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CONTROLLED RELEASE OF SCOPOLAMINE 

FOR PROPHYLAXIS OF 

MOTION SICKNESS 

S. KUMAR CHANDRASEKARAN 

ABCOR, INC. 
WILMINGTON, MA 01887 

I w i l l  p r e sen t  t o  you a biomedical approach t o  the  development of a transdermal 

d d i v e r y  system f o r  scopolamine. 

adminis te r  scopolamine sys temica l ly  t o  o f f s e t  t he  e f f e c t s  of motion s i ckness ,  and 

a t  t he  same time would not engender any unwanted pharmacological ac t ions  t h a t  a r e  

normally assoc ia ted  with t h i s  potent drug. 

Our mission was t o  develop a system t h a t  would 

J u s t  a l i t t l e  chemistry t o  show what t h e  drug looks l i k e  t h a t  everyone has been 

t a lk ing  about t h i s  morning and e a r l y  t h i s  afternoon. 

a lka lo id  with 3 pK o f  7.35; the  water so l iyb i l i ty  a t  30"' of the  base i s  about 75 mg/ 

m9. and of the  hydrobromide sal t  520 mg/m&. 

Scopolamine i s  a belladonna 

The f i r s t  procedure was t o  determine the  permeation c h a r a c t e r i s t i c s  of t h i s  

drug through human sk in .  The technique we followed was t o  mount a p i ece  of  cadaver 

skin between two aqueous f i l l e d  so lu t ion  compartments. We maintained adequate s ink  

condi t ions  on one s ide  and adequate source condi t ions  on the  o the r ,  and measured 

the  t r anspor t  c h a r a c t e r i s t i c s  of the  t i s s u e  per  s e .  

t ed  as a func t ion  of pH, s o l u b i l i t y ,  and temperature,  and a r ep resen ta t ive  s e t  of 

d a t a  i s  shown i n  Figure 1. 

ted  on t h e  absc i s sa  i n  mill igrams per  mi l l ime te r ,  and t h e  transdermal scopolamine 

f lux  on the  o rd ina te .  

j u s t i f y i n g  f u r t h e r  t h a t  the  processes t h a t  r e a l l y  govern t r anspor t  through s k i n  a r e  

not ac t ive  i n  na tu re ,  but a r e  e s s e n t i a l l y  pass ive  d i f f u s i o n  processes t h a t  could be 

amply described by F ick ' s  Law. 

These measurements were conduc- 

The scopolamine concent ra t ion  i n  aqueous so lu t ion  presen- 

There is a l i n e a r  r e l a t i o n s h i p  between concent ra t ion  and f l u x ,  

The next s t e p  was t o  determine the  t r anspor t  r e s i s t a n c e  o f f e red  by the  var ious  

We used two forms of t he  drug p a r t s  of sk in ,  and t h e  r e s u l t s  a r e  shown i n  Table 1. 

scopolamine -- t h e  base form and the  sa l t  form. 

epidermal p a r t  of t he  sk in ,  which e s s e n t i a l l y  conta ins  t h e  stratum corneum, i s  very 

The t r anspor t  f l u x  through t h e  
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SCOPOLAMINE SOLUTION CONCENTRATION (mglml) 

Effec t  of Concentration on Scopolamine Flux through Human Epidermis 
(Epidermis A) 

Fig. 1: 

TABLE 1 

Permeation Behavior of  Scopolamine 

From Satura ted  Aqueous Solu t ions  

Skin 

th i ckness  Steady s t a t e  f l u x  

Drug form Skin (cm) (pg/cm2hr) 

Free  base  Whole s k i n  

Epidermis 

D e r m i s  

0953 

0051 
088 9 

6.0 

6.7 

1342 

S a l t  Whole skin .0953 0.8 

Dermis .0889 5710 

c lose  t o  the  f l u x  through whole sk in ,  again j u s t i f y i n g  what was brought ou t  t h i s  

morning, namely, t h a t  t h e  topmost l aye r  of sk in  provides t h e  r e s i s t a n c e  t o  drug 

t r a n s p o r t .  On t h e  o the r  hand, i f  one g e t s  r i d  of t h e  epidermis,  and e s s e n t i a l l y  

looks a t  t he  hydrated dermis,  t he  f l u x  r a t e  through t h i s  t i s s u e  i s  almost an order  

o f  magnitude higher.  On t he  o t h e r  hand, t h e  t r anspor t  rate of t h e  salt  form through 
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CONTROLLED RELEASE OF SCOPOLAMINE 629 

whole sk in  i s  cons iderably  lower than t h e  base form i n  the  case of scopolamine. 

More important,  i f  we look a t  the  dermis, t he  f l u x  i s  very much g r e a t e r  f o r  the  s a l t  

form compared t o  the  base form. 

exerted by the  salt  a s  compared t o  the  base.  

This may be r e l a t e d  t o  t h e  h igher  water s o l u b i l i t y  

These measurements, we should mention again,  a r e  s teady  s t a t e  measurements. I t  

i s  extremely i n t e r e s t i n g  t o  determine the  t r anspor t  p rocesses  tak ing  p l ace  during 

t h i s  t r a n s i e n t  period before  s teady  s t a t e  i s  e s t ab l i shed .  One way t o  monitor t he  

t r a n s i e n t  domain i s  by performing a s e t  of sorp t ion  measurements; namely, t ak ing  a 

p iece  of t i s s u e  (stratum corneum if  you would), and e q u i l i b r a t i n g  i t  i n  an aqueous 

so lu t ion  of  drug, and subsequently monitor t he  p a r t i t i o n  of t h e  drug between the  

so lu t ion  and the sk in  t i s s u e  (Figure 2 ) .  The so rp t ion  isotherm i s  non- l inear  i n  

na tu re ,  and w e  have co r re l a t ed  the  r e s u l t s  u t i l i z i n g  a dual-mode so rp t ion  model; 

namely t h a t  t h e  t o t a l  amount of drug a t  any poin t  wi th in  the  so rp t ion  isotherm i s  

r e a l l y  composed of two p a r t s ,  t h e  d isso lved  p a r t  and t h e  immobilized p a r t .  

of these  two components determines the  concent ra t ion  of t h e  drug i n  t h e  t i s s u e .  

i s  important t o  poin t  ou t ,  however, t h a t  t h e  t r anspor t  i s  governed p r imar i ly  wi th  

The sum 

I t  

/ 
/ 

SORPTION ISOTHERM / 

/ 
/ 

/ 
/ 

IMMOBILIZED 
COMPONENT 

/ _ _ _ - - - -  

I I 
10 20 

P 
SCOPOLAMINE SOLUTION CONCENTRATION (mg/ml) 

Fig .  2 :  Scopolamine Sorption Isotherm i n  Human Epidermis I n  Vi t ro  (Epidermis A) 
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630 

64.0 

51 .4 

TABLE 2 

5.0 

5.2 

CHANDRASEKARAN 

43.1 

19.5 

4.4 

SCOPOLAMINE 
SOLUTION 

CONCENTRATION 
C, w / m l  

4 .8  

5.0 

4.6 

STEADY STATE 
DIFFUSION 

COEFFICIENT, OSS 
crn’/secx 10 10 

SCOPOLAMINE DIFFUSION COEFFICIENTS 

(EPIDERMIS A )  

t h e  d i s s o r v e d  p a r t  which i s  r e a d i l y  being d i f f u s e d .  

o t h e r  hand, i s  r e a l l y  c o n t r i b u t i n g  t o  what drug i s  immobilized i n  t h e  t i s s u e  and is 

not  r e a d i l y  a v a i l a b l e  f o r  t r a n s p o r t .  

The immobilized p a r t ,  on  t h e  

From t h e  dual-mode s o r p t i o n  model, we can c o r r e l a t e  two t y p e s  of  d i f f u s i o n  

c o e f f i c i e n t s .  We have a s t e a d y  s t a t e  d i f f u s i o n  c o e f f i c i e n t ,  which i s  a c o e f f i c i e n t  

t h a t  one normally a p p l i e s  i n  t h e  s t e a d y  s t a t e  domain. On t h e  o t h e r  hand, t h e r e  i s  

t h e  t r a n s i e n t  o r  t ime l a g  d i f f u s i o n  c o e f f i c i n e t ,  t h e  v a l u e  of which i s  lower than  

t h e  s t e a d y  s t a t e  d i f f u s i v i t y  b u t  which approaches t h e  s t e a d y  s t a t e  v a l u e  once 

t h e  immobil izat ion s i t e s  have been s a t u r a t e d .  

o f  c o n c e n t r a t i o n  on drug d i f f u s i v i t y  a r e  p r e s e n t e d  i n  Table  2 .  

Typica l  r e s u l t s  showing t h e  e f fec t  

The s t e a d y  s t a t e  d i f f u s i v i t y  va lues  average  somewhere around 5 x cm2/sec. 

and seem t o  be independent  of  c o n c e n t r a t i o n .  For  t h o s e  of you not  f a m i l i a r  with 

t r a n s p o r t  through s y n t h e t i c  membranes, t h i s  v a l u e  i s  s e v e r a l  o r d e r s  o f  magnitude 

lorrer than  t r a n s p o r t ,  say ,  through s i l i c o n e  rubber .  The t i m e  l a g  d i f f u s i o n  c o e f f i -  

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

s t e a d y  s t a t e  v a l u e  as t h e  c o n c e n t r a t i o n  i n c r e a s e s .  As t h e  c o n c e n t r a t i o n  i n c r e a s e s ,  

it t e n d s  t o  s a t u r a t e  t h e  drug  b inding  s i t e s ,  and t h e  d i f f e r e n c e  between t h e s e  two 

d i f f u s i o n  c o e f f i c i e n t s  e v e n t u a l l y  approaches u n i t y .  

s t e a d y  s t a t e  and t ime l a g  d i f f u s i o n  c o e f f i c i e n t s  a r e  p l o t t e d  as a f u n c t i o n  of  

scopolamine c o n c e n t r a t i o n .  

s q u a r e s  are t h e  exper imenta l  d a t a  p o i n t s ;  t h e  agreement between t h e o r y  and experiment  

i s  reasonably  good. 

modeling of  t h e  s o r p t i o n  isotherm appears  t o  have c o n s i d e r a b l e  promise. 

I n  F igure  3 ,  t h e  r a t i o  of  t h e  

The s o l i d  l i n e  i s  p r e d i c t e d  by t h e o r y ,  whereas t h e  s o l i d  

I t  wouId t h e r e f o r e  appear  t h a t  f o r  scopolamine,  t h i s  t y p e  of  

This  morning, Dr. Kligman mentioned a procedure  of e x t r a c t i n g  t h e  s o - c a l l e d  

l i p i d  components o f  t h e  s t r a t u m  corneum by u s e  of a mixture  o f  chloroform and methanol .  
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I I 1 1 

631 

DSS 

DT L 
- 

SCOPOLAMINE SOLUTION CONCENTRATION Irnglrnl) 

Fig. 3: E f f e c t  of  Drug Concentration on D ss/DTL (Epidermis A) 

The sorp t ion  isotherm when a t i s s u e  of  s t ra tum corneum was subjec ted  t o  such a t r e a t -  

ment and subsequently rehydrated is  shown i n  Figure 4 .  

con t ro l  epidermis t h a t  h a s n ' t  seen such a t rea tment  and t h e  one which has seen the  

t rea tment  a r e  ve ry  similar, suggesting now t h a t  t h e  so rp t ion  c h a r a c t e r i s t i c s  of t he  

s t ra tum corneum doen ' t  seem t o  be dependent upon whether the  t i s s u e  has  been sub- 

j ec t ed  t o  an extens ive  l i p i d  ex t r ac t ion  o r  no t .  On t h e  o the r  hand, as  a l so  pointed 

out by D r .  Kligman t h i s  morning, t he  t r anspor t  r a t e  through t h e  " l ip id - f r ee"  

epidermis i s  enhanced seve ra l  o rders  o f  magnitude, even though t h e  so rp t ion  charac- 

t e r i s t i c s  o f  t h e  t i s s u e  remained e s s e n t i a l l y  unchanged (Table 3 ) .  

These r e s u l t s  i nd ica t e  t h a t  t h e  i n t e r s t i t i a l  l i p i d  phase of  t h e  s t ra tum corneum 

The da ta  p o i n t s  both f o r  t he  

i s  the  cause of t h e  exceedingly low apparent d i f f u s i v i t y  o f  scopolamine and i n  t h i s  

regard  a c t s  as  t h e  p r inc ipa l  permeation b a r r i e r .  

phase of  t h e  t i s s u e  enhances t h e  transdermal permeation r a t e  of  scopolamine by orders  

o f  magnitude without causing any change i n  the  equi l ibr ium so rp t ion  isotherm, sug- 

ges t ing  t h a t  scopolamine sorbed by the  sk in  i s  loca l i zed  predominantly wi th in  the  

p ro te in  phase o f  the  t i s s u e .  

S e l e c t i v e  removal of  t he  l i p i d  

During ou r  examination o f  t he  t r anspor t  c h a r a c t e r i s t i c s  of t he  s k i n  t o  scopola- 

mine, w e  faced the  i s sue  t h a t  I am su re  many o f  you who a r e  looking a t  transdermal 

medication f ace :  Are the  t r anspor t  c h a r a c t e r i s t i c s  good enough? Or do we need 

o t h e r  novel techniques t o  enhance the  t r anspor t  c h a r a c t e r i s t i c s ?  In t h a t  r ega rd ,  we 

went through a whole l i s t  of enhancing agents  which un fo r tuna te ly  I w i l l  not be ab le  

t o  descr ibe  t o  you. However, I do have some experimental da t a  which you may f ind  
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SCOPOLAMINE CONCENTRATION IN SOLUTION (mg/ml) 

Fig. 4 :  E f f e c t  of D e l i p i d i z a t i o n  on Scopolamine Sorp t ion  Isotherm 

TABLE 3 

E f f e c t  of  D e l i p i d i z a t i o n  on 

Scopolamine D i f f u s i o n  C o e f f i c i e n t s  

Average s t e a d y  s t a t e  

d i f f u s i o n  c o e f f i c i e n t  

T i s s u e  (cm2/sec)  

C o n t r o l  e p i d e r m i s  

D e l i p i d i z e d  e p i d e m i s  

4x10- I  

2x10-' 

e x c i t i n g  regard ing  t h e  u s e  o f  t h e  agent  d i m e t h y l s u l f o x i d e .  What we d i d  i n  t h i s  case 

was e s s e n t i a l l y  do an  i n i t i a l  s c r e e n i n g  s e t  o f  exper iments  and de termine  t h a t  80% 

dimethylsu l foxide  i n  water  was indeed reasonably  opt imal  i n  enhancing t h e  t r a n s p o r t  

c h a r a c t e r i s t i c s  o f  scopolamine. 

a d d i t i o n a l  i n t e r e s t i n g  experiments  t h a t  we d i d  u s i n g  80% d i m e t h y l s u l f o x i d e .  

s o r p t i o n  i so therm wi th  scopolamine c o n c e n t r a t i o n  i n  s o l u t i o n  p r e s e n t e d  on t h e  

a b s c i s s a  and scopolamine c o n c e n t r a t i o n  w i t h i n  t h e  s t r a t u m  corneum on t h e  o r d i n a t e  

i s  shown i n  Figure 5 .  

d i s s o l v e d  i n  w a t e r ;  t h e  f i l l e d - i n  c i rc les  h e r e  a r e  where t h e  s o l u t i o n  c o n c e n t r a t i o n  

In t h i s  r e g a r d ,  what I d e s c r i b e  t o  you are  some 

A t y p i c a l  

The f i l l e d - i n  t r i a n g l e s  h e r e  r e p r e s e n t  t h e  scopolamine 
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CONTROLLED RELEASE OF SCOPOLAMINE 6 3 3  

A 
A SCOPOLAMINE IN WATER 

0 SCOPOLAMINE IN 80% DMSO 

I I I 
20 40 60 

SCOPOLAMINE SOLUTION CONCENTRATION Irnglrnl) 

Fig .  5 :  Scopolamine Sorption Isotherms i n  Human Stratum Corneum 

i s  i n  80% dimethylsulfoxide.  

so rp t ion  isotherms, and more drug seems t o  beabsorb ing  i n t o  the  t i s s u e  when the  

scopolamine i s  d isso lved  i n  d imethylsu l foxide .  

There seems t o  be a d i f f e rence  between these  two 

But one has t o  be ca re fu l  because even though one may do experiments a t  t he  

same concent ra t ion  i n  two d i f f e r e n t  so lu t ions ,  the  a c t i v i t y  o r  chemical p o t e n t i a l  

of the  drug may be widely d i f f e r e n t .  If t he  absc i s sa  i s  a l t e r e d  t o  read a c t i v i t y  

or chemical p o t e n t i a l  f o r  scopolamine in  s o l u t i o n ,  we f i n d  t h a t  t h e  d a t a  po in t s  

a r e  e s s e n t i a l l y  superimposed on the  same l i n e  (Figure 6 ) .  

In  another  s e t  of experiments we s tudied  the  mechanism by which d imethylsu l f -  

oxide enhanced the  t r anspor t  c h a r a c t e r i s t i c s  of  scopolamine. The r e s u l t s  of t he  

permeation of scopolamine through stratum corneum (cadaver 1) from both aqueous and 

80% DMSO donor so lu t ions  i n t o  receptor  s o l u t i o n s  of t he  same re spec t ive  so lven t  a r e  

presented in  Table 4 .  

appears t o  be lower compared t o  t h e  con t ro l  experiment. 

c i e n t s  computed from the  so rp t ion  isotherm, and the  measured th ickness  of t he  s t ra tum 

corneum a t  t he  termination o f  t h e  experimentation, t he  s teady  s t a t e  d i f f u s i v i t y  was 

now determined by d iv id ing  t h e  measured s t eady  s t a t e  i n  v i t r o  transdermal f l u x  by 

the  computed gradien t  i n  the  stratum corneum of d isso lved  drug. 

In t h e  presence of DMSO, t he  s teady  s t a t e  f lux  of scopolamine 

Using the  p a r t i t i o n  c o e f f i -  

From aqueous so lu -  
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Scopoiamine ConcentKa~Fon Scopolamine S a t u r e  of I 
DonoKiReceptor Of  Activity a: Receptor Scopolanine Flux. J 1 (pg/cz'hz-) (5+9 hrs )  

1 t-O* Cozbinat ion Donor i n  l o n o r  So1u:ior. ( m g / n l )  

Ca te r  1 1 . 7  0 .117  Uater  6 .8  

I 
1 . 4  

B 1 80:: DXSO 11.5 I 0.023 80% DYSO 3.0 

, c  1 Water 1 1 . 7  1 0.117 80% DXSO 35.1 

D eox DMSO 11 .5  0 .023  , Nater  13.7 
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CONTROLLED RELEASE OF SCOPOLAMINE 635 

t i o n s ,  t h e  d i f f u z i v i t y  of scopolamine i n  s t ra tum corneum approximates 6 x 

cm2/s and i s  i n  good agreement with r e s u l t s  published e a r l i e r ,  whereas from 80% DMSO 

so lu t ions ,  the  steady s t a t e  d i f f u s i v i t y  approximates 15 x cm2/s, i nd ica t ing  a 

decrease  i n  t h e  t r anspor t  r e s i s t ance  o f f e red  by the  s t ra tum corneum i n  the  presence 

of DMSO. 

The permeation c h a r a c t e r i s t i c s  of scopolamine through s t ra tum corneum (cadaver 

2 )  a r e  presented i n  Table 4 .  

ments of  t he  permeation c e l l  approximates 6.8 ug/cm2 h r ,  whereas a t  a s i m i l a r  con- 

cen t r a t ion  of scopolamine a t  11.5 mg/m.t, t h e  f l u x  with 80% DMSO i n  both  compartments 

i s  3.0 pg/cm2 h r .  

and the  a c t i v i t y  of scopolamine i n  the  donor so lu t ion  a r e  shown i n  Table 5.  

t he  experimental condi t ions  of having water  i n  both the  compartments, t h e  normalized 

f lux  approximates 0.3 ug/cm h r ,  whereas with 80% DMSO the  normalized f l u x  i s  0 . 7  

pg/cm h r .  

d i r e c t l y  r e f l e c t s  a 2.3-fold increase  i n  the  scopolamine d i f f u s i v i t y  through the  

stratum corneum; t h i s  enhancement compares well  with the  2.5-fold inc rease  i n  drug 

d i f f u s i v i t y  measured previous ly  us ing  s t ra tum corneum from cadaver 1. 

The f lux  of scopolamine with water i n  t h e  two compart- 

The r e s u l t  of normalizing these  f lux  values f o r  sk in  th ickness  

Under 

The 2.3-fold increase  i n  t h e  normalized f l u x  in the  presence of DMSO 

Analysis o f  the  f luxes ,  under condi t ions  when a gradien t  of DMSO concent ra t ion  

i s  impressed ac ross  t h e  stratum corneum, i s  more complex; the  v a r i a b l e s  measured a r e  

shown i n  Figure 7 .  

water on the  o t h e r  s ide  causes an osmotic pressure  g rad ien t  of about 320 atm; when a 

DMSO gradien t  of opposite s ign  t o  t h a t  of scopolamine i s  impressed ac ross  t h e  sk in ,  

bulk flow of water i n t o  the  receptor  so lu t ion  decreases t h e  donor s o l u t i o n  volume by 

about 3 me i n  9 hours (Figure 7a ,  C ) .  A t  t h e  same time, DMSO migrated from t h e  

receptor  i n t o  the  donor so lu t ion ,  r e s u l t i n g  i n  a gradual increase  i n  t h e  DMSO concen- 

t r a t i o n  i n  the  scopolamine-rich donor so lu t ion  (Figure 7c ,  C ) .  A consequence of t h i s  

r i s e  i n  the  DMSO concent ra t ion  was the  increase  i n  drug s o l u b i l i t y  i n  t h e  donor s o l u -  

t i o n ,  r e s u l t i n g  i n  a ne t  decrease i n  scopolamine a c t i v i t y  (Figure 7d, C ) .  

The presence of 80% DMSO on one s ide  of the  stratum corneum versus  

The oppos i te  phenomenon occurred when the  impressed gradien t  of DMSO was i n  the  
same d i r e c t i o n  a s  t h a t  of scopolamine; t h e r e  was bulk flow of water from the  r ecep to r  

i n t o  the  scopolamine donor so lu t ion  and, consequently, d i l u t i o n  of t h e  concent ra t ion  

of scopolamine (Figures 7a and 7b, D ) .  Simultaneously, DMSO permeated from t h e  donor 

t o  t he  receptor  compartment, r e s u l t i n g  i n  a decrease i n  the  DMSO concent ra t ion  i n  

the donor so lu t ion  (Figure 7c, D). The decrease  i n  DMSO concent ra t ion  o f f s e t  t h e  

decrease i n  scopolamine concent ra t ion ,  r e s u l t i n g  i n  an almost cons tan t  a c t i v i t y  

l eve l  of scopolamine i n  the  donor so lu t ion  (Figure 7d, D). 

The r ep resen ta t ive  t r anspor t  f luxes  of scopolamine dur ing  the  experimentation 

The permeation r a t e  of scopolamine i s  time described above a r e  shown i n  Figure 8.  

dependent and, more su rp r i s ing ly ,  t he  f l u x  of drug under condi t ions  when t h e  

impressed concent ra t ion  gradien t  of DMSO i f  of oppos i te  sign t o  t h a t  o f  the  drug, i s  

about two t o  t h r e e  t imes g r e a t e r ,  compared t o  when the  g rad ien t  of drug and DMSO a r e  

i n  the  same d i r e c t i o n .  However, i n  e i t h e r  case ,  t he  permeabi l i ty  of t h e  sk in  t o  

scopolamine i s  increased by a t  l e a s t  one order  of magnitude compared t o  the  permea- 

t i o n  r a t e  i n  t h e  absence of a transdermal grad ien t  of DMSO. 
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636 CHANDRASEKARAN 

a 
DONOR VOLUME 

12.0 

9.0 (D) 

8.0 I 

0 5 10 0 5 10 b 
DONOR SCOPOLAMINE CONCENTRATION 

0 z L  2 I 12.0 

y 10.0 

l 3 . O k  12.0 W E  5 %  

l l . O U  0 5 10 8 0 5 10 

C 

DONOR DMSO CONCENTRATION 
z 
I- 
2 

0 5 10 8 0 5 10 
400 

d 
DONOR SCOPOLAMINE ACTIVITY 

0.12' 

I::\ 0.06 - 

0.04 - 
0.02 1 (Cl 

L 
0 5 10 

0.12 . 
0.10 - 
0.08 - 
0.06 - 

0 5 10 
TIME (hr) 

7: Variation of  Volume, Concentration, and Activity wioh Time 

These fluxes were normalized with respect to the skin thickness and activity 

(percent saturation) gradients of scopolamine across the stratum corneum during 
the permeation experiments. The results of these computations are presented in 

Figure 8 and Table 5 .  

are quite similar at approximately 4 pg/cm hr and appear independent of whether the 
After a time period of about fou r  hours, the normalized fluxes 
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CONTROLLED RELEASE OF SCOPOLAMINE 

Donor 
S o l u t i o n  

637 

, , ~ ~ ~ ~ : ~ f f " A a  Thickness ( u s l c n  h r )  Receptor 
Solution L(cn) 

I 
I 
I 
I 
I + 
I 
I 

--- FLUX 

NORMALIZED 
FLUX 

- 

/' 
D 

F - 0  I / I I I C 

4 8 12 
TIME (hr) 

40 

30 

20 

10 

0 

Fig. 8: Scopolamine Fluxes through Human Stratum Corneum 

TABLE 5 

i A Water 1 'iater I 0.114 1 0 . 0 0 6 3 2  1 0.3 I 
j a  j EOZ x s o  1 60% D:~SO 1 0.023 1 0.0050s I 0.7 I 

"Computed as 3 - 3UAa 
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638 CHANDRASEKARAN 

impressed gradien t  of DMSO concent ra t ion  i s  of t he  same o r  oppos i te  s ign  t o  t h a t  of 

t h e  drug. 

This apparent independence of t he  d i r e c t i o n  of t he  DMSO concent ra t ion  gradien t  

on i t s  a b i l i t y  t o  enhance the  permeation r a t e  of scopolamine i s  s u r p r i s i n g .  

r e s u l t s  suggest an a l t e r a t i o n  i n  the  stratum corneum micros t ruc ture  caused by the  

presence of a DMSO concentration gradien t .  Photomicrographs of s t ra tum corneum 

c ross  sec t ions  a f t e r  exposure t o  water,  80% DMSO, and a concent ra t ion  gradien t  of 

80% DMSO a r e  shown i n  Figure 9.  The t i s s u e s  were prepared us ing  t h e  r o u t i n e  pa ra f f in  

embedding procedure; namely, t he  t i s s u e s  were placed i n  10% buffered formal in ,  

dehydrated with graded a lcohol ,  c leared  i n  xylene,  and i n f i l t r a t e d  with p a r a f f i n .  

Marked swelling, d i s t o r t i o n ,  and i n t e r c e l l u l a r  delamination a r e  apparent i n  the  

s t ra tum corneum only when it i s  subjec ted  t o  a concent ra t ion  gradien t  o f  DMSO; these  

changes a r e  p a r t i a l l y  r e v e r s i b l e  following complete ex t r ac t ion  of t he  t i s s u e  with 

water (Figure 1 0 ) .  These e f f e c t s  may be caused by t h e  development of very high 

osmotic s t r e s s e s  produced within the  s t ra tum corneum as  both water and DMSO a r e  

t ranspor ted  i n t o  t h e  t i s s u e ,  

These 

Fortunately,  when a l l  i s  sa id  and done, we d i d n ' t  r e q u i r e  a permeation enhancer 

f o r  t h e  drug scopolamine, because f o r  severa l  reasons explained by D r .  Kligman t h i s  

Fig. 9 :  Photomicrographs of S t r a t u m  Corneum Effect of DMSO Exposure 
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640 CHANDRASEKARAN 

TABLE 6 

Permeat ion  and l m m o b i l i z a t i o n  

of  Scopolamine i n  E p i d e r m i s  

Scopolamine 

Scopolamine E p i d e r m a l  Scopolamine s t e a d y  s t a t e  
i n  donor  t h i c k n e s s  in e p i d e r m i s  f l u x  

Skin b g  /ml)  (4 (mglml) (p g / cm hr ) 

T h i g h  4 .6  .0106 1 6 . 9  4.7 

16.9  25 .7  1 5 . 5  

P o s t a u r i c u l a r  4 .6  .0084 7 . 4  1 0 . 0  

1 6 . 9  1 3 . 9  2 4 . 3  

TISSUE COMPARTMENT 

+-CENTRAL COMPARTMENT i INPUT 

f o r  Scopc 

C = Ae-at + Be-”‘ 
P 

WHERE A = 35.0 pgihr 
B = 0.3 pg/hr 
a = 0.67 hr ’ 
b = 0.07 hr-’ 

Fig .  11: Two Compartment Pharmacokinet 1 Modt m i n e  

So we needed something t o  b r i d g e  t h e  gap between t h e  membrane and t h e  s k i n  s u r f a c e .  

Furthermore,  what we a l s o  wanted t o  do was t o  t r y  and f i n d  a means by  which we could  

s a t u r a t e  t h e  s k i n  b i n d i n g  s i t e s  f o r  scopolamine r a p i d l y  and t h e r e b y  reduce  t h e  t ime 

b e f o r e  s t e a d y  s ta te  i.s achieved .  

Thus, on t h e  dermal  s i d e  of  t h e  r a t e - c o n t r o l l i n g  membrane i s  a n  a d h e s i v e  g e l  

c o n t a i n i n g  scopolamine;  t h i s  g e l  l a y e r  s e r v e s  b o t h  as an a d h e s i v e  t o  s e c u r e  t h e  

sys tem on t h e  s k i n  s u r f a c e  and a s  a pr iming  d o s e  d r u g  r e s e r v o i r  t o  p r o v i d e  a n  i n i t i a l  

p r iming  dose  o f  d r u g  p r i o r  t o  t h e  e s t a b l i s h m e n t  of a c o n t r o l l e d  i n p u t  of d r u g  t o  t h e  
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CONTROLLED RELEASE OF SCOPOLAMINE 6 4  1 

Fig. 12: Schematic Diagram of a Transderman Therapeutic System i n  Place on 
Surface I n t a c t  Skin 

sk in  sur face .  

transdermal the rapeu t i c  system i n t o  an i n f i n i t e  sink a t  i so ton ic  and isothermal con- 

d i t i o n s  i s  shown i n  Figure 13. 

measured, and the  so l id  l i n e  represents  t h e  p r o f i l e  pred ic ted  by theory ,  assuming 

t h a t  t h e  t r anspor t  c h a r a c t e r i s t i c s  of scopolamine from t h e  system a r e  determined by 

molecular d i f fus ion  through the  various elements of t he  mul t i layer  lamina te .  

A t yp ica l  i n  v i t r o  r e l ease  r a t e / t ime  p r o f i l e  of scopolamine from a 

The d a t a  po in t s  represent  values exper imenta l ly  

We performed a very i n t e r e s t i n g  s e t  of  experiments by p lac ing  t h e  scopolamine 

system on humans and subsequently s t r i p p i n g  the  sk in  s i t e  with sco tch  t ape  t o  

determine t h e  drug concent ra t ion  p r o f i l e .  

r e s u l t s ,  both luc id ly  explained by D r .  Kligman t h i s  morning. The f i r s t  i s  t h a t  

the  concent ra t ion  i s  very much higher nea r  t he  su r face ,  cons i s t en t  wi th  t h e  concen- 

t r a t i o n  g rad ien t  one would expect from a pass ive  d i f fus ion  system. 

s t r i p p i n g  o f  the  stratum corneum laye r s  becomes more d i f f i c u l t  as one moves deeper 

in to  the  t i s s u e .  

Two main conclusions su r face  from these  

Secondly, t he  

Based on the  sorp t ion  and permeation behavior of scopolamine i n  human sk in  i n  

v i t r o ,  and drug e l imina t ion  k i n e t i c s ,  a mathematical model was developed f o r  e s t i -  

mating and optimizing the  temporal p a t t e r n  of scopolamine de l ive ry  from a t r a n s -  

dermal the rapeu t i c  system through human sk in  i n  vivo. 

from a transdermal the rapeu t i c  system i n t o  and across  human sk in  i n  vivo has been 

developed, assuming t h a t  drug t r anspor t  occurs  by normal Fickian d i f f u s i o n ,  with 

p a r t i t i o n  equi l ibr ium of pene t ran t  being maintained a t  t he  i n t e r l a y e r  boundaries.  

The de l ive ry  o f  scopolamine 

For the  p red ic t ion  of scopolamine permeation through human sk in  i n  v ivo ,  on 
the  b a s i s  of i n  v i t r o  permeation measurements, it was assumed t h a t  s t ra tum corneum 

th ickness  was 40 u ,  and s teady  s t a t e  scopolamine d i f f u s i v i t y  was 5 x lo-” cm2/sec. 
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0 

m 
e m  I 

I I I I I I I 
8 16 

TIME fhr) 

24 

Fig .  13: Scopolamine Release Rate P r o f i l e  Comparison o f  Theory and Experiment 

From t h e  two-compartment pharmacokinet ic  model, t h e  e x c r e t i o n  r a t e  c o n s t a n t  was 

e s t i m a t e d  t o  b e  0 . 6 2  h r - ' .  

s i n g l e  24-hour a p p l i c a t i o n  of  t h e  t ransdermal  t h e r a p e u t i c  system scopolamine i s  

shown i n  Figure 14. 

The p r e d i c t e d  u r i n a r y  e x c r e t i o n  r a t e  p r o f i l e  f o r  a 

To f o l l o w  t h e  r a t e  o f  scopolamine i n p u t  t o  t h e  sys temic  c i r c u l a t i o n  i n  v i v o ,  

we monitored i t s  rate of u r i n a r y  e x c r e t i o n .  S i n c e  o n l y  10% of t h e  drug is recovered 

i n  t h e  u r i n e  i n  t h e  f r e e  form fo l lowing  i n t r a m u s c u l a r  o r  i n t r a v e n o u s  a d m i n i s t r a t i o n ,  

we assumed t h a t  percentage  recovery  would be s i m i l a r  d u r i n g  t ransdermal  a d m i n i s t r a -  

t i o n .  

a p p l i c a t i o n  o f  t h e  t ransdermal  system (Figure 14) i n d i c a t e d  good agreement between 

t h e o r y  and exper iment .  

The measured u r i n a r y  e x c r e t i o n  r a t e  of  scopolamine d u r i n g  a s i n g l e  24-hour 

I n  F igure  15, t h e  p r e d i c t e d  u r i n a r y  e x c r e t i o n  r a t e  p r o f i l e  o f  scopolamine,  €or  

t h r e e  s u c c e s s i v e  24-hour a p p l i c a t i o n s  of  t h e  t ransdermal  system i n  d i f f e r e n t  s k i n  

s i t e s  i s  compared wi th  i n  v ivo  d a t a .  Again, t h e  agreement between t h e o r y  and 

experiment  i s  good. 

The model has  been u s e f u l  i n  opt imiz ing  t h e  des ign  of t h e  t h e r a p e u t i c  system. 

I t  h a s  been e s p e c i a l l y  v a l u a b l e  i n  r e g a r d  t o  t h e  p r o v i s i o n  of  t h e  pr iming dose  of  

drug,  which s e r v e s  t o  s a t u r a t e  t h e  immobi l iza t ion  s i tes  f o r  scopolamine w i t h i n  t h e  
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CONTROLLED RELEASE OF SCOPOLAMINE 
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F i g .  14 :  Scopolamine E x t r e t i o n  Rate:  Comparison of  Theory and I n  Vivo Data 
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F ig .  15: Scopolamine Excre t ion  Rate a f t e r  M u l t i p l e  Appl ica t ions :  Comparison 
of  Theory and In Vivo Data 

s t r a t u m  corneum. 

s t a t e  i n  u r i n a r y  e x c r e t i o n  r a t e  o f  drug .  

S a t u r a t i o n  o f  t h e s e  s i t e s  p e r m i t s  r a p i d  e s t a b l i s h m e n t  of  s t e a d y -  

The g o a l  o f  t h e  development e f f o r t  was t o  d e l . i v e r  scopolamine a t  t h e  ra te  

t h a t  would g i v e  t h e  b e n e f i c i a l  e f f e c t s  o f  c o n t r o l  o v e r  motion s i c k n e s s ,  b u t  none 

o f  t h e  s i d e  e f f e c t s  n o r m a l l y  a s s o c i a t e d  w i t h  t h e  drug .  

e f f e c t s  e x e r t e d  by scopolamine are shown i n  F i g u r e  1 6 .  

The pharmacologica l  

The c o n c e n t r a t i o n  p r o f i l e  
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644 CHANDRASEKARAN 

c AMNESIA 

c CNS EFFECTS 

c TACHYCARDIA 

+ DROWSINESS 

c DRY MOUTH 

+ BRADYCARDIA 

F i g .  16: 

I TIME (hr) 
2 0 0 p g  SCOPOLAMINE 
HYBROBROMIDE I M 

Rela t ionship  between Rate of Urinary Excre t ion  of Scopolamine and 
Its Pharmacological E f f e c t s  

shown i n  t h i s  f i g u r e  was obta ined  a f t e r  i n t r a m u s c u l a r  a d m i n i s t r a t i o n  of 200 micro-  

grams of  scopolamine hydrobromide. Based on t h e s e  r e s u l t s ,  we were a b l e  t o  d e f i n e  

t h e  r a t e  of scopolamine i n p u t  r e q u i r e d  t o  maximize t h e  s e n s i t i v i t y  of t h e  a n t i -  

emetic  a c t i o n .  

To de termine  whether t h e  scopolamine system provided an e x a c t  ana log  t o  a 

c l o s e l y  monitored i . v .  i n f u s i o n ,  we compared u r i n a r y  e x c r e t i o n  l e v e l s  of scopola-  

mine p r e v a i l i n g  d u r i n g  i t s  d e l i v e r y  by TTS-scopolamine or a c o n t r o l l e d  in t ravenous  

i n f u s i o n  a t  approximately t h e  same r a t e .  

Rates  of  u r i n a r y  e x c r e t i o n  o f  scopolamine peaked wi th in  12 t o  24 hours  fo l lowing  

TTS a p p l i c a t i o n ,  then  decreased  s l i g h t l y ,  and t h e r e a f t e r  h e l d  c o n s t a n t  th roughout  

t h e  remainder o f  t h e  72-hour wearing of  t h e  system (Figure  1 7 ,  dashed l i n e s ) .  

' Jur ing i . v .  i n f u s i o n  (F igure  1 7 ,  s o l i d  l i n e s ) ,  e x c r e t i o n  of unchanged scopolamine 

a t t a i n e d  a s t e a d y  ra te  w i t h i n  t h e  f i rs t  1 2  t o  24 hours ,  which was maintained 

throughout  t h e  72-hour i n f u s i o n .  

i n f u s i o n  and TTS v a r i e d  s i g n i f i c a n t l y  o n l y  d u r i n g  hours  12 through 24 of  scopola-  

mine a d m i n i s t r a t i o n  and a f t e r  i t s  d i s c o n t i n u a t i o n  (F igure  1 7 ) .  

Drug e x c r e t i o n  r a t e s  a s s o c i a t e d  wi th  t h e  i . v .  

During each mode of  scopolamine a d m i n i s t r a t i o n ,  s u b j e c t s  r e p o r t e d  a d r y  mouth 

as t h e  only  s i g n i f i c a n t  pharmacological  e f f e c t .  

1 2  t o  24 hours  fo l lowing  TTS a p p l i c a t i o n  b u t  decreased  so t h a t  i t  was b a r e l y  

A moderately d r y  mount developed 
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CONTROLLED RELEASE OF SCOPOLAMINE 6 4 5  
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_ _ _  Transderme -ScBp I n=7 
- INTRAVENOUS INFUSION 1 3  7-60 fig/hr. n=61 

f ADMINISTRATION STARTED 

4 ADMfNlSTRATlON STOPPED 

DIFFERENCE IN EXCRETION RATE 

'Urinary excretion of free scopolamine = 9 5 z 9% iavg i S E 01 total drug administered 

Fig .  17 :  Urinary Excretion of  Scopolamine Base during and following Transdermal and 
Intravenous Administration 

not iceable  a t  t he  time of removal of t h e  system. During scopolamine in fus ion ,  sub- 

j e c t s  repor ted  experiencing a mildly dry  mouth continuously.  

concent ra t ion  of scopolamine t h a t  e l i c i t s  t he  dry mouth s ide -e f f ec t  i s  very l i t t l e  

h igher  than  t h a t  needed t o  a t t a i n  p ro tec t ion  aga ins t  motion s i ckness .  

I t  appears t h a t  t h e  

The d a t a  ind ica t e  t h a t  TTS-scopolamine cont ro l led  the  d rug ' s  exc re t ion  a s  well  

The h igher  r a t e  of scopolamine exc re t ion  during t h e  as  intravenous adminis t ra t ion .  

f i r s t  24 hours of TTS use i s  a t t r i b u t a b l e  t o  t h e  i n i t i a l  priming dose provided by 

incorpora t ion  of scopolamine i n t o  the  adhesive contac t ing  t h e  sk in .  Because sk ins  

have d i f f e r i n g  c a p a b i l i t i e s  f o r  concent ra t ing  scopolamine, a s l i g h t  overshoot o r  

undershoot can occur i n  t h e  rate of drug input  during hours 1 2  t o  14 folIowing TTS 
app l i ca t ion .  This over/undershoot is very  small with respec t  t o  the  wide o s c i l l a -  

t i o n s  of u r i n a r y  excre t ion  seen with intramuscular i n j e c t i o n s  (Figure 1 6 ) .  

Following cessa t ion  of transdermal scopolamine adminis t ra t ion ,  t he  cutaneous 

depot of drug mani fes t s  i t s e l f  i n  a r a t e  of u r ina ry  excre t ion  t h a t  i n i t i a l l y  

dec l ines  r a t h e r  more slowly than the  r a t e  observed following ces sa t ion  of i n t r a -  

venous adminis t ra t ion ,  a d i f f e rence  t h a t  appears t o  be without pharmacological 

consequence. 

Conclusions 

The an t i -emet ic  e f f e c t  of TTS-scopolamine has been documented elsewhere f o r  a 

v a r i e t y  o f  condi t ions  of motion; two-thirds of t he  people experienced t r a n s i e n t  d ry  

mouth and one-sixth experienced some drowsiness.  Other c e n t r a l  e f f e c t s  of scopola- 

mine were observed inf requent ly ,  as  was mydriasis.  
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646 CHANDRASEKARAN 

A poin t  deserving emphasis i s  t h a t ,  with r a t e -con t ro l l ed  de l ive ry ,  the  t o t a l  

scopolamine dosage producing a s a t i s f a c t o r y  the rapeu t i c  e f f e c t  i s  only about one- 

f i f t h  of t h a t  requi red  with pulse-en t ry  ( f i r s t - o r d e r )  dosage forms such as i n j e c t i o n s .  

The usua l  intramuscular dose of  scopolamine administered f o r  motion s ickness  i s  200 

pg, and i t s  s ix-hour ly  r e p e t i t i o n  would presumably be requi red  under condi t ions  of 
continuous motion. Thus, t h e  t o t a l  dose over t h ree  days from t h i s  f i r s t - o r d e r  

dosage form would be 2 . 4  mg versus programmed de l ive ry  of 0 . 5  mg over th ree  days 

from TTS-scopolamine. In addi t ion  t o  a reduction i n  t o t a l  dosage, the  TTS-scopo- 

lamine avoids dose- re la ted  peaks i n  plasma concent ra t ion  ( r e f l ec t ed  by the  u r i n a r y  

excre t ion  curve shown in  Figure 1 6 ) .  Therein lies the  mechanism by which r a t e -  

con t ro l l ed  adminis t ra t ion  increases  the  s e l e c t i v i t y  of scopolamine's ac t ions .  

Another point deserv ing  emphasis i s  t h a t  the  TTS-scopolamine's du ra t ion  o f  

t h ree  days is many times longer than  t h e  pharmacokinetic h a l f - l i f e  of t h e  drug, 

which i s  l e s s  than  one hour. The the rapeu t i c  system form, ins tead  of t h e  i n t r i n s i c  

k i n e t i c  p rope r t i e s  of t he  drug, provides the  the rapeu t i ca l ly  important a t t r i b u t e  of 

dura t ion  of ac t ion .  
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