  hours o f  re lease  

s tudy  progress,  t h e  donor c e l l  was disassembled and 

i t s  suspension c o n t e n t s  were ex t ruded  by  a i r  a t  l cw  
pressu re  t o  a l l o w  measurement o f  t h e  d e p l e t i o n  zone 
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FIGURE 2. E f f e c t  of v a r i o u s  concentrat - ions o f  xanthan 

gum on r e l e a s e  o f  t h e o p h y l l i n e  f rom 4% 

suspensions, paddle method a t  50 rpm. 

No xanthan gum; b 0.3%: A 1 % .  

t h i ckness .  These exper iments were conducted i n  
d u p l i c a t e .  

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

F i g u r e  il c o n t a i n s  d i sso lu t i on1  p r o f i l e s  f o r  

t h e o p h y l l  i n e  f rom 4% suspensions c o n t a i n i n g  v a r i o u s  

c o n c e n t r a t i o n s  o f  xanthan gum. D l s s o l  u t i o n  01' 

t h e o p h y l l i n e  f r o  

ex t reme ly  r a p i d ;  
i n  l e s s  than  

s i  g n i  f i can t1  y de 

gum (Figurle 2, 

I suspensions c o n t a i n i n g  no gum was 
most o f  t h e  d r u g  went i n t o  s o l u t i o n  

one minute.  Disso1ut; ion was n o t  

ayed i n  t h e  presence o f  0.3% o f  t h e  

Table 1 )  d e s p i t e  t h e  l a r g e  e l e v a t i o n  
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TABLE 1 

Time Required f o r  D i s s o l u t i o n  o f  50% o f  t h e  T h e o p h y l l i n e  

Present  i n  Suspensions C o n t a i n i n g  4% T h e o p h y l l i n e  and 

Var ious Polymers. 

Po 1 yme r 

None 

Xanthan gum, 0.3% 

Xanthan gum, 1 %  
Sodium a l g i n a t e ,  0.5% 

Sodium a l g i n a t e ,  1% 

Sodium a1 g i n a t e ,  1 .5% 

Sodium a l g i n a t e ,  3% 

Gel a t i  n-carrageenan , 0.6% 

G e l a t i  n-carrageenan , 1 % 

Gelat in-carrageenan,  3% 

i n  v i s c o s i t y  t h a t  t o o k  p l  ac 

t50% (m inu tes )  

<1 
<5 

25 

31 

39 

40 

45 
15 

25 

23 

a t  t h i s  co c e n t  t i o n  

( 9 ) .  A xanthan gum c o n c e n t r a t i o n  o f  1% was r e q u i r e d  

t o  m a t e r i a l l y  s low d i s s o l u t i o n .  

Aqueous xanthan gum d i s p e r s i o n s  e x h i b i t  a g e l - 1  i ke 

s t a t e  whose r e s i s t a n c e  t o  breakdown b y  shear .depends 

on gum c o n c e n t r a t i o n  ( 9 ) .  T h i s  p r o p e r t y ,  r a t h e r  than  

any e f f e c t  on b u l k  v i s c o s i t y ,  i s  r e s p o n s i b l e  f o r  t h e  

d e l a y  i n  d i s s o l u t i o n  t h a t  t akes  p l i l c e  i n  xanthan gum 

f o r m u l a t i o n s .  

D i s s o l u t i o n  exper iments were conducted on 4% 

t h e o p h y l l i n e  suspensions based on sodium a l g i n a t e .  

T h i s  m a t e r i a l  becomes i n s o l u b l e  i n  wa te r  below pH 4 

and i t  was observed t h a t  t h e  f o r m u l a t i o n  b o l u s  formed 
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2168 ZATZ AND WOODFOliD 

a rubbery surfaced "capsule" when the suspension came 
i n t o  contact w i t h  the ac id ic  dissolut ion medium. 
Inclusion of 0 .  5% a lg ina te  i n  the suspension resu1ti.d 
i n  a s i g n i f i c a n t  reduction i n  the dissolut ion r a t e  
of theophyll ine (Figure 3 ) .  Further increases i n  polymer 
concentration reduced the release r a t e  o f  theophyl l i n e  
s l i g h t l y  (Figure 3, Table 1 ) .  

I n  sleveral experiments , calcium s a l t s  were added 
t o  the suspensions t o  enhance the s t rength of the 
a1 g i  nate matri x gel formed. There was no si g n i  f i cant. 
e f f e c t  of calcium, e i t h e r  i n  the dissolut ion mediirni 
o r  i n  the suspension, on d r u g  release i n  these 
experiments. 

The gelatin/carrageenan combination was chosen 
f o r  study because the carrageenan r e t a i n s  i t s  negative 
charge over a large pH range due t o  the strongly ionized 
s u l f a t e  groups on the molecule whereais the g e l a t i n ,  
having a n  i s o e l e c t r i c  point of 5 .5 ,  var ies  i n  n e t  
molecular charge depending on the pH. This permits 
preparation of a f l u i d  suspension or solution a t  neutral 
pH, a t  which point b o t h  pol.ymers have a net negative 
charge. Reduction of the pH t o  t h a t  o f  g a s t r i c  f l u i d  
converts the ge la t in  t o  the ca t ion ic  form, resu l t ing  
i n  mutual precipi ta t ion of the polymers a n d  production 
of a gel ma t r ix .  In our experiments, a one t o  one 
weight r a t i o  was selected because of approximate 
stoichiometric equivalence o f  the polymers a t  t h a t  
r a t i o .  Mtiximal delay i n  d issolut ion occurred when 
the t o t a l  gelatin/carrageenan polymer concentration 
was 1.0% o r  more (Figure 4 ,  Table 1 ) .  Separatle 
suspensions t h a t  varied i n  the average p a r t i c l e  siae 
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FIGURE 3. 
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40 

20 

E f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  sodium 

a l g i n a t e  on r e l e a s e  01' t h e o p h y l l i n e  f rom 

4% suspensions, paddle method a t  50 rpm. 

A 0.5%; 1%; 3%. 

60 120 180 

TIME, minutes 

0 
0 

FIGURE 4. Ef fect  o f  v a r i o u s  c o n c e n t r a t i o n s  of 

ge l  a t in /carrageenan,  1 : 1 , on r e 1  ease o f  

t h e o p h y l l i n e  f rom 4% suspensions, paddle 

method a t  50 r p r n . A  0.6%;,m l%;@ 3%. 
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2170 ZATZ A N D  WOODFORiD 

o f  t h e o p h y l l  i ne were prepared. There was e s s e n t i  a1 1.4 

no d i f f e r e n c e  i n  t h e  r e s p e c t i v e  d i s s o l u t i o n  p r o f i l e s .  

S i g n i f i c a n t  r e t a r d a t i o n  o f  d rug  r e l e a s e  f rom a1 1 
o f  these suspensions depended on t h e  f o r m a t i o n  o f  a 

cohesive , non-d i  s i n  t e g r a  t i  ng mass. From v i s u a l  

obse rva t i ons  made d u r i n g  conduct o f  d i s s o l  u t i lon 

exper iments,  %he 1 i q u i d  t o  ge l  t r a n s f o r m a t i o n  appeared 

t o  be i ns tan taneous  a t  t h e  l i q u i d / f o r m u l a t i o n  boundar.y, 

w i t h  t h e  r e s u l t  t h a t  t h e  f l u i d  i n t e r i o r  o f  t h e  suspension 

was immediate ly  t rapped  w i t h i n  an e n c l o s i n g  membrane. 

I n  t h e  calse o f  shear r a t e  dependent g e l a t i o n  (xanthan 

gum fo rmu l la t i ons )  , t h e  e n t i r e  f l u i d  appeared t o  s o l i d i f y  

immediate ly  upon t e r m i n a t i o n  o f  shear a f t e r  d e l  iveinj /  

o f  t h e  f o r m u l a t i o n  b o l u s  t o  t h e  d i s s o l u t i o n  vesse l .  

Wi th  t h e  o t h e r  systems, t h e  g e l l e d  l a y e r  t h i c k n e s s  

i nc reased  w i t h  t ime  u n t i l  t h e  e n t i r e  l i q u i d  mass was 

conver ted i n t o  a g e l ,  a p p a r e n t l y  as a r e s u l t  o f  hydroniirni 

i o n  d i f f u s i o n  f rom t h e  medium. Drug c o n c e n t r a t i o n  

i n  t h e  d i s s o l u t i o n  medium s l o w l y  i nc reased  w i t h  t i m e  

as d rug  d i f f u s e d  f rom t h e  f o r m u l a t i o n  mass, which 

s u b s t a n t i a l l y  r e t a i n e d  i t s  o r i g i n a l  shape and volume. 

The l a c k  o f  e f f e c t  o f  t h e o p h y l l i n e  p a r t i c l e  s i z e  

on r e l e a s e  r a t e  and t h e  tendency o f  r e l e a s e  r a t e s  t o  
approach a l i m i t i n g  va lue  w i t h  i n c r e a s i n g  polymer 
c o n c e n t r a t i o n  f o r  each e f f e c t i v e  polyiner system a r e  
i n  agreement w i t h  a r e l e a s e  mechanism based on 

d i f f u s i o n a l  t r a n s f e r  f o l l o w i n g  i n  s i t u  g e l  f o r m a t i o n .  

I n  an e f f o r t  t o  f u r t h e r  v e r i f y  t h e  d i f f u s i o n a l  r e l e a s e  

mechanism, a d d i t i o n a l  d i s s o l u t i o n  exper iments were 

conducted, a l o n g  w i t h  measurements o f  t h e o p h y l l i n e  

d i f f u s i o n  f rom corresponding f o r m u l a t i o n s  under 
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RELEASE OF THEOPHYLLINE FROM AQUEOUS SlJSPENSIONS 2 1 7 1  

c o n t r o l l e d  c o n d i t i o n s .  Because o u r  i n i t i a l  s e t  o f  

suspensions based s o l e l y  on sodium a l g i n a t e  sedimented 

r a p i d l y ,  t h e  new a l g i n a t e  f o r m u l a t i o n s  con ta ined  xanthan 

gum 0.3% t o  e l i m i n a t e  t h i s  problem. 

The same xanthan gum c o n c e n t r a t i o n  was i n c l u d e d  

i n  t h e  systems made w i t h  combinat ions o f  carrageenan 

and g e l a t i n  t o  r e t a r d  sed imen ta t i on  and -improve ge l  

c h a r a c t e r i s t i c s .  

The cumu la t i ve  amount re leased  t o  t h e  r e c e p t o r  

chamber was p l o t t e d  a g a i n s t  t h e  square r o o t  o f  t ime .  

T y p i c a l  r e s u l t s ,  f o r  suspensions c o n t a i n i n g  t h e o p h y l l i n e ,  

4%, sodium a l g i n a t e  and xanthan gum, lare shown i n  F i g u r e  

5. F o l l o w i n g  an i n i t i a l  curved r e g i o n  r e s u l t i n g  f rom 

t h e  combined r e s i s t a n c e  o f  t h e  membrane and t h e  g e l  

m a t r i x ,  t h e  p l o t s  became l i n e a r  as d i f f u s i o n  th rough  

t h e  ge l  was e s s e n t i a l l y  r a t e  l i m i t i n g .  

We determined t h e  s o l u b i l i t y  o f  t h e o p h y l l i n e  i n  

S imulated G a s t r i c  F l u i d  U.S.P. a t  37°C t o  be 11.1 mg/mL. 

For  systems c o n t a i n i n g  t h e o p h y l l i n e ,  10 mg/mL, t h e  

d i f f u s i o n  c o e f f i c i e n t ,  D, was c a l c u l a t e d  f rom Eq. 1, 

a rearrangement o f  t h e  equa t ion  f o r  d i f f u s i o n  f rom 

a s o l u t i o n  i n t o  a s i n k  which a p p l i e s  u n t i l  about 30% 

o f  t h e  drug has been re leased  ( 1 0 ) .  

M2 71 

2 2  D =  
4 A  C 

I n  t h i s  equat ion,  M r e p r e s e n t s  t h e  s lope  o f  a p l o t  

o f  amount re leased  vs. t h e  square r o o t  o f  t ime ,  A i s  

t h e  s u r f a c e  area and C i s  t h e  i n i t i a l  t h e o p h y l l i n e  

c o n c e n t r a t i o n .  A t  h i g h e r  c o n c e n t r a t i o n s ,  t h e  

t h e o p h y l l i n e  was i n  suspension and t h e  equa t ion  
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FIGURE 5. Release o f  t heoph .y l l i ne  i n  d i f f u s i o n  c e l l  

f r o m  g e l s  c o n t a i n i n g  sodium a l g i n a t e ,  1%, 
xanthi in gum, 0.3% and v a r i o u s  c o n c e n t r a t i o n s  

o f  t h e o p h y l l  i n e . v l l b ;  0 4%;/\13%. 

d e s c r i b i n g  r e l e a s e  f rom a suspension i n t o  a s i n k  ( 1 1 )  

was rea r ranged  t o  y i e l d  Eq. 2. 

D =  M2 
A 2  (2C - S )  S 

Here, S r e p r e s e n t s  t h e o p h y l l i n e  s o l u b i l i t y  w h i l e  t h e  

o t h e '  symbols have t h e  same meaning as above. 

Values f o r  t h e  c a l c u l a t e d  d i f f u s i o n  c o e f f i c i e n t s  

a r e  i s t e d  i n  Table 2. The mean was 9.36 x cm2/sec, 

w i t h  a s tandard  d e v i a t i o n  of  2.09 x l o m 6  cm2/sec. 
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RELEASE OF THEOPHYLLINE FROM AQUEOUS SUSPENSIONS 2173  

TABLE 2 
Diffusion Coeff ic ien t  f o r  Theophyl l i n e  Calculated From 
D i f f u s i o n  Cell Experiments. 
Pol ymer ( s)  Diffusion Coeff ic ien t  x lo6 (cm2/sec) 

Theophylline Concentration 
1 %  4% 8% 

Xanthan gum 1 %  6.88 9.64 9.52 

Sodium a l g i n a t e  1 %  
xanthan gum 0.3% 9.26 9.48 13.5 

Gelat in  0.3% 
carrageenan 0.3% 
xanthan gum 0.3% 10.6 6.26 9.10 

There was no trend with respec t  t o  e i t h e r  concentrat ion 
or formulat ion.  

Upon completion of the  d i f fus ion  experiments the 
c e l l s  were disassembled. A c l e a r  deple t ion  zone below 
the membrane sur face  was evident  f o r  every suspension. 
The a l g i n a t e  and gelat in-carrageenan suspensions had 
ge l led  t o  a much g rea t e r  d e p t h  (about 13-15 times t h a t  
of the  deplet ion zone )  i nd ica t ing  t h a t  hydronium ion 
d i f fused  i n  much more rap id ly  than theophyll ine d i f fused  
o u t .  A t  the low concentrat ions o f  polymer i n  these  
systems, i n t e r f e rence  of polymer s t rands  w i t h  

theophyl l i n e  transport  was ca lcu la ted  t o  reduce 
d i f f u s i v i t y  by no more than 1 % .  The d i f fus ion  
c o e f f i c i e n t  f o r  the  d r u g  the re fo re  represents  t h a t  
through a c i d i f i e d ,  immobilized water.  
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FIGURE 6. Release o f  theophyl  l i n e  firmom suspensions 

c o n t a i n i n g  1% xanthan gum and v a r i o u s  concen- 

t r a t i o n s  o f  t h e o p h y l l i n e ,  paddle method, 

50 rpm. 1%; 0 4%; A 8%. 

D i s s o l u t i o n  o f  theophyl  l i n e  f r o m  suspensions wit ih 

t h e  same compos i t i on  as those s t u d i e d  in t h e  d i f f u s i o n  

exper iments were e v a l u a t e d  by t h e  paddle method. Result:; 

a r e  shown i n  F i g u r e s  6-8. P l o t s  o f  amount r e l e a s e d  

as a f u n c t i o n  o f  t h e  square r o o t  o f  t i m e  were l i n e a r  

a t  f i r s t  and then  began t o  cu rve  downward. T h i s  b e h a v i o r  

i s  expected f o r  r e l e a s e  of d r u g  from a c y l i n d r i c a l  

o r  s p h e r i c a l  homogeneous m a t r i x  (12, 1 3 ) .  Fo r  up t o  

app rox ima te l y  215 t o  30% re leased,  t h e  r e l e a s e  da ta  

a r e  w e l l  desc r ibed  by  t h e  s i m p l e r  homogeneous slab1 

m a t r i x  modlel , which p r e d i c t s  a l i n e a r .  r e l a t i o n s h i p  

between amount r e l e a s e d  and t h e  square root.  of t ime.  
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FIGURE 7 .  Release o f  t h e o p h y l l i n e  f r o m  suspensions 

c o n t a i n i n g  1% sodium a l g i n a t e ,  0.3% xanthan 

gum and v a r i o u s  c:oncen t r a t i o n s  o f  
t h e o p h y l l i n e ,  padd le  method, 50 rprn. 

1%; 0 4%; A8%. 

Severa l  f a c t o r s ,  i n  a d d i t i o n  t o  t h e o p h y l l  i n e  

c o n c e n t r a t i o n ,  a f f e c t  t h e  r e l e a s e  r a t e .  These i n c l u d e  

t h e  shape o f  t h e  m a t r i x  i n  t h e  d i f f u s i o n  v e s s e l ,  wh ich  

de termines  t h e  e f f e c t i v e  s u r f a c e  area .  A l g i n a t e  

suspensions tended t o  f o r m  a s p h e r i c a l  m a t r i x ,  w h i l e  

t h e  o t h e r  systems produced more e l o n g a t e d  shapes w i t h  

a h i g h e r  s u r f a c e  area .  Syneres i s ,  wh ich  has been 
observed i n  g e l a t i n  and a l g i n a t e  g e l s  (14, 1 5 )  would 

r e s u l t  i n  c o n t r a c t i o n  o f  t h e  g e l  a l o n g  w i t h  an i n c r e a s e  

i n  t h e  t h e o p h y l l i n e  c o n c e n t r a t i o n  w i t h i n .  The i n c r e a s e  
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FIGURE 8. Release of t h e o p h y l l  i n e  f r lom suspensions 

c o n t a i n i n g  0.3% each o f  g e l a t i n  t y p e  B, 
carrageenan and xanthan gum, paddle method, 

50 rpm. 1%; 0 4%; A 8%. 

i n  c o n c e n t r a t i o n  i s  p r o p o r t i o n a l  t o  t h e  decrease i n  

volume; however, t h e  i n i t i a l  r e l e a s e  r a t e  i s  

app rox ima te l y  p r o p o r t i o n a l  t o  t h e  square r o o t  o f  

c o n c e n t r a t i o n .  A t  t h e  same t ime ,  t h e  s u r f a c e  area 

o f  t h e  m a t r i x ,  t o  which r e l e a s e  r a t e  i!; p r o p o r t i o n a l ,  

would decrease by about t h e  2/3 power o f  t h e  change 

i n  volume. Both f a c t o r s  work i n  o p p o s i t e  d i r e c t i o n s ,  

so t h a t  a smal l  amount o f  s y n e r e s i s  would p r o b a b l y  

n o t  a f f e c t  t h e  ' d i s s o l u t i o n  cu rve  s i g n i f i c a l n t l y .  
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CONCLUSIONS 
Several  theophyl l  ine suspens ions  e x h i b i t e d  - i n  

s i tu  g e l a t i n  upon i n t r o d u c t i o n  i n t o  Simulated G a s t r i c  
F lu id  U . S . P . ,  wi thout  peps in .  Gela t ion  mechanisms 
i n c l u d e  s h e a r  dependent " s o f t  g e l "  format ion  (xanthan 
g u m ) ,  polymer p r e c i p i t a t i o n  (sodium a l g i n a t e )  and mutual 
p r e c i p i t a t i o n  of o p p o s i t e l y  charged polymers 
( g e l a t i n - c a r r a g e e n a n ) .  T h e  r a t e  of drug r e l e a s e ,  which 
i s  c o n t r o l l e d  by d i f f u s i o n  through immobilized w a t e r ,  
i s  reduced i n  the  presence of  these polymers.  These 
i n  v i t r o  s tudies  i n d i c a t e  t h a t  p r e p a r a t i o n  of  aqueous 
theophyl l  ine  suspens ions  w i t h  prolonged r e l e a s e  
c h a r a c t e r i s t i c s  i s  f e a s i b l e .  The r e s u l t s  of  i n  vivo 
i n v e s t i g a t i o n s  w i l l  be r e p o r t e d  s u b s e q u e n t l y .  
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