
DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY, 11(6&7) , 1213-1253 (1985) 

MECHANISM OF TRANSDERMAL CONTROLLED NITROGLYCERIN ADMINISTRATION 

(111) CONTROL OF SKIN PERMEATION RATE AND OPTIMIZATION* 

+ 
Prakash R. Keshary , Yih C. Huang and Yie U. ChienA 

C o n t r o l  l e d  Drug D e l i v e r y  Research Center  

Rutgers U n i v e r s i t y ,  C o l l e g e  o f  Pharmacy 

Busch Campus, P. 0. Box 789 

Piscataway, New J e r s e y  08854 

ABSTRACT 

A mathemat ica l  model was developed t o  c o r r e l a t e  t h e  d r u g  

permeat ion r a t e  th rough  t h e  s k i n  w i t h  t h e  d rug  r e l e a s e  r a t e  f rom 

a m a t r i x - t y p e  d rug  d e l i v e r y  system. Exper iments were c a r r i e d  

o u t  u s i n g  h a i r l e s s  mouse abdominal s k i n  mounted on a 

r e c e n t l y - d e v e l  oped and hydrodynamical  l y  we1 1 - c a l  i b r a  t e d  

Keshary-Chien s k i n  permeat ion system. A m a t r i x - t y p e  d r u g  d e l i v e r y  

system was des igned t o  c o n t a i n  d i f f e r e n t  l o a d i n g  doses o f  

n i t r o g l y c e r i n  and t o  s t u d y  t h e  e f f e c t  o f  d rug  l o a d i n g  v a r i a t i o n  

on t h e  r a t e  o f  d rug  re lease ,  t h e  r a t e  o f  s k i n  permeat ion and 

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  o f  n i t r o g l y c e r i n  i n  t h e  s k i n .  
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1214 KESHARY, HUANG, AND CHIEN 

Results indicated t h a t  the stratum corneum plays a significant 

rate-limiting role in the skin permeation of nitroglycerin across 

the intact skin, yielding a constant skin permeation profile.  

The permeation rate across the intact  skin was observed t o  increase 

with the increase in the drug release flux in i t i a l ly  and  then 

levelled off in a hyperbolic fashion. Various constants were 

obtained from the reciprocal p l o t  of skin permeation rate vs. 

d r u g  release flux. These constants could be used for  the 

prediction of the skin permeation rate.  A very good correlation 

between the predicted and the observed values of skin permeation 

rates was observed. 

After the stratum corneum was removed by stripping technique, 

the mechanism and the rate of skin permeation became dominated 

by the mechanism and the release rate of the delivery system. 

A linear correlation was observed between the drug permeation 

rate through the skin and the equilibrium concentration of d r u g  

in the skin. This correlation was observed i n  b o t h  intact  and 

viable skins. 

INTRODUCTION 

During recent years much work has been devoted on the 

development of rate-control drug delivery systems. I t  i s  hirhly 

desirable t h a t  these delivery systems administer the d r u g  a t  

a rate which i s  controlled mainly by the system i t s e l f  and  does 

n o t  vary with the variation in the environment. One o f  the most 
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N I T R O G L Y C E R I N  A D M I N I S T R A T I O N .  I11 1215 

successful means of producing such a drug delivery system has 

been the use of diffusion process to control the release o f  drugs 

(1). 

In the treatment of an illness with a drug, it is desirable, 

from the standpoint of pharmacodynamics, to maintain the 

concentration of the drug in the target tissue(s) at a constant 

level and within the therapeutically effective range (2). 

One of the major advances in Pharmaceutical R & D in recent 

years has been the successful development of transdermal 

therapeutic systems, which utilize the controlled drug release 

technology to control the infusion of drug to the systemic 

circulation through the intact skin, the so-called transdermal 

controlled administration (3). The currently marketed 

control led-release transdermal therapeutic systems can be 

classified in three main categories: Membrane 

permeation-controlled and matrix diffusion-controlled drug delivery 

systems and microsealed drug delivery system (4). The matrix-type 

drug delivery systems are known to have several advantages: one 

o f  them is the ease o f  fabrication as compared to other types 

of delivery systems, such as the membrane-encapsulated 

reservoir-type devices (5). Furthermore, for certain applications, 

like the sustained release of macromolecules (6), the use o f  

a matrix system is essential. One major drawback, however, in 

the use of a matrix diffusion-controlled drug delivery system 

is that it generally does not display the desired zero-order 
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1216 KESHARY, HUANG, AND C H I E N  

release kinetics (7). The drug release profile from a slab o f  

matrix-type device is reportedly proportional to the square root 

of time (7, 8). On the other hand, the membrane 

permeation-controlled drug delivery system provides a constant, 

zero-order drug release profile, while it is more difficult to 

fabricate and has a potential o f  dose dumping due to membrane 

breakage (7, 9). Chien et a1 (10-12) developed a hybrid-type 

drug delivery system, the so-called Microsealed Drug Delivery 

System, with homogeneous, microscopic dispersion of drug reservoirs 

in polymer matrix to maximize the advantages and to minimize 

the disadvantages of both membrane permeation-control led and 

matrix diffusion-controlled drug delivery systems. It is a matrix 

in physical appearance and delivers the drug at a rate profile, 

which i s  either Q vs. t or Q vs. t’, depending upon the 

physicochemical properties o f  drugs in the system (13). 

The skin is one of the most extensive and readily accessible 

organs o f  the human body. Traditionally, skin has been the common 

site of administration for dermatological drugs to achieve a 

localized phamacological action. More recently, the potential 

o f  skin serving as the port of administration for a number o f  

systemically active drugs has also been recognized. Along the 

course of skin permeation, a drug molecule is known to encounter 

a number of diffusional resistances which counteract its 

penetration through various skin tissue layers. For most drugs, 

the principal diffusional resistance has been found to reside 

in the stratum corneum layers, i.e., the rate-controlling barrier 

( 1 4 ) .  
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N I T R O G L Y C E R I N  A D M I N I S T R A T I O N .  I11 1217 

The mechanisms o f  d rug  r e l e a s e  and s k i n  permeat ion o f  v a r i o u s  

t ransdermal  t h e r a p e u t i c  systems have been e x t e n s i v e l y  s t u d i e d  

i n  r e c e n t  yea rs  (4, 15-18). It was i n c r e a s i n g l y  r e a l i z e d  t h a t  

t h e  mechanisms o f  d rug  r e l e a s e  and s k i n  permeat ion f r o m  a 

t ransdermal  d rug  d e l i v e r y  system can be assessed b y  t h e  use o f  

a w e l l - c a l i b r a t e d  -- i n  v i t r o  d i f f u s i o n  c e l l .  A v a r i e t y  o f  d i f f u s i o n  

c e l l s  have been proposed and used f o r  s t u d y i n g  t h e  percutaneous 

a b s o r p t i o n  o f  drugs (16, 19-22). Among t h e  v a r i o u s  d i f f u s i o n  

c e l l s  developed so f a r  f o r  s k i n  permeat ion s t u d i e s ,  t h e  Franz 

d i f f u s i o n  c e l l  has been commerc ia l ized and w i d e l y  employed f o r  

s t u d y i n g  t h e  s k i n  permeat ion p r o f i l e s  b y  f i n i t e - d o s i n g  techn ique  

(22, 23). 

The most p o p u l a r  method f o r  t h e  e v a l u a t i o n  o f  a r a t e - c o n t r o l  

t ransdermal  d rug  d e l i v e r y  system i s  t o  m o n i t o r  t h e  d rug  permeat ion 

p r o f i l e  across an e x c i s e d  s k i n  mounted on an i n  v i t r o  d i f f u s i o n  

c e l l .  E a r l i e r ,  we r e p o r t e d  t h e  des ign  o f  an i n - v i t r o  s k i n  

permeat ion system t o  overcome t h e  d e f i c i e n c i e s  observed i n  t h e  

Franz d i f f u s i o n  c e l l  and t o  achieve a b e t t e r  temperature c o n t r o l  

and hydrodynamic c o n d i t i o n  r e q u i r e d  f o r  s k i n  permeat ion k i n e t i c s  

s t u d i e s  (24) .  T h i s  system was a l s o  used i n  t h e  p r e s e n t  

i n v e s t i  g a t  i ons .  

Accord ing to many r e p o r t s  p u b l i s h e d  i n  t h e  l i t e r a t u r e ,  t h e  

re lease  p r o f i l e  o f  a d rug  f rom a m a t r i x - t y p e  d rug  d e l i v e r y  system 

can be desc r ibed  by a l i n e a r  Q vs. t 2  r e l a t i o n s h i p  (4,  7, 13, 
L 

23-27). 
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1218 KESHARY, HUANG, AND CHIEN 

I f  t h e  t ransdermal  t h e r a p e u t i c  system r e l e a s e s  a d rug  a t  

a r a t e  which i s  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  r a t e  o f  percutaneous 

abso rp t  on, t h a t  means t h e  permeat ion th rough  t h e  s t r a t u m  corneum 

i s  t h e  p r i m a r y  r a t e - l i m i t i n g  s t e p  i n  t h e  course o f  t ransdermal  

c o n t r o l  ed a d m i n i s t r a t i o n  o f  drug; then t h e  s k i n  permeat ion p r o f i l e  

o f  t h e  drug should f o l l o w  a c o n s t a n t  ze ro -o rde r  k i n e t i c s  ( 4 ) ,  

no m a t t e r  what i s  t h e  mechanism i n v o l v e d  i n  t h e  c o n t r o l l e d  r e l e a s e  

o f  d rug  f rom a t h e r a p e u t i c  system (18) .  

I n  t h e  p r e s e n t  s tudy,  a m a t r i x  d i f f u s i o n - c o n t r o l l e d  d rug  

d e l i v e r y  system was developed t o  r e l e a s e  n i t r o g l y c e r i n  a t  v a r i a b l e  

r a t e s  and was used t o  s tudy  i t s  e f f e c t  on t h e  r a t e  o f  s k i n  

permeat ion.  A s imp le  mathemat ica l  model was d e r i v e d  t o  e s t a b l i s h  

t h e  r e l a t i o n s h i p  among t h e  r a t e  o f  re lease ,  t h e  d r u g  l o a d i n g  

dose, t h e  r a t e  of s k i n  permeat ion and t h e  d r u g  c o n c e n t r a t i o n  

r e t a i n e d  i n  t h e  s k i n .  Exper iments were conducted t o  v e r i f y  t h i s  

r e l a t i o n s h i p .  The r e s u l t s  a r e  d i scussed  i n  t h i s  r e p o r t .  

THEORETICAL ANALYSIS 

A p h y s i c a l  model o f  a m a t r i x - t y p e  d rug  d e l i v e r y  system, 

a p p l i e d  on to  t h e  s k i n  i s  d e p i c t e d  i n  F i g u r e  1. 

I n  t h e  m a t r i x - t y p e  d rug  d e l i v e r y  system, t h e  d r u g  so l ids  

a r e  homogeneously d i s p e r s e d  as d i s c r e t e  c r y s t a l s  o r  s o l i d  p a r t i c l e s  

i n  a m a t r i x  environment formed b y  t h e  c r o s s - l i n k i n g  o f  l i n e a r  

polymer cha ins  ( 7 ,  9, 27).  The d i spe rsed  p a r t i c l e s  o r  c r y s t a l s  

cannot d e l o c a l i z e  f rom t h e i r  p o s i t i o n s  i n  t h e  polymer m a t r i x .  
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NITROGLYCERIN ADMINISTRATION. I11 1219 

THEORETICAL MODEL FOR SKIN PERMEATION OF NITROGLYCERIN 

FROM A MATRIX DIFFUSION-CONTROLLED TRANSDERMAL DRUG DELIVERY SYSTEM 

Polyms; Stratum ' Viable 
Matrix Corneum Skin 

I 
I 
I 
I 

I cis: 

\ 
-C(b) = 0 (sink) 

Aqueous 
Diffusion 

Laymr 

A = Drug loading in the polymer matrix 
h = Thickness 

C,C' = Concentrations 
p = Polymer 
sc = Stratum corneum 
vs = viable skin 
aq = aqueous layer 

Figure 1 

A theoretical model for the release and the skin permeation of 
nitroglycerin from a matrix diffusion-control led transdermal 
delivery system. 

It is assumed that the drug molecules can elute out o f  the matrix 

only by dissolution in and then by diffusion through the polymer 

structure. It is visualized that, microscopically, the drug 

solids in the surface layer of the matrix, which i s  in intimate 

contact with the s k i n ,  are first to elute, and when this layer 

becomes exhausted the drug solids in the next layer begin to 
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1220 KESHARY, HUANG, AND C H I E N  

be depleted ( 2 7 ) .  Th is  i s  schemat ica l ly  i l l u s t r a t e d  i n  F igure  

1. There ex i s t s ,  therefore, a drug dep le t i on  zone w i t h  a th ickness 

o f  hp. This th ickness becomes g rea te r  and g rea te r  as more drug 

s o l i d s  e l u t e  o u t  o f  the  device, l ead ing  t o  an inward advancement 

o f  the  drug d i spe rs ion  zone/drug dep le t i on  zone i n t e r f a c e  f u r t h e r  

i n t o  the core o f  the  device. 

For the purpose o f  mechanis t ica l  ana lys is  o f  transdermal 

c o n t r o l l e d  drug admin is t ra t ion ,  t he  s k i n  t i ssues  can be d i v ided  

i n t o  stratum corneum, which i s  composed o f  dead, k e r a t i n i z e d  

sk in  c e l l s ,  and v iab le  sk in ,  which i s  considered t o  cons is t  o f  

v iab le  c e l l  l aye rs  o f  epidermis and dermis. Transport o f  drug 

molecules through these laye rs  i s  be l ieved t o  be by a consecutive 

d i f f u s i o n  process. Mic roscop ica l l y ,  there  a l so  e x i s t s  a t h i n  

l a y e r  o f  stagnant so lu t i on ,  c a l l e d  hydrodynamic d i f f u s i o n  l aye r ,  

on the  i n t e r f a c e  between dermis and s o l u t i o n  s ink .  I n  the  c l i n i c a l  

s i t u a t i o n ,  t h i s  d i f f u s i o n  boundary l a y e r  can be v i sua l i zed  t o  

e x i s t  around the  c a p i l l a r y  network i n  the  dermal p a p i l l a r y  l a y e r .  

, var ies  w i t h  the  b lood The thickness o f  t h i s  d i f f u s i o n  layer ,  

f l o w  pa t te rn  o r  t he  f l u i d  hydrodynamics i n  the  so lu t i on .  I n  

the  -- i n - v i t r o  s i t u a t i o n ,  i n  which the  s k i n  i s  mounted on a s k i n  

permeation c e l l ,  t h i s  th ickness can be c o n s i s t e n t l y  c o n t r o l l e d  

a t  a f i n i t e  value by c o n t r o l l i n g  the angular r o t a t i o n  speed o f  

the  s t i r r i n g  magnet i n  the  receptor  s o l u t i o n  (F igure  2).  I f  

t h i s  th ickness i s  f i x e d  a t  a f i n i t e  constant  value and i s  smal le r  

than the  sur face area o f  the  sk in  a v a i l a b l e  f o r  drug permeation, 

t he  d i f f u s i o n  o f  drug molecules t o  and from the  sk in  sur face 

haq 
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IMPROVED FRANZ DIFFUSION CELL 

by KESHARY /CHIEN 

A l  R 
DONOR COMPARTMEN T 

J SAMPLING PORT 

TRANSDERMAL SYSTEM 

RECEPTOR COMPARTMENT 
( col I body 1 

WATER OUT 

WATER JACKET 

STAR-HEAD MAGNET 
37°C WATER IN 

F i g u r e  2 

Schematic i l l u s t r a t i o n  o f  t h e  newly developed Keshary-Chien (K-C) 
s k i n  permeat ion c e l l .  The c e l l  c o n s i s t s  o f  two compartments 
i n  v e r t i c a l  arrangement:  a donor compartment, which i s  exposed 
t o  an ambient c o n d i t i o n ,  and a r e c e p t o r  compartment which i s  
main ta ined  a t  37°C by c i r c u l a t i n g  a thermostated wa te r  th rough  
t h e  w a t e r j a c k e t .  The s o l u t i o n  hydrodynamics i n  t h e  r e c e p t o r  
compartment i s  k e p t  a t  cons tan t  by a Te f lon -coa ted  s ta rhead  magnet 
r o t a t i n g  a t  600 rpm by a synchronous mo to r  mounted d i r e c t l y  
underneath t h e  c e l l  mount ing b l o c k .  

may be t r e a t e d ,  f o r  simp1 i c i t y ,  as one-dimensional  d i f f u s i o n  

t o  a p lane  s u r f a c e  ( 2 7 ,  28). 

F o r  t h e  mechan is t i c  a n a l y s i s  o f  c o n t r o l l e d  r e l e a s e  o f  d rug  

molecules f rom t h e  m a t r i x - t y p e  d r u g  d e l i v e r y  system, t h e  f o l l o w i n g  

assumptions a r e  made: 
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1222 KESHARY, HUANG, AND CHIEN 

1. The d i s s o l u t i o n  o f  d r u g  c r y s t a l s  i n t o  t h e i r  su r round ing  

medium i s  t h e  v e r y  f i r s t  s t e p  o f  t h e  d rug  r e l e a s e  process.  

2. A pseudo-steady s t a t e  e x i s t s  i n  t h e  process o f  c o n t r o l l e d  

re1  ease. 

The d i f f u s i o n  c o e f f i c i e n t  o f  d r u g  molecules i n  a g i v e n  medium 

i s  cons tan t .  

3 .  

4. The p a r t i t i o n  c o e f f i c i e n t ,  K1, f o r  t h e  i n t e r f a c i a l  

p a r t i t i o n i n g  o f  d rug  molecules f rom t h e  d e v i c e  towards t h e  

s t r a t u m  corneum i s  r e l a t e d  t o  i t s  s o l u b i l i t y  i n  t h e  polymer,  
s _ -  

3L Spy and i n  t h e  s t r a t u m  corneum, S,,, i . e . ,  K = - 
sP 

5. The p a r t i t i o n  c o e f f i c i e n t ,  K E Y  f o r  t h e  i n t e r f a c i a l  

p a r t i t i o n i n g  o f  t h e  d rug  mo lecu le  f rom t h e  s t r a t u m  corneum 

towards t h e  u n d e r l y i n g  v i a b l e  ep ide rm is  and dermis i s  r e l a t e d  

t o  i t s  s o l u b i l i t y  i n  t h e  s t r a t u m  corneum, S,,, and i n  t h e  

u n d e r l y i n g  v i a b l e  t i s s u e ,  Svs ,  K 2  - - - svs 

s S C  

6. The p a r t i t i o n  c o e f f i c i e n t ,  K3, f o r  t h e  i n t e r f a c i a l  

p a r t i t i o n i n g  o f  a d r u g  molecule f rom t h e  v i a b l e  dermis towards 

t h e  r e c e p t o r  (dermal)  s o l u t i o n  i s  r e l a t e d  t o  i t s  s o l u b i l i t y  

i n  t h e  v i a b l e  dermis l a y e r ,  Svs ,  and i n  t h e  r e c e p t o r  s o l u t i o n ,  

'aq, 3 sVs 
S 

K =A 

7. Drug i n  t h e  m a t r i x  i s  f i n e l y  d i v i d e d  and homogeneously 

d i s t r i b u t e d  such t h a t  m a t r i x  d i s s o l u t i o n  i s  n o t  a 

r a t e - l i m i t i n g  f a c t o r .  Drug molecules have a f i n i t e  s o l u b i l i t y  

i n  t h e  m a t r i x  and t h e  t o t a l  c o n c e n t r a t i o n  o f  d rug  p e r  u n i t  
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NITROGLYCERIN ADMINISTRATION. I11 1223 

volume i n c l u d i n g  t h e  und isso lved  d rug  i s  much g r e a t e r  t han  

i t s  f i n i t e  s o l u b i l i t y  i n  t h e  m a t r i x  (S ). 
P 

8. A sharp boundary i s  ma in ta ined  between t h e  d r u g  d i s p e r s i o n  

phase and t h e  d rug  d e p l e t i o n  r e g i o n  w i t h i n  t h e  d e v i c e  which 

recedes i n t o  t h e  d e v i c e  as t i m e  passes. 

9. Drug reaches t h e  m a t r i x  s u r f a c e  b y  d i f f u s i o n  process th rough  

t h e  m a t r i x  cont inuum r a t h e r  t h a n  t h e  pores r e s u l t e d  f rom 

t h e  d i s s o l u t i o n  o f  d r u g  p a r t i c l e s .  

10. End d i f f u s i o n  i s  n e g l i g i b l e .  

Under these c o n d i t i o n s ,  an a c t i v i t y  g r a d i e n t  f o r  t h e  d rug  

i s  e s t a b l i s h e d  b e g i n n i n g  a t  t h e  r e c e d i n g  boundary i n t e r f a c e  between 

d rug  d i s p e r s i o n  phase and d rug  d e p l e t i o n  r e g i o n  and i s  e s s e n t i a l l y  

t e r m i n a t i n g  a t  t h e  

on t h e  dermal s i d e  

F i g u r e  1 as a s e r  

f rom t h e  d e l i v e r y  sy  

o u t e r  l a y e r  o f  t h e  aqueous d i f f u s i o n  l a y e r  

o f  t h e  s k i n .  T h i s  g r a d i e n t  i s  d e p i c t e d  i n  

es o f  d i s c o n t i n u o u s  c o n c e n t r a t i o n  g r a d i e n t s  

tem t o  t h e  dermal s i n k .  

The f l u x e s  i n  t h e  polymer m a t r i x  ( J  ),  s t r a t u m  corneum ( J S c ) ,  

v i a b l e  s k i n  ( J v s )  and t h e  aqueous boundary l a y e r  (J  ) a r e  

m a t h e m a t i c a l l y  d e f i n e d  by t h e  f o l l o w i n g  express ions:  

P 

aq 

cp - c;I D 
Jp = $ (C - CI;) = 

P P RP 

csc - c;c - -  Dsc ( C s c -  c;& = 
Jsc - h,, Rsc 

cvs  - c i s  
- -  Dvs ( C V S  - c i s )  = 

Jvs - hvs Rvs 
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1224 KESHARY, HLJANG, AND CHIEN 

Where J ' s  r e f e r  t o  t h e  f l u x e s  o f  t h e  d rug  molecule across v a r i o u s  

media ( i n  mg/cm / h r ) ,  D's a r e  t h e  d i f f u s i v i t i e s  o f  d r u g  mo lecu le  2 

i n  t h e  media ( i n  cmL/hr), h ' s  a r e  t h e  th i cknesses  o f  t h e  media 

( i n  cm) and R's a r e  t h e  r e s i s t a n c e s  t o  drug d i f f u s i o n  i n  t h e  

media ( i n  hr/cm), r e s p e c t i v e l y .  The s u b s c r i p t s  p, sc, vs and 

aq denote t h e  polymer medium, s t r a t u m  corneum, v i a b l e  s k i n  and 

aqueous hydrodynamic boundary 1 ayer,  r e s p e c t i v e l y .  

P a r t i  t i o n  c o e f f i c i e n t s  f o r  v a r i o u s  i n t e r f a c i a l  p a r t i t i o n i n g  

a r e  d e f i n e d  by t h e  f o l l o w i n g  r e l a t i o n s h i p s :  

St ratum corneumlpolymer m a t r i x :  

(5) 

V i a b l e  s k i  n / s t r a t u m  corneum: 

cvs 
csc 

K =I 

Aqueous l a y e r / v i a b l e  s k i n :  

K = *  
C 

cvs 

Where C and C '  r e f e r  t o  t h e  c o n c e n t r a t i o n s  o f  d rug  mo lecu le  i n  

a p a r t i c u l a r  medium. S u b s c r i p t s  sc, p, vs  and aq have been d e f i n e d  

e a r l i e r .  

S u b s t i t u t i n g  Eq. ( 7 )  f o r  C i n  Eq. ( 4 )  g i v e s  
aq 
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NITROGLYCERIN ADMINISTRATION. 111 

J R  
o r  c i s  = 

K3 

S u b s t i t u t i n g  Eq. ( 9 )  f o r  C i s  i n  Eq. ( 3 )  y i e l d s  

‘vsK3 - JagRag 

Jvs = K3RVs 

1225 

(9) 

Assuming t h a t  t h e  c o n t i n u i t y  o f  f l o w  across t h e  s e r i e s  o f  

b a r r i e r s  e s t a b l i s h e s  a quas i - s teady  s t a t e :  

J P = Jsc = Jvs = Jaq = Js (11 )  

where J, i s  t h e  f l u x  o f  d rug  permeat ion across t h e  s k i n  t i s s u e  

(composi te  s k i n  t i s s u e  l a y e r s )  

S u b s t i t u t i n g  Eq. (10)  f o r  Jvs i n  Eq. (11) and r e a r r a n g i n g  g i v e :  

or 

o r  

o r  

J R  
J = % - -  

Rvs RVsK3 

R 
Js( 1+ %) = h 

RVsK3 Rvs 

J =  
S 

R (1t ) 
vs K3Rvs 

R 
C v s  = JS[Rvs + 

K3 

From Eq. (6), 
F 
L 

I - vs 
%c - q 

S u b s t i t u t i n g  Eq. (15)  f o r  C v s  i n  Eq. (6a )  y i e l d s :  

Replac ing Eq. (16)  f o r  C i C  and Eq. (11) f o r  Js, i n  Eq. ( 2 )  g i ves :  
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1226 

JS R 1  
K2 3 Rsc 

Js = [Csc - - ( R v s  + ?)I - 

RvsK3 + Ragl - csc 
Or Js + K2K3Rsc Rsc 

From Eq. ( 5 )  
csc C P l  - -  - 
K1 

Substi tuting E q .  (19) for  Csc in Eq.  (5a)  

P 
Replacing Eq.  ( 2 0 )  f o r  C '  and  Eq.  (11) f o r  J 

P 

KESHARY, HUANG, AND CHIEN 

(17) 

(18) 

(19) 

or 

or 

11 1 RSc RvsK3 + Raq Js = R [ C p  - - K1 Js (' ' K2K3RsC 
P 

5 
RP 

11 = 
Rsc RvsK3 + Raq 

Js + m  (l' K K R 1 P  2 3 sc 

in Eq.  (1)  yields:  

( 2 1 )  

The amount of d r u g ,  Q ,  released from polymer matrix t o  form 

a depletion zone w i t h  a thickness of h i s  g iven  by: 
P 

Q = A h [A  - 4 ( C p  - C i )  - C;] 
C P  

C P  
or Q = A h [ A  - (4Cp + % C;)] 
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NITROGLYCERIN ADMINISTRATION. I11 1227 

F o r  a case where A>>C [A-(+C i. SC;)] can be approximated 

t o  A s i n c e  C > C '  o r  C >(SC + S C ' )  , so, Eq. (24a) i s  s i m p l i f i e d  

t o  : 

P' P 

P P  P P  P 

Q = A h . A  

The r a t e  o f  r e l e a s e  i s  then d e f i n e d  by: 
C P  

2 = & ( A  h . A )  
C P  

When t h e  d i f f u s i o n  th rough  s t r a t u m  corneum i s  t h e  

r a t e - l i m i t i n g  s tep  and a pseudo-steady s t a t e  i s  e s t a b l i s h e d :  

o r  

dh 
!% = Ac.A.  -$ = 0 d t  

which i m p l i e s  t h a t  

A .A.h = c o n s t a n t  = k 
C P  

o r  

k h = A (as A c  i s  c o n s t a n t )  
P 

Where k i s  a cons tan t ;  The exper imen ta l  evidence f o r  t h e  v a l i d i t y  

o f  Eq. (27)  and (30) i s  p r o v i d e d  i n  t h e  Resu l t s  and D i s c u s s i o n  

s e c t i o n  l a t e r .  

Since R = h /D (31); s u b s t i t u t i n g  Eq. (30 )  f o r  h i n  Eq. (31 )  

and Eq. (31)  f o r  R i n  Eq. (23 )  g i v e s :  
P 

P P P  P 

C D A/k 

I L .I 3L 

(32 )  

(33 )  
a A  

1 + 8.A o r  Js = 
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1228 KESHARY, HUANG, AND CHIEN 

whereaand  !3 a r e  composi te c o n s t a n t s  and a r e  d e f i n e d  as f o l l o w s :  

a = C D / k  (34 )  
P P  

1 R D  RvsK3 ’ Raq 

Klk K2K3Rsc 
and ! 3 =  (1 + 

1 RvsK3 ’ Raq o r  B = - .  
K C  1 P  K2K3Rsc 

(35 )  

Eq.  (33) suggests t h a t  t h e  r a t e  o f  s k i n  permeat ion,  J,, 

should i nc rease  as i n c r e a s i n g  t h e  d rug  l o a d i n g  i n  t h e  polymer 

dev ice,  A, and a h y p e r b o l i c  r e l a t i o n s h i p  should be observed as 

one p l o t s  Js vs.  A. 

Accord ing t o  H iguch i  ( 8 )  and Chien (14 ) ,  t h e  r e l e a s e  o f  

a drug, a t  s teady s t a t e ,  f rom a m a t r i x - t y p e  d rug  d e l i v e r y  system 

i n t o  a s i n k  should f o l l o w s  t h e  r e l a t i o n s h i p  o f :  

& = [(2A - Cp) C .D 1’ (36 )  P P  

where Q i s  t h e  cumu la t i ve  amount o f  d rug  r e l e a s e d  f rom a 

m a t r i x - t y p e  d rug  d e l i v e r y  system i n t o  t h e  s i n k  ( i n  mg/cm ) ;  and 

t i s  t h e  t i m e  elapsed. A l l  o t h e r  terms a r e  t h e  same as d e f i n e d  

e a r l i e r .  

2 

(Q/t’)’ = (2A - Cp) C D (37 )  

( s i n c e  2A >> C ) (38 )  

P P  

P 
o r  (Q/t’)‘ = 2AC D 

P P  

o r  A = (Q/t’)’/2CpDp ( 3 9 )  

S u b s t i t u t i n g  E q .  ( 39 )  f o r  A i n  E q .  ( 32 ) ,  

J, = ( Q/t’) ‘/2k 

1 RSdQ/ t ’  )2 RvsK3 t R a q  

K2 K3 Rs c 
’ 2KlkCp [ 1  +- 
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NITROGLYCERIN ADMINISTRATION. I11 

I( Q/t%) 2 - a  or Js - 
1 t $ ' ( Q / t % ) 2  

Where and are composite constants and defined as follows: 
I -  1 

- 2 k  
and 

1 = - Rsc RvsK3 + Rag 
2KlkCp ( '  ' K2K3Rsc 

) 
RvK3 + Raq 
K2K3Rsc 

or 8 '  = - 

1229 

(41) 

( 42 

(43 

All other terms are the same as defined ear l ie r .  

Equation (41) suggests t h a t  the rate of skin permeation, 

Js, should increase as increasing the square of the in vitro 

release flux of d r u g  in the sink, (Q/t?i)2, and a hyperbolic 

relationship should be obtained as one plots Js vs. ( Q / t 4 ) 2 .  

E XP E R I MENTAL 

A .  Materials: 

1. Nitroglycerin: Pure nitroglycerin was extracted from 

i t s  10% lactose t r i turate '  by dissolving the t r i t u ra t e  

in an excess of d i s t i l l ed  water and then collecting the 

nitroglycerin precipitate sett led a t  the bottom. The 

purity of the extracted nitroglycerin was determined 

by USP Phenoldisulphonic acid method . 2 

2. Silicone elastomers - Dow Corning MDX4-4210 clean grade 

elastomer3 and curing agent3 were used t o  prepare polymer 

ma t r i  x.  
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1230 KESHARY, HUANG, AND C H I E N  

3. Other chemicals  and reagen ts  - methanol4 ( g l a s s - d i s t i l l e d  

HPLC grade),  p o l y e t h y l e n e  g l y c o l 5  (PEG) 400 and sodium 

c h l o r i d e 5  were used as ob ta ined .  HPLC grade wa te r  was 

f r e s h l y  prepared by Nanopure system . 6 

B. P repara t i ons :  

P r e p a r a t i o n  of i n t a c t  s k i n  - Immediate ly  f o l l o w i n g  s a c r i f i c e  

by c e r v i c a l  d i s l o c a t i o n  o f  s p i n a l  cord, a p o r t i o n  (abou t  

3.5cm x 3.5cm) o f  t h e  f u l l - t h i c k n e s s  abdominal s k i n  was 

c a r e f u l l y  e x c i s e d  f rom t h e  h a i r l e s s  mouse (5-7  week o l d ,  

male) .  The dermal s i d e  o f  t h e  s k i n  was c a r e f u l l y  c leaned 

o f  any adher ing  subcutaneous t i s s u e  and/or b lood  vesse ls .  

P r e p a r a t i o n  o f  s t r i p p e d  ( v i a b l e )  s k i n  - Immediate ly  f o l l o w i n g  

s a c r i f i c e  by c e r v i c a l  d i s l o c a t i o n ,  t h e  abdominal r e g i o n  o f  

t h e  h a i r l e s s  mouse s k i n  was s t r i p p e d  wi th  ce l l ophane  tape . 
The mouse was secured on d i s s e c t i n g  board and t h e  s k i n  was 

s t r i p p e d  by p l a c i n g  t h e  tape on t h e  s k i n  s u r f a c e  and moving 

t h e  thumb back and f o r t h  a few t imes,  w i t h  a p ressu re  as 

u n i f o r m  as p o s s i b l e  (29) .  A f r e s h  p i e c e  o f  t ape  was used 

f o r  each s t r i p p i n g .  About 3.5cm x 3.5cm p o r t i o n  o f  t h i s  

s t r i p p e d  s k i n  was c a r e f u l l y  e x c i s e d  and used f o r  s k i n  

permeat ion s t u d i e s  as soon as p o s s i b l e  t o  a v o i d  t h e  d r y i n g  

o f  t h i s  v i a b l e  s k i n  su r face .  

7 

P r e p a r a t i o n  o f  e l u t i o n  s o l u t i o n  - 20% w/w P o l y e t h y l e n e  g l y c o l  

400 s o l u t i o n  i n  normal s a l i n e  was used as t h e  dermal s o l u t i o n  

i n  t h e  r e c e p t o r  compartment o f  t h e  K-C s k i n  permeat ion system . 8 
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NITROGLYCERIN ADMINISTRATION. I11 1231 

The aqueous s o l u b i l i t y  o f  n i t r o g l y c e r i n  (1 .8  mg/ml) was 

improved by t h e  i n c o r p o r a t i o n  o f  20% w/w p o l y e t h y l e n e  g l y c o l  

400 (3.2 mg/ml) as t h e  s o l u b i l i z e r  t o  m a i n t a i n  an e f f e c t i v e  

s i n k  c o n d i t i o n  r e q u i r e d  i n  t h e  i n v e s t i g a t i o n .  

Prepara t i on o f  m a t r i x -  t ype  n i t r o g l  y c e r i  n- r e 1  eas i ng t ransde rma 1 

p a t c h  - Pure n i t r o g l y c e r i n  was a c c u r a t e l y  weighed and 

homogeneously d i s p e r s e d  w i t h  an equal  we igh t  o f  l a c t o s e  powder. 

Care was taken t o  a v o i d  p o s s i b l e  loss o f  n i t r o g l y c e r i n  by 

evapora t i on .  T h i s  n i  t r o g l y c e r i n / l a c t o s e  b l e n d  was mixed 

t h o r o u g h l y  w i t h  t h e  r e q u i r e d  amount o f  MDX4-4210 e lastomer.  

Cur ing  agent f o r  t h e  e las tomer  was added t o  t h i s  m i x t u r e  

( 0 . 1  p a r t  by we igh t  o f  t h e  MDX4-4210 e las tomer ) .  The m i x t u r e  

9 was mixed w e l l  f o r  about 5 m inu tes  by a l a b o r a t o r y  s t i r r e r  

and was then  deaerated under a vacuum o f  about 30 mm Hg f o r  

about 10 minutes w i t h  i n t e r m i t t a n t  r e l e a s e  o f  vacuum t o  break 

t h e  ent rapped a i r  bubbles.  

A p l a s t i c  cup" (19.5mm i n  i n n e r  d iamete r  and 5 mm i n  

The i n s i d e  depth)  was used as t h e  mould ing d e v i c e  and h o l d e r .  

o f  t h e  cup was l i n e d  w i t h  a 2" x 2" p i e c e  o f  aluminum f o i l ' '  

t o  p reven t  a d i r e c t  c o n t a c t  o f  s i l i c o n e  dev i ce  w i t h  t h e  p l a s t i c  

cup and, t h e r e f o r e ,  any p o s s i b l e  d i f f u s i o n  o f  n i t r o g l y c e r i n  

f rom t h e  dev i ce  t o  t h e  p l a s t i c  m a t e r i a l .  About 1.4 gm o f  

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

weighed i n t o  t h e  aluminum f o i l - l i n e d  p l a s t i c  cup h o l d e r .  

A f t e r  c o v e r i n g  t h e  h o l d e r  w i t h  a 1" x 1" p i e c e  o f  aluminum 
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1232 KESHARY, HUANG, AND CHIEN 

f o i l " ,  t h e  n i t r o g l y c e r i n / e l a s t o m e r  b l e n d  was then cu red  

a t  75OC f o r  30 minutes.  

A f t e r  c u r i n g ,  t h e  cu red  d i s c s  were removed f rom t h e  

oven, t h e  aluminum f o i l  was d i s c a r d e d  and t h e  edge o f  each 

d i s c  was c a r e f u l l y  t r immed t o  produce a t ransdermal  d i s c  

w i t h  a f i x e d  s u r f a c e  area. These d i s c s  were l a t e r  used 

i n  t h e  s k i n  permeat ion and r e l e a s e  s t u d i e s .  

C. Sk in  Permeat ion P r o f i l e  o f  N i t r o g l y c e r i n  f rom Transdermal 

Discs 

1. I n t a c t  s k i n  - The f r e s h l y  e x c i s e d  f u l l - t h i c k n e s s  s k i n  sample 

( c o n t a i n s  s t r a t u m  corneum) was mounted on t h e  r e c e p t o r  compartment 

o f  t h e  K-C c e l l  , w i t h  t h e  s t r a t u m  corneum s i d e  f a c i n g  upwards 

i n t o  t h e  donor compartment and t h e  dermal s i d e  f a c i n g  downwards 

i n t o  t h e  r e c e p t o r  compartment. One u n i t  o f  t h e  t ransdermal  d i s c  

was p laced  w i t h  t h e  n i t r o g l y c e r i n - r e l e a s i n g  s u r f a c e  i n  i n t i m a t e  

c o n t a c t  w i t h  t h e  s k i n  and t h e  donor cap was p o s i t i o n e d  and clamped. 

a 

F o l l o w i n g  t h e  a p p l i c a t i o n  o f  t ransdermal  d i s c s  on t h e  s k i n ,  

t h e  r e c e p t o r  s o l u t i o n  c o n t a i n i n g  20% w/w p o l y e t h y l e n e  g l y c o l  

400 i n  normal s a l i n e  was i n t r o d u c e d  i n t o  t h e  r e c e p t o r  compartment, 

which was thermostated a t  37°C by a c i r c u l a t i n g  wa te rba th  , 12 

w h i l e  t h e  donor compartment was ma in ta ined  a t  t h e  ambient 

temperature o f  25*loC. 

A t  a predetermined t i m e  i n t e r v a l ,  1 m l  o f  sample f rom t h e  

r e c e p t o r  s o l u t i o n  was withdrawn and r e p l a c e d  immed ia te l y  w i t h  

a same volume o f  t h e  f r e s h ,  d r u g - f r e e  PEG 400 /sa l i ne  s o l u t i o n  
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NITROGLYCERIN ADMINISTRATION. 111 1233 

t o  keep t h e  volume i n  t h e  r e c e p t o r  compartment c o n s t a n t  and t o  

ensure a good c o n t a c t  between t h e  dermal s i d e  o f  t h e  s k i n  and 

t h e  r e c e p t o r  s o l u t i o n .  The n i t r o g l y c e r i n  c o n c e n t r a t i o n  i n  t h e  

sample was then determined by a s e n s i t i v e  HPLC method. The amount 

o f  n i t r o g l y c e r i n  r e t a i n e d  i n  t h e  s k i n  was a l s o  determined a t  

t h e  end o f  each exper iment  (24  hours )  by a method d e s c r i b e d  l a t e r .  

2. V i a b l e  s k i n  - The same procedure as o u t l i n e d  above f o r  i n t a c t  

s k i n  was used, excep t  t h a t  t h e  s t r i p p e d  s k i n  was used and a t  

a scheduled t i m e  i n t e r v a l ,  t h e  e n t i r e  volume o f  t h e  r e c e p t o r  

s o l u t i o n  was sampled and renewed w i t h  t h e  same volume o f  d r u g - f r e e  

PEG/saline s o l u t i o n .  

D. Release P r o f i l e s  o f  N i t r o g l y c e r i n  f rom t h e  Transdermal D iscs  

The same procedure as o u t l i n e d  above f o r  s k i n  permeat ion 

s t u d i e s  was a l s o  a p p l i e d ,  except  t h a t  no s k i n  sample was sandwiched 

between t h e  t ransdermal  d i s c  and t h e  r e c e p t o r  s o l u t i o n  and a t  

each scheduled sampl ing t ime, t h e  r e c e p t o r  s o l u t i o n  was c o m p l e t e l y  

wi thdrawn and r e p l a c e d  w i t h  f r e s h  d r u g - f r e e  PEG/saline s o l u t i o n .  

I n  t h i s  way t h e  r e q u i r e d  s i n k  c o n d i t i o n  was ma in ta ined  on t h e  

dermis s ide .  The n i t r o g l y c e r i n  c o n c e n t r a t i o n  i n  t h e  samples 

was then assayed by t h e  HPLC method. 

E. Dete rm ina t ion  o f  N i t r o g l y c e r i n  i n  t h e  Sk in  

A f t e r  t h e  s k i n  s u r f a c e  was wiped d r y  w i t h  a s i n g l e  p l y  o f  

f o l d e d  kimwipe paper13, t h e  area o f  s k i n  which was i n  i n t i m a t e  

c o n t a c t  w i t h  t h e  d r u g - r e l e a s i n g  s u r f a c e  o f  t h e  t ransdermal  d i s c  

was c a r e f u l l y  c u t  o u t  and i t s  dermal s u r f a c e  was wiped d r y  o f  
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1234 KESHARY, HUANG, AND CHIEN 

any adher ing  s o l u t i o n  w i t h  kimwipe paper.  The s k i n  sample was 

then  homogenized, u s i n g  a p o l y t r o n  h o m o g e n i ~ e r ~ ~ ,  i n  10 m l  o f  

methanol .  D u r i n g  homogenizat ion,  t h e  sample temperature was 

ma in ta ined  c o l d  by su r round ing  i t  i n  crushed i c e  t o  p r e v e n t  any 

p o s s i b l e  l o s s  o f  n i t r o g l y c e r i n  due t o  t h e  hea t  generated.  

Homogenized s k i n  samples were then  c e n t r i f u g e d  a t  about  2,500 

rpm15 f o r  5 minutes.  The c l e a r  superna tan t  was separated and 

assayed f o r  n i t r o g l y c e r i n  c o n t e n t  by HPLC. 

F. A n a l y t i c a l  Methods 

Fo r  t h i s  i n v e s t i g a t i o n ,  a m ic rop rocesso r -con t ro l  l e d  h i g h  

performance 1 i q u i d  chromatograph16 was used. It i s  equipped 

w i t h  a v a r i a b l e  wavelength d e t e c t o r ,  an au tomat i c  sampler, a 

va r iab le -vo lume i n j e c t o r ,  a dual-head r e c i p r o c a t i n g  pump and 

a dual  s o l v e n t  system. Using methanol and water  ( a t  a compos i t i on  

o f  60/40) as t h e  m o b i l e  phase a t  a f l o w  r a t e  o f  1 ml/min and 

t h e  column temperature a t  ambient, n i t r o g l y c e r i n  i n  t h e  sample 

s o l u t i o n  (w i th  an i n j e c t i o n  volume o f  10 p l )  was r e s o l v e d  by 

a reve rsed  phase column17 and d e t e c t e d  a t  a wavelength o f  205 

nm. 

Under t h e  HPLC c o n d i t i o n s  o u t 1  i n e d  above, n i t r o g l y c e r i n  

produced a sharp a b s o r p t i o n  peak a t  a r e t e n t i o n  t i m e  o f  4 . 9  min., 

w h i l e  t h e  two p r i m a r y  deg rada t ion  products ,  1, 2- and 

1 , 3 - d i n i t r o g l y c e r i n Y  had y i e l d e d  c h a r a c t e r i s t i c  peaks a t  r e t e n t i o n  

t imes  o f  3.1 and 2.9 min. , r e s p e c t i v e l y .  T h i s  s t a b i l i t y - i n d i c a t i n g  

method has a d e t e c t i o n  s e n s i t i v i t y  o f  75-100 ng/ml f o r  

n i t r o g l y c e r i n .  
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NITROGLYCERIN ADMINISTRATION. I11 1235 

G. Data A n a l y s i s  

From t h e  c o n c e n t r a t i o n  p r o f i l e s  o f  n i t r o g l y c e r i n  i n  t h e  

2 r e c e p t o r  s o l u t i o n ,  f l u x  ( i n  mg/cm ) was c a l c u l a t e d  u s i n g  a computer 

program ( i n  Appendix)  and then p l o t t e d  as a f u n c t i o n  o f  t i m e  

( i n  hours)  o r  square r o o t  o f  t ime  ( i n  square r o o t  o f  hou rs ) .  

The amount o f  n i t r o g l y c e r i n  bound t o  s k i n  was c a l c u l a t e d  

as t h e  amount p e r  cm3 o f  s k i n  volume (mg/cm ) .  The l i t e r a t u r e  

va lue  on t h e  t h i c k n e s s  o f  t h e  abdominal s k i n  w i t h  and w i t h o u t  

t h e  s t r a t u m  corneum was used t o  c a l c u l a t e  t h e  volume o f  t h e  i n t a c t  

and v i a b l e  s k i n s  [30]. 

3 

RESULTS AND DISCUSSION 

S k i n  permeat ion p r o f i l e  o f  n i t r o g l y c e r i n  across i n t a c t  s k i n  

The s k i n  permeat ion p r o f i l e s  o f  n i t r o g l y c e r i n  f rom t h e  

t ransdermal  d i s c s  c o n t a i n i n g  v a r i o u s  l o a d i n g  doses o f  n i t r o g l y c e r i n  

a r e  shown i n  F i g u r e  3. R e s u l t s  i n d i c a t e  t h a t  n i t r o g l y c e r i n  

permeates th rough  t h e  i n t a c t  h a i r l e s s  mouse abdominal s k i n  a t  

c o n s t a n t  r a t e  ( l i n e a r  Q vs. t r e l a t i o n s h i p ) .  

The observed c o n s t a n t  r a t e  o f  s k i n  permeat ion c o u l d  be t h e  

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

formed d u r i n g  t h e  24-hr s k i n  permeat ion does n o t  add s u b s t a n t i a l l y  

t o  t h e  t o t a l  t h i c k n e s s  o f  t h e  d i f f u s i o n a l  p a t h  ( i . e . ,  d rug  

d e p l e t i o n  zone + s k i n  + hydrodynamic d i f f u s i o n  l a y e r ) .  From 

t h e  t o t a l  amount o f  n i t r o g l y c e r i n  r e l e a s e d  d u r i n g  t h e  24-hr  s k i n  

permeat ion s t u d i e s ,  t h e  t h i c k n e s s  o f  d rug  d e p l e t i o n  zone formed 
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1236 KESHARY, HUANG, AND CHIEN 

EFFECT OF LOADINO DOSE ON SKIN PERMEATION 

TIME (hours) 

F i g u r e  3 

Time course f o r  t h e  24-hr  permeat ion o f  n i t r o g l y c e r i n  ac ross  
t h e  i n t a c t  s k i n  from t h e  m a t r i x  d i f f u s i o n - c o n t r o l  l e d  t ransderma l  
d e l i v e r y  system c o n t a i n i n g  v a r i o u s  l o a d i n g  doses ( %  w/w) .  A 
c o n s t a n t  ( Q  vs. t )  s k i n  permeat ion p r o f i l e  was ob ta ined .  The 
r a t e  o f  s k i n  permeat ion i nc reased  i n  p r o p o r t i o n a l  t o  t h e  i n c r e a s e  
i n  d rug  l o a d i n g  up t o  a l o a d i n g  dose o f  about  2%. No s i g n i f i c a n t  
i nc rease  i n  s k i n  permeat ion r a t e  was observed as t h e  l o a d i n g  
dose inc reased  beyond t h e  2% l e v e l .  Each d a t a  p o i n t  r e p r e s e n t s  
t h e  mean va lue  * s tandard  e r r o r  o f  4 d e t e r m i n a t i o n s .  

can be determined. The r e s u l t s  (Tab le  I )  i n d i c a t e d  t h a t  depending 

upon t h e  d rug  l o a d i n g  ( A )  i n  t h e  t ransdermal  d i scs ,  a t h i c k n e s s  

o f  drug d e p l e t i o n  zone, r a n g i n g  f rom 0.11 t o  1.54 mm, i s  formed 

a f t e r  s k i n  permeat ion s t u d i e s  f o r  24 hours.  T h i s  range o f  d r u g  

d e p l e t i o n  zone t h i c k n e s s  accounted f o r  2.2 - 30.8% o f  t h e  t o t a l  
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1238 KESHARY, HUANG, AND CHIEN 

t h i c k n e s s  o f  t h e  p o l y m e r i c  m a t r i x  and was, as expected from 

Equat ion ( 3 0 ) ,  a f u n c t i o n  o f  t h e  r e c i p r o c a l  o f  d rug  l o a d i n g .  

The l a r g e r  t h e  d r u g  l oad ing ,  t h e  s m a l l e r  t h e  t h i c k n e s s  o f  d e p l e t i o n  

zone. A n a l y s i s  o f  t h e  da ta  suggested t h a t  f o r  a d i s c  c o n t a i n i n g  

3 3 a l o a d i n g  dose g r e a t e r  t han  22 mg/cm , i . e .  2A > 43.9 mg/cm 

i n  Table I ,  t h e  r a t i o  o f  d rug  l o a d i n g  t o  polymer s o l u b i l i t y  (2A/C ) 
P 

P 
i s  ma in ta ined  a t  a l e v e l  g r e a t e r  t han  13.10, i . e . ,  2A > 13.1 C 

o r  2A >> C a t h i c k n e s s  o f  o n l y  10% ( o r  l e s s )  o f  t h e  t o t a l  m a t r i x  

t h i c k n e s s  i s  formed as a r e s u l t  o f  d rug  r e l e a s e  f o r  s k i n  permeat ion 

d u r i n g  t h e  24-hr p e r i o d .  So, a pseudo-steady-state (Equa t ion  

27) was e s t a b l i s h e d  and a c o n s t a n t  apparent  r a t e  o f  s k i n  permeat ion 

was ob ta ined  ( F i g u r e  3 ) .  

P’  

The permeat ion r a t e  o f  n i t r o g l y c e r i n  th rough  i n t a c t  s k i n  

as i n d i c a t e d  by t h e  magnitude o f  t h e  s lope  ( Q / t ) ,  was observed 

t o  i nc rease  s t e a d i l y  as i n c r e a s i n g  t h e  l o a d i n g  o f  n i t r o g l y c e r i n  

i n  t h e  s i l i c o n e  d i s c  f rom 0.1% t o  2% ( F i g u r e  3) .  S k i n  permeat ion 

r a t e  appeared t o  reach  a p l a t e a u  l e v e l  a t  t h e  l o a d i n g  dose o f  

2%, beyond which any f u r t h e r  i n c r e a s e  i n  t h e  l o a d i n g  dose o n l y  

r e s u l t e d  i n  an i n s i g n i f i c a n t  i n c r e a s e  i n  t h e  s k i n  permeat ion 
n 

r a t e .  When t h e  s k i n  permeat ion r a t e  (mcy/crnL/hr) was p l o t t e d  

a g a i n s t  t h e  l o a d i n g  dose ( F i g u r e  4 ) ,  a h y p e r b o l i c  r e l a t i o n s h i p  

was r e s u l t e d  as p r e d i c t e d  f rom t h e  Equat ion 33. 

By p l o t t i n g  t h e  exper imen ta l  d a t a  on t h e  s k i n  permeat ion 

r a t e  a t  v a r i o u s  l o a d i n g  doses b y  ( J S ) - l  vs. ( A ) - 1  r e l a t i o n ,  t h e  

va lues o f  t h e  c o n s t a n t s  and B i n  Equa t ion  (33)  can be determined.  
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N I T R O G L Y C E R I N  A D M I N I S T R A T I O N .  I11 1239 

I 

O U ?  0 10 20 30 50 110 

DRUG LOADING DOSE (mg/cm’) 

F i g u r e  4 

E f f e c t  o f  d rug  l o a d i n g  dose on t h e  permeat ion r a t e  o f  n i t r o g l y c e r i n  
across t h e  i n t a c t  s k i n .  A s  expected f rom Equa t ion  (33 ) ,  a 
h y p e r b o l i c  r e l a t i o n s h i p  was observed betweeh t h e  s k i n  permeat ion 
r a t e  and t h e  d r u g  l oad ing .  Each da ta  p o i n t  r e p r e s e n t s  t h e  mean 
va lue  5 s tandard  e r r o r  o f  4 d e t e r m i n a t i o n s .  

The s lope  o f  t h e  l i n e a r  ( J S ) - l  vs. ( A ) - 1  p l o t  g i v e s  t h e  v a l u e  

o f  l/or and t h e  i n t e r c e p t  g i v e s  t h e  v a l u e  o f  B / a .  From t h e  s lope  

and t h e  i n t e r c e p t ,  t h e  va lues o f  and @ were c a l c u l a t e d  t o  

be 0.0145 and 0.3333, r e s p e c t i v e l y .  The h y p e r b o l i c  r e l a t i o n s h i p  

between t h e  permeat ion r a t e  o f  n i t r o g l y c e r i n  ( J s )  ac ross  t h e  

i n t a c t  s k i n  o f  male h a i r l e s s  mouse and t h e  l o a d i n g  dose ( A )  o f  
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1240 KESHARY, HUANG, AND CHIEN 

n i t r o g l y c e r i n  i n  t h e  m a t r i x  d i f f u s i o n - t y p e  d rug  d e l i v e r y  system 

can , t h e r e f o r e ,  be q u a n t i t a t e d  by: 

0.0145A 
1 t 0.3333A Js = (44)  

Furthermore, i t  was no ted  t h a t  i n i t i a l l y  t h e  c o n c e n t r a t i o n  

o f  n i t r o g l y c e r i n  r e t a i n e d  by t h e  i n t a c t  s k i n  a l s o  i nc reased  

s t e a d i l y  w i t h  t h e  i n c r e a s e  i n  t h e  l o a d i n g  dose o f  n i t r o g l y c e r i n  

i n  t h e  polymer m a t r i x  and f i n a l l y  a t t a i n e d  a s t e a d y - s t a t e  l e v e l  

o f  about 1.83 mg p e r  u n i t  volume o f  s k i n  t i s s u e  a t  h i g h  l o a d i n g  

doses. 

S k i n  permeat ion p r o f i l e s  o f  n i t r o g l y c e r i n  th rough  v i a b l e  s k i n  

The r e s u l t s  a r e  shown i n  F i g u r e  5. It was n o t e d  t h a t  t h e  

s k i n  permeat ion o f  n i t r o g l y c e r i n  th rough  t h e  v i a b l e  s k i n  f o l l o w e d  

a l i n e a r  Q vs. t’ r e l a t i o n s h i p ,  which i s  d i f f e r e n t  f rom t h e  4 
vs. t l i n e a r i t y  observed e a r l i e r  f o r  i n t a c t  s k i n .  The s k i n  

permeat ion f l u x  (Q/t’) t h rough  t h e  v i a b l e  s k i n ,  as i n d i c a t e d  

by t h e  magnitude o f  t h e  s lope, was a l s o  no ted  t o  i n c r e a s e  s t e a d i l y  

as i n c r e a s i n g  t h e  l o a d i n g  dose o f  n i t r o g l y c e r i n  i n  t h e  s i l i c o n e  

d i s c  f rom 0.1% t o  5%. S k i n  permeat ion f l u x  appeared t o  reach  

a p l a t e a u  l e v e l  a t  t h e  l o a d i n g  dose o f  5%, beyond which any f u r t h e r  

i nc rease  i n  t h e  l o a d i n g  dose o n l y  r e s u l t e d  i n  an i n s i g n i f i c a n t  

i nc rease  i n  t h e  s k i n  permeat ion f l u x .  The i n c r e a s e  i n  s k i n  

permeat ion f l u x  (Q/t4) was found t o  be l i n e a r l y  dependent upon 

t h e  (2A-Cp)’ f o r  up t o  a (2A-C )4 v a l u e  o f  8 m g ’ / ~ m ~ / ~ ( F i g u r e  
P 

6), i n d i c a t i n g  t h a t  t h e  permeat ion ac ross  t h e  v i a b l e  s k i n  i s  

c o n t r o l l e d  by t h e  r e l e a s e  mechanism f rom t h e  polymer m a t r i x .  
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NITROGLYCERIN A D M I N I S T R A T I O N .  I11 124 I 

EFFECT OF LOADING DOSE ON SKIN PERMEATION 

-rj- 
ui 

(TIME? (HOURf 

F i g u r e  5 

Time course f o r  t h e  24-hr  permeat ion o f  n i t r o g l y c e r i n  ac ross  
t h e  v i a b l e  s k i n  f rom t h e  m a t r i x  d i f f u s i o n - c o n t r o l l e d  t ransdermal  
d e l i v e r y  system c o n t a i n i n g  v a r i o u s  l o a d i n g  doses ( %  w / w ) .  The 
permeat ion p r o f i l e s  o f  n i t r o g l y c e r i n  was found t o  f o l l o w  a l i n e a r  
Q vs. t% r e l a t i o n s h i p ,  sugges t ing  t h a t  by removing t h e  s t r a t u m  
corneum, t h e  r a t e - l i m i t i n g  s tep  s h i f t s  f rom t h e  s t r a t u m  corneum 
t o  t h e  d rug  d e l i v e r y  system. Now, t h e  permeat ion across t h e  
v i a b l e  s k i n  i s  c o n t r o l l e d  b y  t h e  r e l e a s e  mechanism o f  n i t r o g l y c e r i n  
from t h e  polymer m a t r i x .  Each da ta  p o i n t  r e p r e s e n t s  t h e  mean 
va lue  f s tandard  e r r o r  o f  4 d e t e r m i n a t i o n s .  
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Figure 6 

Dependence of the permeation f lux o f  nitroglycerin across the 
viable skin on ( ~ A - C P ) ~ ,  a re la t ion s imilar  t o  Equation ( 3 6 ) .  

I t  was observed t h a t  the concentration of nitroglycerin 

in the viable skin a l so  increased s teadi ly  with the increase 

in loading doses and f i n a l l y  reached a plateau level ,  a lso a t  

1.8 mg per uni t  volume of the skin t i s sue .  
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NITROGLYCERIN ADMINISTRATION. I11 1243 

EFFECT OF LOADING DOSE ON RELEASE PROFILES 

ui 

(TlMEf (HOUR) L 

Figure 7 

Time course for the 24-hr release profiles of nitroglycerin from 
the matrix diffusion-control led transdermal delivery systp 
containing various loading doses. The drug release flux (Q/t’) 
increased as increasing the drug loading in the polymer matrix. 
Each data point represents the mean value _+ standard error of 
4 determinations. 

Release profiles o f  nitroglycerin from the silicone disc 

As expected from Equation (36), the release profile of 

nitroglycerin from the silicone discs followed a Q vs. t4 profile 

(Figure 7 ) .  The release flux (Q/t’) of nitroglycerin was observed 

to increase in proportional to the increase in the loading dose 

of nitroglycerin. A plot of drug release flux (Q/t4) vs. square 
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1244 WSHARY, HUANG, AND CHIEN 

r o o t  o f  (2A-Cp) y i e l d e d  a s t r a i g h t  l i n e  ( F i g u r e  8),  a 

c h a r a c t e r i s t i c  d rug  r e l e a s e  p r o f i l e  o f  m a t r i x - t y p e  d rug  d e l i v e r y  

system. 

From t h e  l i n e a r  Q/t4 vs. (2A-Cp)' p l o t ,  a s lope,  which i s  

(CpDp)', o f  0.1339 mg'/cm4/hr4 was ob ta ined .  N i t r o g l y c e r i n  was 

determined t o  have a Cp va lue  o f  3.35 mg/cm3 i n  MDX4-4210 polymer,  

so Dp was c a l c u l a t e d  t o  be 5.35 x 10 cm / h r .  - 3  2 

When t h e  permeat ion r a t e  o f  n i t r o g l y c e r i n  (Q/t) ac ross  t h e  

i n t a c t  s k i n  was p l o t t e d  a g a i n s t  t h e  square o f  t h e  r e l e a s e  f l u x  

(Q/t') o f  n i t r o g l y c e r i n  f rom t h e  polymer m a t r i x ,  a h y p e r b o l i c  

r e l a t i o n s h i p  was e s t a b l i s h e d  ( F i g u r e  9 )  as p r e d i c t e d  t h e o r e t i c a l l y  

f rom t h e  Equat ion 41. 

The va lues o f  t h e  c o n s t a n t s  a' and B ' i n  Equa t ion  (41 )  

c o u l d  be determined by p l o t t i n g  t h e  i n v e r s e  o f  s k i n  permeat ion 

r a t e  (JS)-' a g a i n s t  t h e  i n v e r s e  o f  t h e  square o f  d rug  r e l e a s e  

f l u x  (Q/t') . The s lope  o f  such p l o t  shou ld  g i v e  t h e  v a l u e  

o f  1 / a '  and t h e  i n t e r c e p t  g i v e s  t h e  va lue  o f  p ' / a ' .  From t h e  

s lope  and t h e  i n t e r c e p t ,  t h e  va lues o f  a '  and 8 '  were c a l c u l a t e d  

t o  be 0.5 and 11.63, r e s p e c t i v e l y .  The h y p e r b o l i c  r e l a t i o n s h i p  

observed between t h e  permeat ion r a t e  o f  n i t r o g l y c e r i n  ( Js) across 

t h e  i n t a c t  s k i n  o f  male h a i r l e s s  mouse and t h e  square o f  r e l e a s e  

f l u x  (Q/t')' o f  n i t r o g l y c e r i n  f rom t h e  m a t r i x  d i f f u s i o n - c o n t r o l l e d  

d rug  d e l i v e r y  system can then  be q u a n t i t a t e d  by: 

b -2 

Js = 0.5(Q/t')' 

1 + 11.63 (Q/t')' (45) 
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Figure 8 

15 

Linear relationship between the d r u g  release flux from the polymer 
matrix, Q / t $  (rng/cm2/hr$) a n d  (2A-Cp)k as expected from Equation 
36. From the slope a value of 13.389 x 10-2 m g ~ / c m ~ / h r ~  was 
determined for  (DpCp)J. Since Cp was determined t o  be 3.35 mg/cm3 
so Dp was calculated t o  be 5.35 x 10-3 cm2/hr or 1.4865 x 10-6 
crn2/sec. Each d a t a  point represents the mean value f standard 
error  of 4 determinations. 
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1246 KESHARY, HUANG, AND CHIEN 

CORRELATION BETWEEN SKIN PERMEATION AND RELEASE RATES 
OF NITROGLYCERIN FROM THE POLYMER MATRIX 

- Delivery system -control -1- Stratum corneum-control 

Predicted 

Observed 

- 

10 20 30 40 50 70 120 220 360 

(RELEASE RATE)' (mcg'/cm./hr t S.D.) x 16' 

F i g u r e  9 

The h y p e r b o l i c  r e l a t i o n s h i p  between t h e  permeat ion r a t e  across 
t h e  i n t a c t  s k i n  and t h e  square o f  t h e  r e l e a s e  f l u x  o f  n i t r o g l y c e r i n  
d e l i v e r e d  by t h e  m a t r i x  d i f f u s i o n - c o n t r o l  l e d  d rug  d e l i v e r y  system 
as p r e d i c e d  f rom Equa t ion  41. It was observed t h a t  when ( Q / t % ) j  
va lue  i s  equal  t o  o r  l e s s  than  48 mcg2/cm4/hr, t h e  s k i n  permeat ion 
r a t e  o f  n i t r o g l y c e r i n  i s  c o n t r o l l e d  by t h e  d e l i v e r  

permeat ion r a t e  becomes l i m i t e d  b y  t h e  s t r a t u m  corneum. Each 
da ta  p o i n t  r e p r e s e n t s  t h e  mean va lue  ? s tandard  e r r o r  o f  4 
de te rm ina t ions .  

t h e  ( Q / t % ) 2  v a l u e  i s  g r e a t e r  t h a n  48 mcg2/cm 4y / h r  system; t h e  when s k i n  

To check t h e  v a l i d i t y  o f  Equa t ion  45, exper imen ta l  va lues 

o f  Q/t4 were s u b s t i t u t e d  i n t o  t h e  e q u a t i o n  t o  c a l c u l a t e  t h e  Js 

values p r e d i c t e d ;  and t h e  p r e d i c t e d  Js va lues  were t h e n  compared 

w i t h  t h e  exper imen ta l  Js values.  The r e s u l t s  i n  F i g u r e  9 i n d i c a t e d  

t h a t  a l l  t h e  exper imen ta l  da ta  p o i n t s  o f  Js f a l l  o n t o  t h e  

t h e o r e t i c a l l y  p r e d i c t e d  l i n e  c o n s t r u c t e d  from t h e  c a l c u l a t e d  
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NITROGLYCERIN ADMINISTRATION. I11 1247 

Intact skin 

0 Viable skin 

0 0.5 1 .o 1.5 2.0 

Release Flux (mg/crn*hr’ $ S.E.) 

F i g u r e  10 

R e l a t i o n s h i p  between t h e  e q u i l i b r i u m  n i t r o g l y c e r i n  c o n c e n t r a t i o n  
i n  t h e  s k i n  and t h e  r e l e a s e  f l u x  o f  n i t r o g l y c e r i n  f rom t h e  polymer 
d i s c .  A p l a t e a u  s k i n  c o n c e n t r a t i o n ,  which suggests t h e  a t t a i n m e n t  
o f  s a t u r a t i o n  c o n c e n t r a t i o n  o f  n i t r o g l y c e r i n  i n  t h e  s k i n ,  was 
reached f o r  b o t h  i n t a c t  s k i n  and v i a b l e  s k i n  when t h e  r e l e a s e  
r a t e  i s  g r e a t e r  t han  0.75 mg/cm2/hr% f o r  i n t a c t  s k i n  o r  0.95 
mg/cm*/hrk f o r  v i a b l e  s k i n .  Each d a t a  p o i n t  r e p r e s e n t s  t h e  mean 
va lue  f s tandard  e r r o r  o f  4 d e t e r m i n a t i o n s .  

Js values. 

and (45 ) .  

The r e s u l t s  v a r i f y  t h e  v a l i d i t y  o f  Equat ions (41)  

C o r r e l a t i o n  between t h e  s k i n  permeat ion r a t e  o f  n i t r o g l y c e r i n  

and t h e  c o n c e n t r a t i o n  i n  t h e  s k i n  

The e q u i l i b r i u m  c o n c e n t r a t i o n  o f  n i t r o g l y c e r i n  i n  b o t h  t h e  

i n t a c t  and t h e  v i a b l e  s k i n  was observed t o  i n c r e a s e  l i n e a r l y  
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Dependency o f  t h e  permeat ion r a t e  ac ross  t h e  i n t a c t  o r  v i a b l e  
s k i n  on 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  o f  n i t r o g l y c e r i n  i n  t h e  
s k i n .  Each d a t a  p o i n t  rep resen ts  t h e  mean v a l u e  * s tandard  e r r o r  
o f  4 de te rm ina t ions .  

w i t h  t h e  i nc rease  i n  t h e  r e l e a s e  f l u x  o f  n i t r o g l y c e r i n  f rom t h e  

s i l i c o n e  d i s c s  ( F i g u r e  10). T h i s  a t t a i n e d  a p l a t e a u  l e v e l ,  beyond 

which any i n c r e a s e  i n  t h e  r e l e a s e  f l u x  d i d  n o t  produce any 

s i g n i f i c a n t  i n c r e a s e  i n  t h e  s k i n  c o n c e n t r a t i o n  o f  n i t r o g l y c e r i n .  

The o b s e r v a t i o n  suggests t h e  a t t a i n m e n t  o f  t h e  s a t u r a t e d  

c o n c e n t r a t i o n  o f  n i t r o g l y c e r i n  i n  t h e  s k i n .  
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S k i n  permeat ion r a t e s  were found t o  be dependent upon 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  o f  n i t r o g l y c e r i n  i n  t h e  i n t a c t  s k i n  

as w e l l  as i n  t h e  v i a b l e  s k i n  ( F i g u r e  11). The r a t e  o f  permeat ion 

across t h e  i n t a c t  s k i n  was observed t o  i nc rease  as i n c r e a s i n g  

t h e  e q u i l i b r i u m  s k i n  c o n c e n t r a t i o n  o f  n i t r o g l y c e r i n  and a p l a t e a u  

va lue  was reached once t h e  c o n c e n t r a t i o n  o f  n i t r o g l y c e r i n  i n  

t h e  s k i n  t i s s u e  a t t a i n e d  a l e v e l  o f  around 1.5 mg/cm , w h i l e  

t h e  f l u x  o f  permeat ion across t h e  v i a b l e  s k i n  c o n t i n u e d  t o  i n c r e a s e  

even a f t e r  t h e  s a t u r a t e d  n i t r o g l y c e r i n  c o n c e n t r a t i o n  was reached 

a t  around 1.8 mg/cm . 
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1)  

FOOTNOTES 

I C I  America , W i  l m i  ngton , Delaware 

U n i t e d  S t a t e s  Pharmacopeia X X ,  page 552. 

Dow Corn ing Corp. Midland, Mich igan 

Burd i ck  & Jackson Lab, Inc. ,  Muskagon, M ich igan  

F i s h e r  S c i e n t i f i c  Co. , Fa i r l awn ,  New Je rsey  

SybronlBarnstead, Boston, Massachusetts 

3M Corp., S t .  Paul,  Minnesota 

Custom f a b r i c a t e d  a t  a l o c a l  g lassb lower  shop 

Lab s t i r r e r  model 4380-00, Cole-Palmer, Chicago, I 1 1  i n o i s  

Red Dot E l e c t r o d e  (Product  #2259 T), 3M, S t .  Paul ,  Minnesota 

Reynold 's  aluminum household wrap, Reynolds Me ta l s  Co., 

R i c hmond , V i r g  i n i a 

Model #80, F i s h e r  S c i e n t i f i c  Co., F a i r l a w n ,  New Je rsey  

K imber l y -C la rk  Corp., Roswel l ,  Georg ia 

Brinkman Ins t rumen ts ,  Westbury, New York 

"Damon", Model CU-5000, I n t e r n a t i o n a l  Equipment Co. , Needham 

Heights,  Massachusetts 

HP Model 10848 HPLC, Hewlet t -Packard,  Pa lo  A1 t o ,  C a l i f o r n i a  

Zorbax C-8 column, Dupont & Co., Wi lmington,  Delaware 
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