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S tab le  morphine submicronized emuls ions were prepared under 

op t ima l  exper imenta l  cond i t i ons .  Mean d r o p l e t  s i z e  and ze ta  

p o t e n t i a l  o f  t h e  morphine emuls ions ranged f rom 400 t o  700 nm and 

f rom -50 t o  -70 mv r e s p e c t i v e l y .  I n  v i t r o  r e l e a s e  k i n e t i c  a n a l y s i s  

i n d i c a t e d  t h a t  t h e  d ruq  t r a n s f e r  f rom t h e  o i l y  d i spe rsed  d r o p l e t s  

i n t o  t h e  e x t e r n a l  aqueous phase was t h e  r a t e  de te rm in ing  s t e p  i n  

t h e  o v e r a l l  k i n e t i c  process p r o v i d i n g  t h e  main p o r t i o n  o f  t h e  d rug  

was l o c a l i z e d  i n  t h e  o i l y  phase. A k i n e t i c  equa t ion  model was 

proposed and found s u i t a b l e  f o r  t h e  d e s c r i p t i o n  o f  morphine 

r e l e a s e  f rom t h e  emuls ion due t o  con fo rm i t y  o f  t h e  exper imenta l  

da ta  t o  t h e  expected k i n e t i c  d a t a  as c a l c u l a t e d  by  means o f  t h i s  

equa t ion  . 
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2068 FRIEDMAN AND BENITA 

INTRODUCTIOV 

Physostigmine which inhibits brain acetylcholinesterase was 
shown in both clinical and animal studies t o  cause a significant 
reversal of the respiratory depressant effect of morphine without 
affecting the analaesia. ”*  However, the duration of action of 

physostigmine is too short and the present authors have already 
shown that it is possible to prolong the pharmacological activity 
by incorporating physostigrnine into an injectable emulsion 
delivery s ~ s t e m . ~ ’ ~  In view of these findings it may be possible 
to design a dose regime of treatment in human subjects with a 
combination of morphine and physostigmine (in the same delivery 
system) which would maintain analgesia without concomitant respi- 
ratory depression. Therefore, before such a combined formulation 
could be investigated, it has been decided to prepare morphine 
emulsions and to examine how morphine incorporation would affect 
the physicochemical properties of the emulsion formulation, mainly 
the stability and drug release kinetics. In addition, an analysis 
of the in vitro drug release kinetics from these submicronized 
emulsions as  a function of various process parameters such as 
droplet size, oil phase ratio and initial drug concentration was 
carried out. 

KATE I? I ALS 
Soybean oi 1, crude phospholipids and manni to1 were purchased 

from Sigma Chemicals Co (St. Louis, PI@, IlSA).  Morphine base was 
purchased from Diosynth (Apeldoorn, Holland). The phosphol ipicls 
were purified accordina to the method reported by Schubert and 
PJ re t h i nd . 5 

METHODS 

1. Emulsion preparation and evaluation 
The purified phospholipids and morphine were dissolved in 

the oil phase containing a stabilizer additive. The non-ionic 
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A MATHEMATICAL MODEL FOR DRUG RELEASE 2069 

e m u l s i f i e r  and mann i to l  were d i s s o l v e d  i n  t h e  aqueous phase. Roth 

phases were heated separa te l y  t o  70°C and d i spe rsed  by a magnet ic 

s t i r r e r .  E m u l s i f i c a t i o n  was completed u s i n g  a "h igh  speed mixer' '  

( u l t r a t u r r a x )  f o r  1 min a t  85OC. The r e s u l t i n g  f i n e  emulsion was 

coo led  r a p i d l y  below 2OOC. A t y p i c a l  f o r m u l a t i o n  ( X  w/w) con- 

s i s t e d  o f  morphine base 0.5* o i l y  phase 20.09 p u r i f i e d  phospho- 

l i p i d s  1.0, non- ionic e m u l s i f i e r  2.0, mann i to l  6.0 and doub le  

d i s t i l l e d  water  t o  100 g. Each emulsion ba tch  was prepared i n  

t r i p l i c a t e .  The mean d r o p l e t  s i z e  and z e t a  p o t e n t i a l  measurements 

were c a r r i e d  o u t  us ing  t h e  methods p r e v i o u s l y  descr ibed. 6 

2. I n  v i t r o  morphine re lease  

Determinat ion  of morphine r e l e a s e  f rom v a r i o u s  s o l u t i o n s  and 

f rom t h e  emulsions were c a r r i e d  o u t  i n  an apparatus composed o f  

two compartments separated by a Phclepore membrane.3 The emulsion 

(1  m l )  was p laced i n  t h e  donor compartment and t h e  s i n k  s o l u t i o n  

(50 m l )  i n  t h e  r e c e p t o r  compartment. Both compartments were 

immersed i n  a constant- temperature water b a t h  a t  37OC. The drug  

re leased f rom t h e  emulsions d i f f u s e d  th rough t h e  membrane t o  t h e  

s i n k  s o l u t i o n .  Samples were taken a t  v a r i o u s  t i m e  i n t e r v a l s  f rom 

t h e  s i n k  s o l u t i o n  t h e  pH o f  which was v a r i e d  f rom 1.5 t o  8.0. 
These b u f f e r  s o l u t i o n s  were prepared accord ing  t o  NF X I V .  The 

concen t ra t i on  o f  morphine re leased  was determined spectrbphoto- 

m e t r i c a l l y  a t  284 nm us inq  a c a l i b r a t i o n  curve  based on s tandard  

so lu t i ons .  The Nuclepore membrane was s e l e c t e d  a f t e r  sc reen ing  

va r ious  membranes i n  d i f f u s i o n  s t u d i e s  u s i n g  morphine s o l u t i o n  i n  

o r d e r  t o  p reven t  t h e  membrane f rom a c t i n g  as t h e  r a t e  l i m i t i n g  

f a c t o r  i n  t h e  o v e r a l l  k i n e t i c  process. It should be noted t h a t  

t h e  v a r i o u s  emulsions remained s t a b l e  ove r  t h e  e n t i r e  k i n e t i c  

process and no o i l y  d r o p l e t s  crossed t h e  membrane. The e f f e c t  o f  

pH i n  t h e  donor compartment and t h e  a g i t a t i o n  c o n d i t i o n s  were a l s o  

studied. 
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2070 FRIEDMAN AND BENITA 

3. Apparent p a r t i t i o n  c o e f f i c i e n t  de te rm ina t ions  

A g iven  amount o f  morphine was d i s s o l v e d  i n  2 CJ o f  t h e  o i l y  

phase e i t h e r  w i t h  o r  w i t h o u t  t h e  p u r i f i e d  phospho l ip ids .  T h i s  

phase was kep t  i n  c o n t a c t  w i t h o u t  a g i t a t i o n  w i t h  8 g o f  an aqueous 

phase hav ing  t h e  same compos i t ion  as i n  t h e  emuls ion  b u t  a t  

v a r i o u s  pH cond i t i ons .  A t  d i f f e r e n t  t i m e  i n t e r v a l s  o v e r  a p e r i o d  

o f  48 hours, samples were taken f rom t h e  aqueous phases and 

morphine concen t ra t i ons  were measured spec t ropho tomet r i ca l  l y  as 

p r e v i o u s l y  descr ibed t i l l  an e q u i l i b r i u m  was e s t a b l i s h e d  between 

t h e  phases. The apparent  p a r t i t i o n  c o e f f i c i e n t  was then  

c a l c u l a t e d  accord ing  t o  t h e  equa t ion  where Co and 

C a r e  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  morphine i n  t h e  o i l y  and 

aqueous phases r e s p e c t i v e l y .  

P = C /C o w  

W 

4. Stab i  1 i t y  s t u d i e s  

Long-term s t a b i  1 i t y  s t u d i e s  were conducted a t  4°C and 2 0 O C .  

The chemical and p h y s i c a l  changes t h a t  m igh t  occur  i n  t h e  emuls ion 

d u r i n g  t h e  s to rage  were f o l l o w e d  up by v i s u a l  obse rva t i ons  (phase 

separat ion,  creaming, etc.). The emuls ion  samples were s t o r e d  i n  

10 m l ,  stoppered, graduated measuring c y l i n d e r s  and t h e  degrees o f  

creaming and o f  separa t i on  o f  t h e  o i l y  phase were assessed a t  

g i v e n  t ime  i n t e r v a l s ,  

RESULTS AND DISCUSSION 
I n  t h e  c u r r e n t  study, t h e  exper ience gained d u r i n g  t h e  pre-  

v i ous i nves t i  g a t i  on 3 * 6  on physos t igmine emuls ion was e x p l o i t e d .  

Morphine base was i n c o r p o r a t e d  i n t o  a m o d i f i e d  emuls ion v e h i c l e  

which remained s t a b l e  f o r  more than  f o r t y  weeks s t o r a g e  when 

prepared under op t ima l  exper imenta l  cond i t i ons .  Mean d r o p l e t  s i z e  

and ze ta  p o t e n t i a l  o f  t h e  morphine emuls ions ranged f rom 400 t o  

700 nm and f rom -50 t o  -70 mv r e s p e c t i v e l y .  These va lues  i n d i c a t e d  

t h a t  morphine i n c o r p o r a t i o n  d i d  n o t  a f f e c t  t h e  phys icochemical  

p r o p e r t i e s  o f  t h e  s t a b i l i z e d  emulsion. The low va lues  o f  t h e  mean 
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A MATHEMATICAL MODEL FOR DRUG RELEASE 2071 

- * over 40 weeks 

EMULSIFIER CONC., % 

Fig. 1 - EFFECT OF EMULSIFIER CONCENTRATION ON 

MORPHINE EMULSION STABILITY 

d r o p l e t  s i z e  r e f l e c t e d  t h e  fo rma t ion  o f  a c lose-  packed mixed f i l m  

o f  bo th  e m u l s i f y i n g  agents a t  t h e  o i l - w a t e r  i n t e r f a c e .  It shou ld  

be noted t h a t  t h e  r e s u l t i n g  ze ta  p o t e n t i a l  va lues  were h i g h  enough 

t o  p revent  coalescence o f  t h e  d rop le t - s  and preserved t h e  i n t e g r i t y  

o f  t h e  emuls ions formed. T h i s  was a l s o  conf i rmed by  t h e  r e s u l t s  

ob ta ined  d u r i n g  t h e  lona- term s t a b i  1 i t y  s t u d i e s  conducted on t h e  

morphine emuls ion (Fig. 1). 
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2072 FRIEDMAN AND BENITA 

It can be seen f rom F3g. 1 t h a t  a t  room temperature, s h e l f -  

l i f e  o f  t h e  emulsion was dependent on non- ion ic  e m u l s i f i e r  

concen t ra t i on  and a t  l e a s t  22 o f  t h e  e m u l s i f i e r  was needed t o  

ma in ta in  emulsion s t a b i l i t y  over  40 weeks storage. S i m i l a r  

behaviour was a l s o  observed a t  4°C storage. These f i n d i n g s  

conformed w i t h  p rev ious  r e s u l t s  repo r ted  on physost igmine 

emulsion.6 It should be emphasized t h a t  e m u l s i f i e r  c o n c e n t r a t i o n  

over 3X decreased t h e  s h e l f - l i f e  o f  t h e  emulsion. 

Drug p a r t i t i o n  a n a l y s i s  between aqueous and o i l y  phases 

An accura te  a n a l y s i s  o f  i n  v i t r o  d rug  r e l e a s e  f rom emulsions 

r e q u i r e s  f i r s t ,  a knowledge o f  t h e  d i s t r i b u t i o n  o f  t h e  drug i n  t h e  

va r ious  phases o f  t h e  emulsion d e l i v e r y  system. U s u a l l y  t h e  

aqueous cont inuous phase con ta ins  m i c e l l e s  o r  "a  m i c e l l a r  phase". 

Therefore, a t  e q u i l i b r i u m ,  d rug  cou ld  be d i s t r i b u t e d  o r  

p a r t i t i o n e d  among t h e  va r ious  phases ( t h e  o i l y  d ispersed d r o p l e t s ,  

t h e  m i c e l l e s  and t h e  cont inuous aqueous phase), The e x t e n t  o f  

p a r t i t i o n  o f  t h e  drug between t h e  va r ious  phases and t h e  na tu re  o f  

t h e  interdependence o f  t h e  parameters would i n f l u e n c e  t h e  r e l e a s e  

o f  t h e  drug  from t h e  emulsion. 

I n  p r e l i m i n a r y  k i n e t i c  s tud ies ,  t h e  r a t e  o f  morphine r e l e a s e  

o r  permeation th rough t h e  membrane from v a r i o u s  non- ion ic  

e m u l s i f i e r  concen t ra t i ons  was studied. N e i t h e r  p o s i t i v e  n o r  

nega t i ve  e f f e c t  was observed, i n d i c a t i n g  t h a t  t h e  presence o f  

morphine i n  m i c e l l e s  d i d  n o t  a f f e c t  t h e  r a t e  o f  t r a n s p o r t  o f  t h e  

drug  through t h e  membrane t o  t h e  s i n k  s o l u t i o n .  Therefore,  

morphine p a r t i t i o n  e x t e n t  was determined between t h e  l i p o p h i l i c  

and h y d r o p h i l i c  phases o f  t h e  emulsion only.  

As expected, decreasing t h e  pH o f  t h e  aqueous phase favoured 

t h e  fo rma t ion  o f  a water  s o l u b l e  p ro tona ted  morphine s a l t  and 

decreased t h e  apparent p a r t i t i o n  c o e f f i c i e n t  (Fig.  2). Whereas, 
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A MATHEMATICAL MODEL FOR DRUG RELEASE 2073 
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Flg.2-EFFECT OF pH ON MORPHINE PARTITION BETWEEN AOUEOUS AND OILY PHASE 

i n c r e a s i n g  t h e  pH above 7 promoted t h e  f o r m a t i o n  o f  t h e  o i l y  

s o l u b l e  morphine base and increased t h e  apparent  p a r t i t i o n  

c o e f f i c i e n t  i n d i c a t i n g  t h a t  t h e  morphine base was more l o c a l i z e d  

i n  t h e  o i l y  phase than  i n  t h e  aqueous phase s i m i l a r  i n  composi- 

t i o n  t o  t h e  phases o f  t h e  emulsion. Furthermore, t h e  presence o f  

p u r i f i e d  phospho l i p ids  i n  t h e  o i l y  phase augmented t h e  s o l u b i l i t y  

o f  morphine e s p e c i a l l y  i n  t h e  a l k a l i  pH range and inc reased  

s i g n i f i c a n t l y  t h e  apparent  p a r t i t i o n  c o e f f i c i e n t  (F ig .  2). 
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2074 FRIEDMAN AND BENITA 

Druq re lease  k i n e t i c  e v a l u a t i o n  f rom emuls ion 

The pH o f  t h e  s o l u t i o n  i n  t h e  donor compartment d i d  n o t  

i n f l u e n c e  t h e  t r a n s f e r  r a t e  o f  morphine which was m a i n l y  a f f e c t e d  

by t h e  pH o f  t h e  s i n k  s o l u t i o n ,  It appears t h a t  as a r e s u l t  o f  

f r e e  d i f f u s i o n  o f  t h e  b u f f e r  i o n s  between t h e  compartments, t h e  

pH o f  t h e  o v e r a l l  k i n e t i c  process i s  m a i n l y  determined by t h e  pH 

o f  t h e  r e c e p t o r  compartment due t o  i t s  l a r g e  c a p a c i t y  (50 mL). 

I nc reas ing  t h e  pH o f  t h e  s i n k  s o l u t i o n  i n  t h e  r e c e p t o r  compartment 

decreased t h e  permeat ion r a t e  o f  morphine th rough t h e  Nuclepore 

membrane. I n  any case, under s i n k  c o n d i t i o n s ,  t h e  permeat ion o f  

morphine th rough t h e  membrane was r a p i d  and t h e  e n t i r e  process was 

completed i n  1 hour  as shown i n  F ig .  3. The k i n e t i c  r e s u l t s  pre- 

sented i n  F ig .  3 i n d i c a t e d  t h a t  t h e  i n  v i t r o  r e l e a s e  o f  morphine 

from t h e  emuls ion was pro longed compared w i t h  t h a t  from any b u f f e r  

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

morphine f rom t h e  emuls ion w i t h  i n c r e a s i n g  pH o f  t h e  s i n k  s o l u t i o n  

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

va r ious  pH s i n k  s o l u t i o n s  which a f f e c t e d  t h e  p a r t i t i o n  r a t e  o f  

morphine between t h e  o i l y  d i spe rsed  d r o p l e t s  and t h e  cont inuous  

aqueous phase i n  t h e  donor compartment c o n f i r m i n g  t h e  p r e v i o u s  

r e s u l t s  r e p o r t e d  i n  Fig. 2. The inc rease  o f  t h e  permeat ion r a t e  o f  

morphine f rom t h e  donor compartment t o  t h e  r e c e p t o r  compartment 

w i l l  be compensated by an i nc rease  i n  t h e  r e l e a s e  o f  morphine f rom 

t h e  i n t e r n a l  o i l  phase t o  t h e  e x t e r n a l  aqueous phase u n t i l  a new 

e q u i l i b r i u m  i s  reached as observed i n  Fig. 3. 

The inc rease  i n  o i l y  phase volume r a t i o  o f  t h e  emuls ion  

reduced s i g n i f i c a n t l y  t h e  morphine r e l e a s e  (F ig .  4). T h i s  was 

a t t r i b u t e d  t o  t h e  r e t e n t i o n  c a p a c i t y  o f  t h e  d i spe rsed  o i l y  

d rop le ts ,  t h e  l a r g e r  amount o f  which was a b l e  t o  s u s t a i n  t h e  

morphine r e l e a s e  over  l onger  p e r i o d s  o f  t ime. S ince  d i f f u s i o n  

th rough t h e  membrane was shown t o  be t h e  f a s t e s t  s tep,  t hese  

r e s u l t s  i n d i c a t e d  t h a t  t h e  d rug  t r a n s f e r  f rom t h e  o i l y  d i spe rsed  
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A MATHEMATICAL MODEL FOR DRUG RELEASE 2075 

d 
W 
v) 
4 
W 

W 

I a 
R 
0 
E 

0 2 3 4 5 6 7 

TIME hr. 

Fig.3-MORPHINE RELEASE PROFILE FROM BUFFER SOL.(.); AND 20% OILY PHASE EMULSIONS 

INTO PERFECT SINKS OF DIFFERENT pH BUFFERS: 1.g.); 5do);7.4(0);8.0(*1 

d r o p l e t s  i n t o  t h e  e x t e r n a l  aqueous phase was then  t h e  ra te -de te r -  

m in ing  s t e p  i n  t h e  o v e r a l l  k i n e t i c  process p rov ided  t h e  major  p a r t  

o f  t h e  drug  was l o c a l i z e d  i n  t h e  o i l y  phase. T h i s  was a l s o  

conf i rmed by o t h e r  obse rva t i ons  which showed t h a t  morphine r e l e a s e  

r a t e  was decreased w i t h  i n c r e a s i n g  mean d r o p l e t  s i z e  as a r e s u l t  

o f  decreased c o n t a c t  area between t h e  i n t e r n a l  and e x t e r n a l  phases 

o f  t h e  emuls ion (F iq .  5). S i m i l a r  k i n e t i c  behav iour  was observed 

by  o t h e r  authors.  
7 

Drug r e l e a s e  k i n e t i c  model 

The c u r r e n t  k i n e t i c  model proposed i s  based on p r e v i o u s  

r e p o r t s  which examined e i t h e r  t h e  r e l e a s e  o f  a d r u g  f rom a 
d e l i v e r y  form enclosed i n  a smal l  memhrane-enveloped compartment 8 
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2076 FRIEDMAN AND BENITA 

20% 

30% 

40% 

c 

50% 

V I I I I I I I 
1 2 3 4 5 6 7 

Fig.4-EFFECT OF THE OILY PHASE VOLUME RATIO ON MORPHINE RELEASE PROFILE FROM EMULSIONS 

or the release of a drug from a two phase system to a perfect 
sink.’ In the former model the initial concentration of the drug 
in the donor compartment is zero and in the latter model the 
external aqueous phase is in direct contact with the sink 
solution. Both models could not meet the initial conditions o f  

the present model. Therefore, the mathematical drug release model 
applied for the first time to drug release evaluation from an 
emulsion is presented schematically in Fig. 6. This kinetic model 
deals with biphasic systems in which drug may be dissolved or 
partitioned between the 1 ipophi 1 ic and hydrophi 1 ic phases o f  the 
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A MATHEMATICAL MODEL FOR DRUG RELEASE 

100 

2077 

7s - 
f 

rn < 
W 

8 
Ii! 

i so- 
8 I 

2 5  - 

1 2 3 4 5 6 7 

TIME hr. 

emulsion b u t  separated from t h e  s i n k  s o l u t i o n  by a membrane wh ich  

i s  n o t  t h e  r a t e - l i m i t i n g  s t e p  i n  t h e  o v e r a l l  process. Drug 

d i f f u s i o n  th rough t h e  membrane obeys f i r s t  F i c k ' s  law. 

The f o l l o w i n g  assumptions were made: t h e  d rug  i s  t h e  o n l y  

d i f f u s i n g  compound, t h e  d i spe rsed  t i n y  d r o p l e t s  do n o t  d i s i n -  

t e g r a t e  o r  coa lesce d u r i n g  t h e  e n t i r e  process and d rug  p a r t i t i o n  

between t h e  i n t e r n a l  and e x t e r n a l  phase i n  t h e  emuls ion  i s  a 

f i r s t - o r d e r  s ing le -s tep  phenomenon. 
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2078 FRIEDMAN AND BENITA 

: K 2  SINK 
K 1 2  

+ WATER 
OILY 

I 

U 
DONOR RECEPTOR 

Fig.6-SCHEMATIC REPRESENTATION OF DRUG RELEASE THROUGH MEMBRANE 

FROM AN EMULSION 

The d rug  i s  exchanged between t h r e e  model compartments: (a )  

t h e  o i l y  d i spe rsed  d r o p l e t s :  (b )  t h e  aqueous phase: and ( c )  t h e  

s i n k  s o l u t i o n  where sampl ing i s  performed. 

Drug d i s s o l v e d  i n  e x t e r n a l  aqueous phase e a s i l y  d i f f u s e s  th rough  

t h e  membrane t o  t h e  s i n k  s o l u t i o n ,  Drug d i f f u s i o n  th rough  t h e  

membrane obeys f i r s t  F i c k ' s  law. E v e n t u a l l y  t h e  aqueous phase 

becomes d i l u t e d  and t h i s  d rug  l o s s  i s  a lmost  compensated b y  

t r a n s f e r  o f  morphine f rom t h e  i n t e r n a l  o i l y  phase t o  t h e  

h y d r o p h i l i c  phase, so t h a t  a s teep c o n c e n t r a t i o n  g r a d i e n t  i s  

ma in ta ined between t h e  e x t e r n a l  aqueous phase and t h e  s i n k  

s o l u t i o n .  T h i s  i m p l i e s  t h a t  t h e  major  p a r t  o f  t h e  re leased  d rug  

i s  supp l i ed  by d i r e c t  d e l i v e r y  f rom t h e  i n t e r n a l  d i spe rsed  o i l y  

phase: t h e  l a t t e r  process t h e r e f o r e  c o n t r o l l e d  t h e  o v e r a l l  k i n e t i c  

pa t te rn .  It \;as observed t h a t  two main processes took  p lace:  "ne t  

outward p a r t i t i o n "  (i.e. n e t  d rug  t r a n s f e r  f rom t h e  i n t e r n a l  t o  
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A MATHEMATICAL MODEL FOR DRUG RELEASE 2079 

the external phase) and diffusion of the drug from the external 
phase to the sink solution through the membrane. In principle, 
they are consecutive processes, except initially where parallel 
processes prevailed as a result of drug diffusion originated from 
the initial amount of drug already dissolved in the external 
aqueous phase of the emulsion at initial equilibrium. 

The rate of drug exchange is determined by the microconstants 
k12 and k23 where k12 is the first-order partition rate constant 
between the internal oily phase and external aqueous phase in the 
donor compartment and kz3 is the first-order permeation rate 
constant of the drug through the membrane. 

The kinetics of the drug release and the diffusion are 
represented by the following set of equations: 

- dCa = - p t )  - C,(t) 
a dt v 

Under sink conditions 

\L = v c (t) + VhCb(t) + VcCc(t) ( 3 )  a a  Mass bal ance 

Iihere M stands for mass and C for the concentration and V for 
volume, the subscript referring to a particular compartment. 
Upon Laplace transformation with respect to time of C, the drug 
concentrations in the different compartments: 

c a w  ( 4 )  
k12 kl 2 s Ca(S) - Ca(t=O) = - Cb(S) 
'a 'a 

- - 
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2080 FRIEDMAN AND BENITA 

( 5 )  
k23 s CC(S) - Cc(t=0) = - Cb(S) 

V 
' C  

Where t h e  Laplace transforms, F ( s )  o f  t h e  f u n c t i o n  F ( t )  i s :  

and 

L [ = S F ( s )  - F( t=O)  

The genera l  s o l u t i o n  f o r  Cc(s) i s :  

L 

v s  
C 

k12 k23 11, k23 + 

"ho 
1 vb 'a "b 

- 

C J S )  = - 
k12 k23 

- 'a 'b 1 2 k12 k12 k23 

a 'b 'b 

s t ( - + - + - ) S +  
V 

o r  

where 

k12 ' k23 and a . = k12 k12 k23 
a + B  ar t -  + -  

a vb 'b va 
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A MATHEMATICAL MODEL FOR DRUG RELEASE 2081 

The f i n a l  s o l u t i o n  f o r  Cc w i t h  respec t  t o  t i m e  i s  ob ta ined  by 

t a k i n 9  t h e  i n v e r s e  Laplace t rans fo rm o f  equa t ion  (8) 

B A a - B  A @ -  B 
Inverse  Laplace o f  ~ ~ ( s )  = - - - e-at +- e -Bt (9 )  

aB a ( a - B )  B b-8 1 

- -  k23Mbo kl Zk23" 
r 

v v  
M c ( t )  = Fa, - 'h 'a 'b ,-at + "b a b ,-Bt 

a(a - 8 )  8 (  a- B )  
pa The k i n e t i c s  o f  d rug  re lease  from t h e  emulsion and memb ane 

d i f f u s i o n  were t h e r e f o r e  represented  by a s e t  o f  r a t e  equat ions  

which were combined a f t e r  s u h s t i  t u t i o n s ,  rearrangements and 

Laplace t r a n s f o r m a t i o n s  i n  a unique and comprehensive equa t ion  

(10). 

For t h e  purpose o f  c o n f i r m i n g  t h e  a p p l i c a b i l i t y  o f  equa t ion  

10 t o  desc r ibe  t h e  r e l e a s e  p r o f i l e  o f  morphine f rom t h e  emulsion 

t h e  f o l l o w i n g  terms which appear i n  equa t ion  10 were determined 

d i r e c t l y  and a r e  presented i n  Tab le  1. It should be no ted  t h a t  

was c a l c u l a t e d  u s i n g  t h e  equat ion  Q = Wo(l-e 23 ) which 

c h a r a c t e r i z e d  morphine permeat ion th rough t h e  blucl epore membrane 

under non s teady-s ta te  c o n d i t i o n s  f rom aqueous morphine 

so lu t i ons .  Q and Wo were t h e  d i f f u s i n g  and i n i t i a l  amount o f  

morphine r e s p e c t i v e l y .  

k t  
k23 

The va lues  o f  t h e  d i f f e r e n t  parameters i n  Tab le  1 correspond 

t o  t h e  k i n e t i c  exper iment c a r r i e d  o u t  t o  de termine t h e  r e l e a s e  

p r o f i l e  o f  morphine f rom t h e  emulsion hav ing  20% o i l y  phase volume 

r a t i o  as shown i n  Fig. 4. 
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2082 FRIEDMAN AND BENITA 

Table 1 : DETERMINATION OF THE FOLLOWI~JG TERMS APPEARING I N  

EQUATION 10 FOR THE CALCULATIOPL! OF k12 

Volume o f  o i l y  i n t e r n a l  phase = V a  = 0.2 m l  

Volume o f  aqueous e x t e r n a l  phase = Vh = 0.8 m l  

I n i t i a l  d rug  amount i n  t h e  aqueous M,% 20.5 
e x t e r n a l  phase 

- 
FCbo = 

100 

T o t a l  amount o f  d rug  i n  t h e  mu ls ion  b1, = 1007 

F i r s t  o r d e r  permeat ion cons tan t  o f  
morphine th rouah t h e  Nuclepore membrane kZ3 = 0.05 min- l  

I n  t h e  p resen t  study, I\?-= , t h e  t o t a l  amount o f  morphine was v a r i e d  
f rom 0.2 t o  0.8 g i n  100 g o f  emulsion. 

A l l  t h e  va lues  were i n s e r t e d  i n  equa t ion  10 and t h e  va lues  o f  

k12 t h e  f i r s t  o r d e r  p a r , t i t i o n  r a t e  cons tan t  were c a l c u l a t e d  f o r  

t h e  v a r i o u s  k i n e t i c  d a t a  observed i n  t h e  r e l e a s e  p r o f i l e  o f  

morphine f rom 20: emuls ion as r e p o r t e d  i n  F ig .  4. Ten d i f f e r e n t  

r e l e a s e  k i n e t i c  po in ts ,  i.e. pe rcen t  o f  morphine r e l e a s e  and t h e i r  

cor respond ing  t i m e  va lues  were i n s e r t e d  a l s o  i n  equa t ion  10 and 

t h e  va lues  o f  k12, t h e  f i r s t - o r d e r  t r a n s f e r  r a t e  cons tan t  f rom t h e  

i n t e r n a l  t o  t h e  e x t e r n a l  phase were c a l c u l a t e d  by  means o f  an I?;,! 

PC computer. The t e n  va lues  o f  k12 ob ta ined  were i d e n t i c a l  and 

equal t o  0.0012 min-’ i n d i c a t i n g  t h a t  equa t ion  10 desc r ibed  

a c c u r a t e l y  t h e  r e l e a s e  p r o f i l e  o f  morphine f rom t h e  emuls ion 

hav ing  2OX o i l y  phase volume r a t i o .  

I n  a second step, t h e  va lues  o f  t h e  k i n e t i c  cons tan ts  k,2 

and k,3 were i n t roduced  i n  equa t ion  10 w i t h  t h e  o t h e r  a p p r o p r i a t e  
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A MATHEMATICAL MODEL FOR DRUG RELEASE 2083 

Tab le  2: COMPARISON OF PREDICTED RELEASE KINETIC DATA CALCULATED 

BY PEANS OF EOUATION 10 TO OBSERVED KIF!ETIC DATA AS A FUNCTIOrl OF 
OILY VOLUflE RATIO VARIATIONS, CONSTANTS: K12 = 0.0012min-', 

K~~ = 0.050min-1 

T ime Va=O. 3, Vb=O. 7ml Va=0.4, Vb=O. 6ml Va-0.5, Vb=O. 5ml 

Mbo = 5.7% o f  M, m i  n =14.0Z o f  M, Mbo = 9.1% o f  M, 'bo 

15 

30 

60 

90 

120 
180 

240 

300 

400 

500 

P 

11.7 

13.7 

28.5 

36.5 

43.5 
55.3 

64.6 

72.0 

81 .0 
87.2 

0 P 0 P 

11.5 8.7 9.0 5.4 
18.4 13.9 13.2 9.1 
27.9 21.6 21.5 15.4 

36.2 28.2 28.5 21 .o 
43.5 34.2 35.0 26.5 
55.0 44.8 47.6 36.1 

64.4 53.7 54.1 44.5 

73.0 61.2 62.0 51 .a 
82.1 71.0 71.9 61.9 
89.0 78.4 79.5 69.8 

P = P r e d i c t e d  0 = Observed 

0 

5.6 
9.1 

14.7 

19.9 

25.5 

35.3 

43.6 

50.6 

60.2 
68.0 

was measured u s i n g  t h e  procedures d e s c r i b e d  i n  t h e  bo 
s e c t i o n  METHODS, paragraph 3. 

parameter va lues  cor respond ing  t o  t h e  d i f f e r e n t  r e l e a s e  p r o f i l e s  

o f  morphine f rom t h e  emuls ion as a f u n c t i o n  o f  t h e  o i l y  phase 

volume r a t i o  as shown i n  F ig.  4. The expected arnolrnt o f  morphine 

re leased  was c a l c u l a t e d  by  means o f  equa t ion  10 and compared w i t h  

t h e  observed amount re leased  as r e p o r t e d  i n  Tab le  2. I t  can 
be seen f r o m  Tab le  2 t h a t  b o t h  k i n e t i c  d a t a  were s i m i l a r  i n d i -  
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2084 FRIEDMAN AND BENITA 

cating the goodness of fit and the high level of suitability of 
the experimental data to the proposed kinetic model. Similar 
results and kinetic behaviour were observed when instead o f  oily 
phase volume ratio, mean droplet size and pH were varied. 

CON C LU S I ON 

This kinetic model which took into consideration most of the 
factors encountered in such a complex situation was found suitable 
for the description of morphine release from the emulsion. 
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