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590 C H I E N  

I. Introduction 
Continuous intravenous infusion at a programmed rate has been 

recognized as a superior mode o f  drug delivery not only to bypass the 
hepatic "first-pass'' elimination, but also to maintain a constant, 
prolonged, and therapeutically-effective drug level in the body. A closely 
monitored intravenous infusion can provide both the advantages o f  direct 
entry of drug into the systemic circulation and also the control of 
circulating drug levels. However, such mode of drug delivery entails 
certain risks and, therefore, necessitates hospitalization of the patients 
and close medical supervision of the medication. 

Recently, there is an increasing awareness that the benefits of 
intravenous drug infusion can be closely duplicated, without its potential 
hazards, by continuous transdermal drug administration through an intact 
skin (1). 

In response t o  this new idea, several transdermal drug delivery 
( T D D )  systems have recently been developed aiming to achieve the objective 
o f  systemic medication through topical application on the intact skin 
surface. It is exemplified first with the development of scopolamine- 
releasing TDD system (Transderm-Scop) for 72-hr prophylaxis or treatment 
of motion-induced nausea (2), and then by the successful marketing of 
ni troglycerin-releasing TDD systems (Deponi t, Ni trodisc, Ni tro-Dur, and 
Transderm-Nitro) as we1 1 as isosorbide dinitrate-releasing TDD system 
(Frandol tape) for once-a-day medication of angina pectoris ( 3 , 4 ) ,  and 
most recently with the regulatory approval of clonidine-releasing TDD 

system (Catapres-TTS) for weekly therapy of hypertension (4) and o f  estra- 
diol-releasing TDD system (Estraderm) for twice-a-week treatment of post- 
menopausal symptoms (5). 

This review intends to discuss the origin and fundamentals of trans- 
dermal drug delivery as well as the development and evaluation of various 
TDD systems. 

11. The Skin - Site for Transdermal Drug Administration 
The skin of an average adult body covers a surface area of approxi- 

mately 2 square meters and receives about one-third of the blood circu- 
lating through the body (6). It is one o f  the most readily accessible 
organs on the human body. Microscopically, the skin is a multilayered 
organ composing of many histological layers: the epidermis, the dermis, 
and the hypodermis (Figure 1). The epidermis is further divided into 
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TRANSDERMAL DRUG D E L I V E K Y  SYSTEMS 591  

F i g u r e  1: C r o s s - s e c t i o n a l  v i e w  o f  human s k i n ,  showing v a r i o u s  s k i n  

t i s s u e  l a y e r s  and appendages (Reproduced f r o m  Zanowiak and 

Jacobs ,  1982) .  

f i v e  a n a t o m i c a l  l a y e r s  w i t h  s t r a t u m  corneum f o r m i n g  t h e  o u t e r m o s t  l a y e r  

o f  t h e  e p i d e r m i s  and e x p o s i n g  t o  t h e  e x t e r n a l  e n v i r o n m e n t .  

The s t r a t u m  corneum c o n s i s t s  o f  many l a y e r s  o f  compacted, f l a t t e n e d ,  

dehydra ted  and k e r a t i n i z e d  c e l l s .  These c e l l s  a r e  p h y s i o l o g i c a l l y  r a t h e r  

i n a c t i v e  and a r e  c o n t i n u o u s l y  shed w i t h  c o n s t a n t  rep lacemen t  f r o m  t h e  

u n d e r l y i n g  v i a b l e  e p i d e r m a l  t i s s u e  ( 7 ) .  The s t r a t u m  corneum has a w a t e r  

c o n t e n t  o f  o n l y  20% as compared t o  t h e  normal  p h y s i o l o g i c  l e v e l  o f  70%, 

such as i n  t h e  p h y s i o l o g i c a l l y - a c t i v e  s t r a t u m  ge r rn ina t i vum ( w h i c h  i s  

t h e  r e g e n e r a t i v e  l a y e r  o f  t h e  e p i d e r m i s ) .  
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592 C H I E N  

S T R A T U M  P A P I L L A R Y  
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I 
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I 
I 

SUBDERMAL TISSUE 

F i g u r e  2: A s i m p l i f i e d  model o f  t h e  human s k i n  f o r  m e c h a n i s t i c  a n a l y s i s  

o f  s k i n  p e r m e a t i o n  (Reproduced f r o m  Y .  W .  Ch ien ,  1983). 

An average human s k i n  s u r f a c e  i s  known t o  c o n t a i n ,  on t h e  ave rage ,  

40-70 h a i r  f o l l i c l e s  and 200-250 sweat d u c t s  on e v e r y  square  c e n t i m e t e r  

o f  s k i n  a rea .  These s k i n  appendages, however,  a c t u a l l y  occupy ,  g r o s s l y ,  

o n l y  o n e - t e n t h  o f  one p e r c e n t  (0 .1%)  o f  t h e  t o t a l  human s k i n  s u r f a c e .  

Even though  t h e  f o r e i g n  agen ts ,  e s p e c i a l l y  t h e  w a t e r - s o l u b l e  ones, may 

be a b l e  t o  p e n e t r a t e  i n t o  t h e  s k i n  v i a  t h e s e  s k i n  appendages a t  a r a t e  

wh ich  i s  f a s t e r  t h a n  t h r o u g h  t h e  i n t a c t  a r e a  o f  t h e  s t r a t u m  corneum, 

t h i s  t rans -appendagea l  r o u t e  o f  pe rcu taneous  a b s o r p t i o n  has ,  however,  

p r o v i d e d  a v e r y  l i m i t e d  c o n t r i b u t i o n  t o  t h e  o v e r a l l  k i n e t i c  p r o f i l e  o f  

t r a n s d e r m a l  p e r m e a t i o n .  T h e r e f o r e ,  t h e  t r a n s d e r m a l  p e r m e a t i o n  o f  most  

n e u t r a l  m o l e c u l e s  a t  s t e a d y  s t a t e  can, t h u s ,  be c o n s i d e r e d  as ,  p r i m a r i l y ,  

a p rocess  o f  p a s s i v e  d i f f u s i o n  t h r o u g h  t h e  i n t a c t  s t r a t u m  corneum i n  

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

t r a n s d e r m a l  d r u g  i n f u s i o n  ( 8 ) ,  t h e  o r g a n i z a t i o n  o f  t h e  s k i n  can be r e p r e -  

s e n t e d  b y  a s i m p l i f i e d  m u l t i l a y e r  model as shown i n  F i g u r e  2. 

F o r  many decades, t h e  s k i n  has  been commonly used as t h e  s i t e  f o r  

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

pharmaco log ic  a c t i o n  i n  t h e  s k i n  t i s s u e s .  I n  t h i s  case,  t h e  d r u g  m o l e c u l e  

i s  c o n s i d e r e d  t o  d i f f u s e  t o  a t a r g e t  t i s s u e  i n  t h e  p r o x i m i t y  o f  d r u g  

a p p l i c a t i o n  t o  p roduce  i t s  t h e r a p e u t i c  e f f e c t  b e f o r e  i t  i s  d i s t r i b u t e d  
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T R A N S D E R M A L  DRUG D E L I V E R Y  SYSTEMS 503 
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S E C R E T I O N  F L U  

(SWEAT, SEBUM 

PH 4 ,5 -5 ,5  

1 

I 
I I- 
I v) 
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I 
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> 
v) 

STRATUM 
CORNEUM 

DRUG I N  PHARMACOLOGIC 
TARGET T I S S U E  - RESPONSES 

D I S T R I B U T I O N  

+ E L I M I N A T I O N  DRUG I N  

BLOOD C I R C U L A T I O N  

Figure 3: Schematic illustration of drug release and absorption across 
the skin tissues for localized therapeutic actions in the 
tissues directly underneath the site of drug administration 
or for systemic medications in the tissues remote from the 
site of topical drug application (Reproduced from Y .  W.  

Chien, 1983). 

to the systemic circulation for elimination (Figure 3). The use o f  hydro- 
cortisone for dermatitis, benzoyl peroxide for acne, and neomycin for 
superficial infection (9) are few examples of the application. 

In the case that the skin serves as the port of administration for 
systemically-active drugs, the drug applied topically is distributed, 
following absorption, first into the systemic circulation and then 
transported to target tissues, which could be relatively remote from 
the site of drug application, to achieve its therapeutic action (Figure 
3). This new application is exemplified by the transdernial controlled 
delivery of nitroglycerin to myocardium for the treatment of angina 
pectoris, of scopolamine to the vomiting center for the prevention of 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



5 94 C H I E N  

Medicated Plaster 

Backing support 

Hcrbal drug / G u m  rubbcr base 

Releasing l iner 

F i g u r e  4 :  C r o s s - s e c t i o n a l  v i e w  o f  a m e d i c a t e d  p l a s t e r ,  showing v a r i o u s  

m a j o r  s t r u c t u r a l  components.  

m o t i o n - i n d u c e d  s i c k n e s s ,  and o f  e s t r a d i o l  t o  v a r i o u s  e s t r a d i o l - r e c e p t o r  

s i t e s  f o r  t h e  r e l i e f  o f  pos tmenopausa l  syndromes (10-12). 

111. Concep tua l  O r i g i n  o f  Transderma l  D rug  D e l i v e r y  

The p o t e n t i a l  o f  u s i n g  t h e  i n t a c t  s k i n  as t h e  p o r t  o f  d r u g  a d m i n i s -  

t r a t i o n  has been r e c o g n i z e d  f o r  s e v e r a l  decades as e v i d e n c e d  by  t h e  

deve lopment  o f  m e d i c a t e d  p l a s t e r s .  By d e f i n i t i o n ,  t h e  p l a s t e r  i s  a l s o  

a d r u g  d e l i v e r y  sys tem d e s i g n e d  f o r  t h e  e x t e r n a l  a p p l i c a t i o n s .  I t  i s  

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

s t r e n g t h s ,  t h e  a d h e s i v e  i s  bonded t o  t h e  b a c k i n g  s u p p o r t  ( F i g u r e  4 ) .  

Such a p r o p e r  b a l a n c e  a l s o  p r o v i d e s  a good b o n d i n g  t o  t h e  s k i n  as t h e  

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

t h e  p l a s t e r  i s  removed. H i s t o r i c a l l y ,  t h e  med ica ted  p l a s t e r  c o u l d  be 

v iewed as t h e  f i r s t  deve lopment  o f  human's i d e a  o f  t r a n s d e r m a l  d r u g  

d e l i v e r y .  I t  i s  d e s i g n e d  t o  b r i n g  m e d i c a t i o n  i n t o  c l o s e  c o n t a c t  w i t h  

t h e  s k i n ,  so d r u g  can be  d e l i v e r e d  t r a n s d e r m a l l y  ( 1 3 ) .  

To d a t e ,  t h e  h i s t o r i c  deve lopment  o f  t h e  m e d i c a t e d  p l a s t e r s  has 

n o t  been w e l l  documented. However, t h e  use  o f  m e d i c a t e d  p l a s t e r s  can  

be t r a c e d  s e v e r a l  hundred y e a r s  back t o  A n c i e n t  Ch ina .  One r e p r e s e n t a t i v e  

o f  t h e  Ch inese m e d i c a t e d  p l a s t e r s ,  wh ich  a r e  now s t i l l  a v a i l a b l e  on  t h e  

m a r k e t p l a c e  f o r  m e d i c a l  p r a c t i c e ,  i s  shown i n  F i g u r e  5. A s  shown i n  

T a b l e  I ,  t hese  e a r l y  g e n e r a t i o n s  o f  med ica ted  p l a s t e r s  t e n d  t o  c o n t a i n  

m u l t i p l e  i n g r e d i e n t s  o f  h e r b a l  d r u g s  and a r e  i n d i c a t e d  f o r  l o c a l i z e d  

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

The med ica ted  p l a s t e r s  a r e  a l s o  v e r y  p o p u l a r  i n  Japan as o v e r - t h e -  

c o u n t e r  p h a r m a c e u t i c a l  dosage fo rms  and t h e y  a r e  a l s o  commonly c a l l e d  
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TRANSDERMAL D R U G  DELIVERY SYSTEMS 595 

F i g u r e  5 :  A r e p r e s e n t a t i v e  Ch inese m e d i c a t e d  p l a s t e r ,  named Yang-ChengQ 

P l a s t e r  ( m a n u f a c t u r e d  by  The U n i t e d  P h a r m a c e u t i c a l  Manu- 

f a c t o r y ,  Kwangchow, C h i n a ) .  I t s  c o m p o s i t i o n  i s  o u t l i n e d  

i n  T a b l e  I .  

ca tap lasms  ( 1 4 ) .  Sa lonpas i s  a t y p i c a l  example ( F i g u r e  5 ) .  A l t h o u g h  

i t  i s  s t i l l  f o r m u l a t e d  f r o m  m u l t i p l e  i n g r e d i e n t s ,  i n c l u d i n g  s i x  

t h e r a p e u t i c a l l y - a c t i v e  a g e n t s  ( T a b l e  I I ) ,  t h e  f o r m u l a t i o n  has been so 

improved  as t o  c o n t a i n  o n l y  t h e  p u r i f i e d  d rugs .  

Med ica ted  p l a s t e r s  have a l s o  been e x i s t i n g  i n  Western  m e d i c i n e  f o r  

s e v e r a l  decades. I n  t h e  U n i t e d  S t a t e s ,  f o r  i n s t a n c e ,  t h r e e  m e d i c a t e d  
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596 

TABLE I :  CHINESE MEDICATED PLASTER 

C H I  EN 

Main Ingredients:  

F o s s i  1 i a  Ossi  s Mas tod i  

E u p o l y p h a g a s i n e n s i s  Wa lke r  

Sangui  s D r a c o n i  s 

Catechu 

Myr rha  

Rhizoma O r y n a r i a e  

Rad ix  D i p s a c i  

F l o s  Car thami  

Rhizoma Rhei 

Herba T a r a x a c i  

Mentho l  um 

Met h y 1 i s S a 1 i c y 1 a s 

10.4270 
10.427; 
4.172 
6 . 2 5 7(!, 

6.25% 
4.17:; 
4 . 1 7  6; 

9.17:; 

8 .335 
3.332 

20.00% 
8 . 3 2 %  

Descript ion and Action: 

T h i s  p l a s t e r  i s  p r e p a r e d  on t h e  b a s i s  o f  t h e  d i a l e c t i c  t h e r a p e u t i c s  o f  

t r a d  t i o n a l  Ch inese m e d i c i n e .  The e lemen ts  o f  v a r i o u s  d r u g s  and h e r b s ,  

when a p p l i e d  t o  t h e  s k i n ,  w i l l  p e n e t r a t e  i n t o  t h e  subcutaneous t i s s u e s  

t o  s i m u l a t e  c i r c u l a t i o n  and p roduce  a l o c a l  a n a l g e s i c  e f f e c t .  T h i s  

p l a s t e r  h e l p s  t o  c u r e  t h e  i n f l a m m a t i o n  i n  t h e  musc les  and t o  p romote  

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

Ind ica t ions:  

B r u i s e s ,  F r a c t u r e s ,  S p r a i n s ,  S w e l l i n g  and P a i n s ,  bad c i r c u l a t i o n  o f  b l o o d ,  

I n j u r i e s  and wound, r h e u m a t i c  a r t h r i t i s ,  N e u r a l g i a ,  L imb l a n g u o r  e t c .  

D i  r e c t i  ons : 

Cut  a p i e c e  o f  des 

a p p l y  i t  t o  t h e  a f  

r e d - s  

e c t e d  

ze f r o m  t h e  r o l  

p a r t .  f l e d i c i n a  

, remove t h e  c e l l o p h a n e  and 

e f f e c t  l a s t  24  h o u r s .  
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TRANSDERMAL DRUG DELLVERY SYSTEMS 5 9 7  

Figure 6: A representative Japanese medicated plaster, named Salonpaso 
medicated plaster (manufactured by Hisami tsu Pharmaceutical 
Co., Inc., Saga, Japan). Its composition is outlined in 
Table 11. 

plasters have been listed in the official compendia since as early as 
almost 40 years ago (15, 16): 

1) Belladonna Plaster - Which contains belladonna root extract 
(0.275%) and has been listed in National Formulary, since 1946, 
as a local analgesic. 

2) Mustard Plaster - Which contains black mustard powder and is 
capable o f  delivering ally1 isothiocyanate after moistening 
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598 CHIEN 

TABLE 11: SALONPAS@ MEDICATED PLASTER 

Act ive  Ingred ients  (per  250 cm2) 

Methy l  Sa l  

G l y c o l  Sal  

Y -Mentho l  

d f-Camphor 

Thymol 

Tocophero l  

c y l a t e  

c y l a t e  

A c e t a t e  

330 mg. 

50 mg. 

300 mg. 

65  mg. 

42 mg. 

6 mg. 

Direc t ions:  

Clean  and d r y  a f f e c t e d  a rea .  Remove SALONPAS p l a s t e r  f r o m  

t h e  c e l l o p h a n e  f i l m  and a p p l y  t o  a f f e c t e d  a r e a .  

o r  t w i c e  a day .  SALONPAS p l a s t e r  i s  more e f f e c t i v e  i f  used a f t e r  a h o t  

b a t h .  Keep unused p o r t i o n s  i n  a c o o l  p l a c e .  

Change p l a s t e r  once 

w i t h  warm w a t e r .  I t  has been l i s t e d  i n  N a t i o n a l  F o r m u l a r y ,  

s i n c e  1950, as an e f f e c t i v e  l o c a l  i r r i t a n t .  

3 )  S a l i c y l i c  A c i d  P l a s t e r  - Which c o n t a i n s  s a l i c y l i c  a c i d  (10-409;) 
and has been l i s t e d  i n  U n i t e d  S t a t e s  Pharmacopeia,  s i n c e  1950, 

as a k e r a t o l y t i c  a g e n t .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e s e  Wes te rn - t ype  m e d i c a t e d  p l a s t e r s  

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

i n g r e d i e n t ,  w h i c h  i s  i n  g r e a t  c o n t r a s t  t o  t h e  O r i e n t a l - t y p e  m e d i c a t e d  

p l a s t e r s  ( T a b l e s  I and 11) .  However, l i k e  t h e  O r i e n t a l  p l a s t e r s ,  t h e  

Western  m e d i c a t e d  p l a s t e r s  have a l s o  been deve loped  m a i n l y  f o r  l o c a l  

m e d i c a t i o n .  

I V .  RECENT DEVELOPMENT I N  TRANSDERMAL DRUG DELIVERY 

The p o t e n t i a l  o f  u s i n g  an  i n t a c t  s k i n  as t h e  p o r t  f o r  c o n t i n u o u s  

t r a n s d e r m a l  i n f u s i o n  o f  d r u g  has been r e c e n t l y  r e c o g n i z e d  beyond t h e  

boundary  o f  t o p i c a l  m e d i c a t i o n .  The deve lopment  o f  f ema le  syndromes 

i n  ma le  o p e r a t o r s  w o r k i n g  i n  t h e  m a n u f a c t u r i n g  a r e a s  f o r  e s t r o g e n - c o n -  

t a i n i n g  p h a r m a c e u t i c a l  dosage fo rms  has c h a l l e n g e d  t h e  old t h e o r y  t h a t  
t h e  s k i n  i s  an impermeab le  b a r r i e r ,  and a l s o  t r i g g e r e d  t h e  r e s e a r c h  c u r i o s -  

i t y  o f  s e v e r a l  b i o m e d i c a l  s c i e n t i s t s  t o  e v a l u a t e  t h e  f e a s i b i l i t y  o f  t r a n s -  
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TRANSDERMAL DRUG D E L I V E R Y  S Y S T E M S  599 

Figure 7: Photographic illustration of various newly-developed trans- 
de rma 1 t herapeu t i c sys tems 
(A) Membrane permeation-control led TDD systems: 

( 1) Transderm-Ni tros system 
(2) Catapres-TTS@ system 

(4) Frandols tape 

(6) Ni tro-Dur@ system 
Microreservoi r di ssol  ution-control 1 ed TDD systems: 
(7) Nitrodisc@ system 

(3) Transderm-Scop@ system 

(B) Adhesive dispersion-type TDD systems: 

(C) Matrix diffusion-controlled TDD systems: 

(D) 

(5) Deponit@ system 

dermal delivery of systemically-effective drugs. The findings accumulated 
over the years have practically revolutionized the old concept of imperme- 
able skin barrier and also motivated a number of pharmaceutical scientists 
to develop patch-type drug delivery systems for transdermal rate-controlled 
administration o f  drugs for systemic medication (1, 2, 17). 

Over a decade of intensive research and development efforts, several 
rate-control led transdermal drug delivery (TDD) systems have been 
successfully developed and commercialized (Figure 7). They can be 
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600 C H I E N  

c l a s s i f i e d ,  a c c o r d i n g  t o  t h e  t e c h n o l o g i c a l  b a s i s  o f  t h e i r  approach,  i n t o  

t h e  f o l l o w i n g  4 c a t e g o r i e s :  

A )  Membrane P e r m e a t i o n - c o n t r o l l e d  TDD Systems 

Transderm-Scop system - S c o p o l a m i n e - r e l e a s i n g  TDD system 

Transderm-N i t ro  system - N i t r o g l y c e r i n - r e l e a s i n g  TDD system 

Catapres-TTS system - C l o n i d i n e - r e l e a s i n g  TDD system 

Es t rade rm system - E s t r a d i o l - r e l e a s i n g  TDD system 

B )  Adhesive D i s p e r s i o n - t y p e  TDD Systems 

D e p o n i t  system - N i t r o g l y c e r i n - r e l e a s i n g  TDD system 

Frando l  t a p e  - I s o s o r b i d e  d i n i t r a t e - r e l e a s i n g  TDD system 

N i t r o - D u r  I 1  system - N i t r o g l y c e r i n - r e l e a s i n g  TDD system 

C) 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  TDD Systems 

N i t r o - D u r  system - N i t r o g l y c e r i n - r e l e a s i n g  TDD system 

NTS system - N i t r o g l y c e r i n - r e l e a s i n g  TDD sytem 

D )  M i c r o r e s e r v o i r  D i s s o l u t i o n - c o n t r o l  l e d  TDD Systems 

N i t r o d i s c  system - N i t r o g l y c e r i n - r e l e a s i n g  TDD system 

By now, t h e r e  a r e  7 TDD systems have been launched  on t h e  w o r l d - w i d e  

p r e s c r i p t i o n  d r u g  marke t :  Transderm-Scop@ system ( C i b a ) ,  Transderm-Ni t r o @  

system ( C i b a ) ,  Catapres-TTS@ system ( B o e h r i n g e r - I n g e l  he im) ,  Est raderm” 

system ( C i  b a ) ,  N i  t r o - D u r @  system (Key )  and N i  t r o d i s c m  system ( S e a r l e )  

i n  t h e  U n i t e d  S t a t e s ,  Depon i t@ system (Pharma-Schwarz) i n  Europe,  and 

Frandolm t a p e  (Toaeiyo-Yamanouchi  ) i n  Japan ( F i g u r e  7 ) .  

The d i f f e r e n c e  i n  s t r u c t u r a l  components between t h e  new ly -deve loped  

t ransderma l  d r u g  d e l i v e r y  systems and t h e  med ica ted  p l a s t e r s  i s  compared 

s i d e - b y - s i d e  i n  Tab le  111. 

V .  MECHANISMS OF RATE-CONTROLLED TRANSDERFlAL DRUG DELIVERY 

For  a s y s t e m i c a l l y - a c t i v e  d r u g  t o  r e a c h  a t a r g e t  t i s s u e ,  wh ich  i s  

remote f r o m  t h e  s i t e  o f  d r u g  a d m i n i s t r a t i o n  on t h e  s k i n  s u r f a c e ,  i t  has 

t o  possess some phys i cochemica l  p r o p e r t i e s  wh ich  f a c i l i t a t e  t h e  s o r p t i o n  

o f  d r u g  b y  t h e  s t r a t u m  corneum, t h e  p e n e t r a t i o n  o f  d r u g  t h r o u g h  t h e  v i a b l e  

e p i d e r m i s ,  and a l s o  t h e  up take  o f  t h e  d r u g  by m i c r o c i r c u l a t i o n  i n  t h e  

dermal p a p i l l a r y  l a y e r  ( F i g u r e  8 ) .  The r a t e  o f  pe rmea t ion ,  d Q / d t ,  a c r o s s  

v a r i o u s  l a y e r s  o f  s k i n  t i s s u e s  can be exp ressed  i n  ma themat i ca l  f o r m  

(18) as :  

= P s  (Cd - Cr) 
d t  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 601 

TABLE I I I : TRANSDERHAL PATCHES vs . MEDICATED PLASTERS 

S t r u c t u r a l  component Compos i t i on  and F u n c t i o n a l i t y  

Med ica ted  p l a s t e r  

Back ing s u p p o r t  N o n - o c c l u s i v e  
( f a b r i c ,  paper  e t c . )  

Drug r e s e r v o i r  

Drug r e l e a s e  
mechanism 

Adhesive f i l m  

Release l i n e r  

D i s p e r s i o n  o f  m u l t i p l e  
d r u g s  i n  adhes ive  
n a t u r a l  gum r u b b e r  
base 

Ma t r i  x d i  f f u s  i on 

No (adhes iveness  
d e r i v e d  f r o m  gum 
r u b b e r  base)  

Ce l l ophane  
Gauze 

Transdermal  p a t c h  

Occl  us i ve 
( d r u g -  impermea b l  e p l  as t i c 
f i l m ,  m e t a l l i c  p l a s t i c  
l a m i n a t e )  

D i s p e r s i o n  o f  s i n g l e  d r u g  
i n  l i q u i d -  o r  s o l i d - s t a t e  
s y n t h e t i c  po l ymer  base 

Membrane pe rmea t ion ,  
m i c r o r e s e r v o i r  d i s s o l u -  
t i o n ,  o r  m a t r i x  d i f -  
f u s i o n  

Yes ( s u r f a c e  c o a t i n g  
w i t h  p r e s s u r e - s e n s i t i v e  
adhes ive  po lymer  ) 

O c c l u s i v e  (d rug - imper -  
meable p l a s t i c  f i l m ,  
m e t a l l i c  p l a s t i c  l a m i n a t e  
w i t h  r e l e a s i n g  s u r f a c e )  

Where C d  and Cr a r e ,  r e s p e c t i v e l y ,  t h e  c o n c e n t r a t i o n s  o f  a s k i n  p e n e t r a n t  

i n  t h e  donor  phase, e .g . ,  t h e  d r u g  c o n c e n t r a t i o n  on t h e  s t r a t u m  corneum 

s u r f a c e ,  and i n  t h e  r e c e p t o r  phase, e .g. ,  sys temic  c i r c u l a t i o n ;  and P s  

i s  t h e  o v e r a l l  p e r m e a b i l i t y  c o e f f i c i e n t  o f  t h e  s k i n  t i s s u e s  t o  t h e  pene- 

t r a n t  and i s  d e f i n e d  by :  

p = -  KsDss 

hs 

Where K S  i s  t h e  p a r t i t i o n  c o e f f i c i e n t  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  p e n e t r a n t  m o l e c u l e  f r o m  a t r a n s d e r m a l  d r u g  d e l i v e r y  system o n t o  

t h e  s t r a t u m  corneum; D S S  i s  t h e  a p p a r e n t  d i f f u s i v i t y  f o r  t h e  s t e a d y - s t a t e  

d i f f u s i o n  o f  t h e  p e n e t r a n t  m o l e c u l e  t h r o u g h  s k i n  t i s s u e s ;  and hs i s  

t h e  o v e r a l l  t h i c k n e s s  o f  t h e  s k i n  t i s s u e s  f o r  p e n e t r a t i o n .  The perme- 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



602 C H I E N  

STRATUM 
CORNEUM 

(DRUG), 

PAPILLARY 
LAYER 
I CAPILLARY 
! WLTWORK 

k UPTAKE 

t 
-(DRUG), 

D E R M I S  

BLOOD 
CIRCULATION 
I 
I 
1 
I 

S U B D E R M A L  TISSUE 

F i g u r e  8: A m u l t i l a y e r  s k i n  model showing t h e  sequence o f  t r a n s d e r m a l  

p e r m e a t i o n  o f  d r u g :  s o r p t i o n  b y  s t r a t u m  corneum, p e r m e a t i o n  

a c r o s s  v i a b l e  e p i d e r m i s  and t h e n  u p t a k e  b y  t h e  c a p i l l a r y  

n e t w o r k  i n  t h e  dermal  p a p i l l a r y  l a y e r  f o r  s y s t e m i c  d i s t r i -  

b u t i  on.  

a b i l i t y  c o e f f i c i e n t  (P,) f o r  a s k i n  p e n e t r a n t  can  be c o n s i d e r e d  as a 

c o n s t a n t  va lue ,  i f  K S ,  D S s  and hS te rms i n  E q u a t i o n  ( 2 )  a r e  e s s e n t i a l l y  

c o n s t a n t  under  a g i v e n  s e t  o f  c o n d i t i o n s .  

A n a l y s i s  o f  E q u a t i o n  (1) sugges ts  t h a t  i n  o r d e r  t o  a c h i e v e  a c o n s t a n t  

r a t e  o f  d r u g  pe rmea t ion ,  one needs t o  m a i n t a i n  a c o n d i t i o n  i n  w h i c h  t h e  

d r u g  c o n c e n t r a t i o n  on t h e  s u r f a c e  o f  s t r a t u m  corneum (C,) c o n s i s t e n t l y  

and 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  d r u g  c o n c e n t r a t i o n  i n  t h e  body  ( C r ) ,  

i .e . ,  Cd>>Cr; under  such a c o n d i t i o n ,  E q u a t i o n  (1)  can be reduced t o :  

3 = PSCd ( 3 )  

and t h e  r a t e  o f  s k i n  p e r m e a t i o n  ( d Q / d t )  s h o u l d  become a c o n s t a n t ,  i f  

t h e  magn i tude  o f  Cd  v a l u e  rema ins  f a i r l y  c o n s t a n t  t h r o u g h o u t  t h e  c o u r s e  

o f  s k i n  p e r m e a t i o n .  To m a i n t a i n  t h e  Cd a t  a c o n s t a n t  v a l u e ,  i t  i s  neces-  

s a r y  t o  make t h e  d r u g  t o  be d e l i v e r e d  a t  a r a t e  (Rd)  t h a t  i s  e i t h e r  con- 

s t a n t  o r  a lways  g r e a t e r  t h a n  t h e  r a t e  o f  s k i n  a b s o r p t i o n  (R,), i . e . ,  

Rd>>Ra ( F i g u r e  9 ) .  By mak ing  Rd g r e a t e r  t h a n  Ra, t h e  d r u g  c o n c e n t r a t i o n  

on  t h e  s k i n  s u r f a c e  (C,) i s  m a i n t a i n e d  a t  a l e v e l  w h i c h  i s  e q u a l  t o  o r  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 0 3  

Stratum 
Corneum 
I 

I 
I 
I 
I 
I 
I 

\ 
\ 
\ 

0 
0 c 

Papi l lary  Blood 
L a y e r  Circulat ion 
I 
I 
I Capi l lary  

I 

I 
I 

N e t w o r k  
- I  

@- t U p t a k e  

c 

Dermis Subdermal  T i r s u e  

Adhesive L a y e r  1 L - -  
I 
I 

D r u g  R e s e r v o i r  Compartment  

F i g u r e  9: Schemat ic  i l l u s t r a t i o n  o f  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  s k i n  p e r m e a t i o n  (R ) o f  a d r u g ,  t h e  r a t e  o f  d r u g  d e l i v e r y  

( R d )  f r o m  a TDD system, and t h e  r a t e  o f  d r u g  a b s o r p t i o n  

(Ra)  by t h e  s k i n .  

P 

g r e a t e r  t h a n  t h e  e q u i l i b r i u m  ( o r  s a t u r a t i o n )  s o l u b i l i t y  o f  t h e  d r u g  

i n  t h e  s t r a t u m  corneum (CE), i . e . ,  C & C E ;  and a maximum r a t e  o f  s k i n  

p e r m e a t i o n  (dQ/dt),, as exp ressed  by  E q u a t i o n  ( 4 ) ,  i s  t h u s  a c h i e v e d :  

A p p a r e n t l y ,  t h e  magn i tude  o f  (dQ/dt) ,  i s  d e t e r m i n e d  by  p e r m e a b i l i t y  

c o e f f i c i e n t  ( P , )  o f  t h e  s k i n  t o  t h e  d r u g  and e q u i l i b r i u m  s o l u b i l i t y  o f  
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6 0 4  C H I E N  

4.0 

3.0 

2.0 

1.0 

~ 

Rhesus monkeys 

e 1.5 8 5 mg /c m day 

0.01 mg/crn2 0.10mg/cm2 1.0mg/cm2 

4.786 mg/cm2 

1 
0 1.0 2.0 3.0 4.0  

F i g u r e  10: L i n e a r  r e l a t i o n s h i p  between t h e  s k i n  p e r m e a t i o n  r a t e  o f  

n i t r o g l y c e r i n  ( d Q / d t ) ,  d e t e r m i n e d  f r o m  t h e  d a i l y  u r i n a r y  

r e c o v e r y  d a t a ,  and t h e  n i t r o g l y c e r i n  dose a p p l i e d  t o  t h e  

r h e s u s  monkey s k i n  (Cd)  ( p l o t t e d  f r o m  t h e  d a t a  by  Sanvordeker  

e t  a l . ,  1982) .  

t h e  d r u g  i n  t h e  s t r a t u m  corneum (CE). T h i s  c o n c e p t  o f  s t r a t u m  corneum- 

l i m i t e d  s k i n  p e r m e a t i o n  was i n v e s t i g a t e d  by  d e p o s i t i n g  v a r i o u s  doses  

o f  p u r e  n i t r o g l y c e r i n ,  wh ich  i s  i n  r a d i o l a b e l e d  f o r m  and d i s s o l v e d  i n  

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

monkeys (19) .  A n a l y s i s  o f  t h e  u r i n a r y  r e c o v e r y  d a t a  i n d i c a t e d  t h a t  t h e  

r a t e  o f  s k i n  p e r m e a t i o n  ( d Q / d t )  i n c r e a s e s  w i t h  t h e  i n c r e a s e  i n  n i t r o g l y c -  

e r i n  dose (C,) a p p l i e d  on  a u n i t y  s u r f a c e  a r e a  o f  t h e  s k i n  ( F i g u r e  1 0 ) .  

I t  appears  t h a t  a maximum r a t e  o f  s k i n  p e r m e a t i o n  ( 1 . 5 8 5  mg/cm / d a y )  

i s  a c h i e v e d  when t h e  a p p l i e d  dose o f  n i t r o g l y c e r i n  reaches  t h e  l e v e l  

o f  4.786 mg/cm2 o r  g r e a t e r .  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 0 5  

AIR 
D O N O R  C O M P A R T M E N  

T R A N S D E R M A L  SYSTEM 

S A M P L I N G  PORT 

RECEPTOR C O M P A R T M E N T  
(cell body) 

WATER JACKET 

3 

S T I R R I N  BAR 

F i g u r e  11: Diagrammat ic  i l l u s t r a t i o n  o f  t h e  ~ v i t r o  s k i n  p e r m e a t i o n  

system, i n  wh ich  one u n i t  o f  t h e  c o m m e r c i a l l y  a v a i l a b l e  

8 - c e l l  Franz d i f f u s i o n  a p p a r a t u s  i s  shown w i t h  TDD system 

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 t r a t u m  corneum s u r f a c e  (Repro- 

duced f r o m  Y .  W .  Chien,  1984) .  

The k i n e t i c s  o f  s k i n  pe rmea t ion  can be more p r e c i s e l y  a n a l y z e d  b y  

s t u d y i n g  t h e  pe rmea t ion  p r o f i l e s  o f  d r u g  a c r o s s  a f r e s h l y  e x c i s e d  s k i n  

specimen mounted on a d i f f u s i o n  c e l l ,  such as t h e  Franz d i f f u s i o n  c e l l  

( F i g u r e  1 1 ) .  A t y p i c a l  s k i n  pe rmea t ion  p r o f i l e  i s  shown i n  F i g u r e  12 

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

t h e  f r e s h l y - e x c i s e d  abdominal  s k i n  o f  h a i r l e s s  mouse a t  a z e r o - o r d e r  
n 

r a t e  o f  19.85 ( k1 .71 )  mcg/cmL/hr, as expec ted  f r o m  E q u a t i o n  4, when t h e  

p u r e  n i t r o g l y c e r i n ,  i n  o i l y  l i q u i d  form, i s  d i r e c t l y  d e p o s i t e d  on t h e  

s u r f a c e  o f  s t r a t u m  corneum ( i n  t h i s  case t h e  s k i n  pe rmea t ion  o f  d r u g  

i s  under  no e f f e c t  f r o m  e i t h e r  an o r g a n i c  s o l v e n t  o r  a r a t e - c o n t r o l l e d  

d r u g  d e l i v e r y  system)(ZO).  Us ing  a h y d r o d y n a m i c a l l y  w e l l - c a l i b r a t e d  

h o r i z o n t a l  s k i n  pe rmea t ion  c e l l ,  t h e  same o b s e r v a t i o n s  were a l s o  made 

i n  a s e r i e s  o f  l o n g - t e r m  s k i n  pe rmea t ion  k i n e t i c  s t u d i e s  f o r  e s t r a d i o l  

( .?I) ,  wh ich  p r o v i d e s  a c r i t i c a l  a n a l y s i s  o f  t h e  r e l a t i o n s h i p s  among s k i n  

pe rmea t ion  r a t e ,  p e r m e a b i l i t y  c o e f f i c i e n t ,  p a r t i t i o n  c o e f f i c i e n t ,  d i f f u -  

s i v i t y ,  and s o l u b i l i t y .  The e f f e c t s  o f  s k i n  up take ,  b i n d i n g ,  and meta- 

b o l i s m  k i n e t i c s  o f  e s t r a d i o l  on i t s  s k i n  p e r m e a t i o n  p r o f i l e s  were a l s o  

e v a l u a t e d  and i l l u s t r a t e d  ( 2 2 ) .  
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606 C H I  EN 

100 

80 

60 

4 0  

20 

1 2 3 4 5 6  

Time (Hour) 

F i g u r e  12: Pe rmea t ion  p r o f i l e  o f  p u r e  n i t r o g l y c e r i n  a c r o s s  t h e  abdomina l  

s k i n  o f  h a i r l e s s  mouse mounted on F ranz  d i f f u s i o n  c e l l  a t  

37". A c o n s t a n t  s k i n  p e r m e a t i o n  p r o f i l e  was o b t a i n e d  w i t h  

a p e r m e a t i o n  r a t e  o f  19 .85  ( k 1 . 7 1 )  rncg/cm*/hr (From Keshary  

e t  a l . ,  1984) .  

To g a i n  a fundamenta l  u n d e r s t a n d i n g  o f  t h e  s k i n  p e r m e a t i o n  k i n e t i c s  

o f  d r u g s  and t o  a s s i s t  t h e  f o r m u l a t i o n  deve lopmen t  o f  t r a n s d e r m a l  d r u g  

d e l i v e r y  systems, t h e  i n  v i t r o  s k i n  p e r m e a t i o n  s t u d i e s ,  u s i n g  a f r e s h l y -  

e x c i s e d  s k i n  sample mounted i n  a h y d r o d y n a m i c a l l y  w e l l - c a l i b r a t e d  s k i n  

p e r m e a t i o n  c e l l ,  a r e  c o n s i d e r e d  t o  be a must p r i o r  t o  c o n d u c t i n g  any  

-- i n  v i v o  e v a l u a t i o n s  i n  human v o l u n t e e r s .  

V I .  TECHNOLOGIES FOR DEVELOPING TRANSDERMAL DRUG DELIVERY SYSTEMS 

S e v e r a l  t e c h n o l o g i e s  have been s u c c e s s f u l l y  deve loped  t o  p r o v i d e  

a r a t e - c o n t r o l  o v e r  t h e  r e l e a s e  and s k i n  p e r m e a t i o n  o f  d r u g s .  These 

t e c h n o l o g i e s  can  be c l a s s i f i e d  i n t o  4 b a s i c  approaches as o u t l i n e d  as 

f o l  1 ows: 
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 0 7  

DRUG-DISPERSING 

ADHESIVE LAYERS 

DRUG-IMPERMEABLE 
BACK I NG LA MI N ATE - MICROPOROUS a 

MEMBRANE 

\ 
DRUG MOLECULES 

F i g u r e  13: C r o s s - s e c t i o n a l  v i e w  o f  a membrane p e r m e a t i o n - c o n t r o l l e d  

TDD system, showing v a r i o u s  m a j o r  s t r u c t u r a l  components 

(Reproduced f r o m  Y .  W .  Ch ien ,  1985). 

A .  Membrane P e r m e a t i o n - c o n t r o l l e d  TDD Systems 

I n  t h i s  system, t h e  d r u g  r e s e r v o i r  i s  sandwiched between a d r u g - i m p e r -  

meable m e t a l l i c  p l a s t i c  l a m i n a t e  and a r a t e - c o n t r o l l i n g  p o l y m e r i c  membrane 

( F i g u r e  1 3 ) .  The d r u g  m o l e c u l e s  a r e  p e r m i t t e d  t o  r e l e a s e  o n l y  t h r o u g h  

t h e  r a t e - c o n t r o l l i n g  p o l y m e r i c  membrane. I n  t h e  d r u g  r e s e r v o i r  compar t -  

ment,  t h e  d r u g  s o l i d s  a r e  e i t h e r  d i s p e r s e d  homogeneously i n  a s o l i d  po l ymer  

m a t r i x  ( e .  9. p o l y i s o b u t y l e n e  a d h e s i v e ) ,  suspended i n  an u n l e a c h a b l e ,  

v i s c o u s  l i q u i d  medium ( e . g . ,  s i l i c o n e  f l u i d )  t o  f o r m  a p a s t e - l i k e  suspen- 

s i o n ,  o r  d i s s o l v e d  i n  a r e l e a s a b l e  s o l v e n t  ( e . g . ,  a l k y l  a l c o h o l )  t o  f o r m  
a c l e a r  d r u g  s o l u t i o n .  The r a t e - c o n t r o l l i n g  membrane can  be e i t h e r  a 

m i c r o p o r o u s  o r  a non-porous  p o l y m e r i c  membrane, e .g . ,  e t h y l e n e - v i n y l  

a c e t a t e  copo lymer ,  w i t h  a s p e c i f i c  d r u g  p e r m e a b i l i t y .  On t h e  e x t e r n a l  

s u r f a c e  o f  t h e  p o l y m e r i c  membrane, a t h i n  l a y e r  o f  d r u g - c o m p a t i b l e ,  hypo- 

a l l e r g e n i c  p r e s s u r e - s e n s i t i v e  a d h e s i v e  po lymer ,  e .g . .  s i l i c o n e  o r  p o l y -  

i s o b u t y l e n e  adhes ive ,  may be a p p l i e d  t o  p r o v i d e  an  i n t i m a t e  c o n t a c t  o f  

t h e  TDD sys tem w i t h  t h e  s k i n  s u r f a c e .  The r a t e  o f  d r u g  r e l e a s e  f r o m  

t h i s  TDD sys tem can be t a i l o r e d  by  v a r y i n g  t h e  c o m p o s i t i o n  o f  d r u g  r e s e r -  

v o i r  f o r m u l a t i o n ,  t h e  p e r m e a b i l i t y  c o e f f i c i e n t  and /o r  t h i c k n e s s  o f  t h e  

r a t e - c o n t r o l 1  i n g  membrane. Severa l  TDD systems have been s u c c e s s f u l l y  

deve loped  f r o m  t h i s  t e c h n o l o g y  and approved  by  FDA f o r  m a r k e t i n g ,  such 

as  t h e  T ransderm-N i t ro@ system, f o r  once-a-day  m e d i c a t i o n  o f  a n g i n a  pec-  

t o r i s  (24 ,  2 5 ) ,  Transderm-Scop@ sys tem f o r  3-day p r o t e c t i o n  o f  m o t i o n  

s i c k n e s s  ( 2 ) ,  Catapres-TTS@ sys tem f o r  w e e k l y  t h e r a p y  o f  h y p e r t e n s i o n  

(26-28) ,  and Estradermm sys tem f o r  tw ice-a-week t r e a t m e n t  o f  pos tmenopausa l  

syndromes ( 5 ,  29, 30) .  
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608 CHIEN 

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

sys tem i s  d e f i n e d  b y :  
. D  .Dm 

R 
3 = Km/rKa/m a 

dt Km/rDmha+Ka/mDahm 
(5) 

Where C R  i s  t h e  d r u g  c o n c e n t r a t i o n  i n  t h e  r e s e r v o i r  compar tment ;  Km,r 

and KaIm a r e ,  r e s p e c t i v e l y ,  t h e  p a r t i t i o n  c o e f f i c i e n t s  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 r u g  f r o m  t h e  r e s e r v o i r  t o  t h e  membrane and f r o m  t h e  

membrane t o  t h e  adhes ive ;  Dm and Da a r e  t h e  r e s p e c t i v e  d i f f u s i o n  c o e f f i -  

c i e n t s  i n  t h e  r a t e - c o n t r o l l i n g  membrane and i n  t h e  a d h e s i v e  l a y e r ;  hm 

and ha a r e ,  r e s p e c t i v e l y ,  t h e  t h i c k n e s s  o f  t h e  r a t e - c o n t r o l l i n g  membrane 

and t h e  a d h e s i v e  l a y e r .  I n  t h e  case o f  m i c r o p o r o u s  membrane, t h e  p o r o s i t y  

and t o r t u o s i t y  o f  t h e  membrane s h o u l d  a l s o  be t a k e n  i n t o  c o n s i d e r a t i o n  

i n  t h e  c a l c u l a t i o n  o f  t h e  Dm and h, v a l u e s .  

The membrane p e r m e a t i o n - c o n t r o l l e d  t r a n s d e r m a l  d r u g  d e l i v e r y  t e c h -  

n o l o g y  has a l s o  been a p p l i e d  t o  t h e  deve lopment  o f  TDD sys tems f o r  t h e  

r a t e - c o n t r o l  l e d  pe rcu taneous  a b s o r p t i o n  o f  p r o s t a g l a n d i n  d e r i v a t i v e  ( 3 1 ) .  

B. Adhes ive  D i s p e r s i o n - t y p e  TDD Systems 

T h i s  t y p e  o f  d r u g  d e l i v e r y  sys tem can  be v iewed as a s i m p l i f i e d  

v e r s i o n  o f  t h e  membrane-moderated d r u g  d e l i v e r y  system, i n  w h i c h  t h e  

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

b y  pe rmea t ion  t h r o u g h  a r a t e - c o n t r o l l i n g  membrane. I n  t h i s  system, t h e  

d r u g  r e s e r v o i r  i s  f o r m u l a t e d  by d i r e c t l y  d i s p e r s i n g  t h e  d r u g  i n  an  a d h e s i v e  

po lymer ,  e .g . ,  p o l y i s o b u t y l e n e  o r  p o l y a c r y l a t e ,  and t h e n  s p r e a d i n g  t h e  

med ica ted  adhes ive ,  b y  s o l v e n t  c a s t i n g  o r  h o t  m e l t ,  o n t o  a f l a t  s h e e t  

o f  d rug- impermeab le  b a c k i n g  s u p p o r t  t o  f o r m  a s i n g l e  o r  m u l t i p l e  l a y e r s  

o f  d r u g  r e s e r v o i r  ( F i g u r e  14) .  The r e l e a s e  p r o f i l e s  o f  d r u g  f r o m  t h i s  

t y p e  o f  TDD sys tems w i l l  n o t  be c o n s t a n t ,  as e x p e c t e d  f r o m  t h e  m a t r i x  

d i f f u s i o n  p r o c e s s  (See S e c t i o n  V I - C ) .  

T h i s  t y p e  o f  TDD sys tem i s  b e s t  i l l u s t r a t e d  b y  t h e  deve lopment  and 

m a r k e t i n g  o f  t h e  i s o s o r b i d e  d i n i t r a t e - r e l e a s i n g  TDD system, named F r a n d o l a  

tape ,  b y  Toae iyo lYamanouch i  i n  Japan and o f  n i t r o g l y c e r i n - r e l e a s i n g  TDD 
system, named N i t r o - D u r @  I 1  system, by Key i n  t h e  U n i t e d  S t a t e s  f o r  once-a- 

day  m e d i c a t i o n  o f  a n g i n a  p e c t o r i s .  F r a n d o l  t a p e  i s  c u r r e n t l y  under  c l i n -  

i c a l  e v a l u a t i o n s  i n  t h e  U n i t e d  S t a t e s  f o r  r e g u l a t o r y  a p p r o v a l ,  w h i l e  

N i t r o - D u r @  I 1  sys tem has r e c e n t l y  r e c e i v e d  FDA a p p r o v a l  f o r  m a r k e t i n g .  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 609 

DrugLoaded Adhesive 

Drug-loaded Impermeable film 
adhesive 

\ Release liner 

F i g u r e  14: C r o s s - s e c t i o n a l  v i e w  o f  an a d h e s i v e  d i s p e r s i o n - t y p e  TDD 

system, showing v a r i o u s  m a j o r  s t r u c t u r a l  components.  

. To overcome t h e  n o n - c o n s t a n t  d r u g  r e l e a s e  p r o f i l e s ,  t h i s  t y p e  o f  

TDD sys tem can be  m o d i f i e d  t o  have t h e  d r u g  l o a d i n g  l e v e l  v a r i e d  a t  i n c r e -  

ment manner t o  f o r m  a g r a d i e n t  o f  d r u g  r e s e r v o i r  a l o n g  t h e  m u l t i l a m i n a t e  

a d h e s i v e  l a y e r s  ( F i g u r e  1 5 ) .  The r a t e  o f  d r u g  r e l e a s e  f r o m  t h i s  d r u g  

r e s e r v o i r  g r a d i e n t - c o n t r o l l e d  TDD sys tems can be exp ressed  b y :  

I n  E q u a t i o n  (6), t h e  t h i c k n e s s  o f  a d h e s i v e  l a y e r  f o r  d r u g  m o l e c u l e s  

t o  d i f f u s e  t h r o u g h  i s  i n c r e a s i n g  w i t h  t i m e  [ h a ( t ) ] .  To compensate t h i s  

t ime-dependen t  i n c r e a s e  i n  d i f f u s i o n a l  p a t h  as a r e s u l t  o f  d r u g  d e p l e t i o n  

by r e l e a s e ,  t h e  d r u g  l o a d i n g  l e v e l  i s  a l s o  i n c r e a s e d  p r o p o r t i o n a l l y  [ A  

( h a ) ] .  A c o n s t a n t  d r u g  r e l e a s e  p r o f i l e  i s  t h u s  produced.  T h i s  t y p e  

o f  TDD sys tem i s  b e s t  i l l u s t r a t e d  b y  t h e  deve lopment  o f  a n i t r o g l y c e r i n -  

r e l e a s i n g  TDD system, named D e p o n i t B  system, and marke ted  by 

PharmaSchwartz/Lohmann i n  Europe. U. S. Food and Drug  A d m i n i s t r a t i o n  

has  r e c e n t l y  app roved  i t s  NDA f o r  m a r k e t i n g  i n  t h e  U n i t e d  S t a t e s .  

C .  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  TDD Systems 

I n  t h i s  approach,  t h e  d r u g  r e s e r v o i r  i s  f o rmed  b y  homogeneously 

d i s p e r s i n g  t h e  d r u g  s o l i d s  i n  a h y d r o p h i l i c  o r  l i p o p h i l i c  po l ymer  m a t r i x  

and t h e  m e d i c a t e d  po lymer  fo rmed  i s  t h e n  molded i n t o  m e d i c a t e d  d i s c s  

w i t h  a d e f i n e d  s u r f a c e  a r e a  and c o n t r o l l e d  t h i c k n e s s .  T h i s  d r u g  r e s e r v o i r -  

c o n t a i n i n g  po lymer  d i s c  i s  t h e n  mounted o n t o  an  o c c l u s i v e  b a s e p l a t e  i n  

a compar tment  f a b r i c a t e d  f r o m  a drug- impermeab le  p l a s t i c  b a c k i n g  ( F i g u r e  

16). I n s t e a d  o f  a p p l y i n g  t h e  a d h e s i v e  po lymer  d i r e c t l y  on  t h e  s u r f a c e  

o f  t h e  m e d i c a t e d  d i s c  as shown e a r l i e r  i n  t h e  f i r s t  t w o  t y p e s  o f  TDD 
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610 CHIEN 

DRUG R ESE RVOlR G RADIENT -CON TROLL ED 

TRANSDERMAL DRUG DELIVERY SYSTEMS 

Drug-impermeable 

Metallic plastic laminate 

J 
R 1  
R2 

R 3  

/ Adhesive 
layer 

I . I . ,  ., .. .-.. ; 5 .  ..-. .., -. .-.. Drug Reservoir 
Gradient layers 

( R i = R * = R j )  

Figure 15: Cross-sectional view o f  a drug reservoir gradient-controlled 
TDD system, showing various major structural components. 

Absorbent Dad 

Drug- impermeable 

Occlusive baseplat plastic backing 
(aluminum fo i l  I 

Adhesive rim 
Drug reservoir 

(drug/polymer matrix ) 

Figure 16: Cross-sectional view of a matrix diffusion-controlled TDD 
system, showing various major structural components (Repro- 
duced from Y .  W. Chien, 1905). 
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TRANSDERMAL DRUG DELIVERY SYSTEMS 611 

systems, i n  t h e  p r e s e n t  system t h e  adhes ive  po lymer  i s  sp read  a l o n g  t h e  

c i r c u m f e r e n c e  o f  t h e  p a t c h  t o  f o r m  a s t r i p  o f  a d h e s i v e  r i m  a round  t h e  

med ica ted  d i s c .  The r a t e  o f  d r u g  r e l e a s e  f r o m  t h i s  m a t r i x  d i s p e r s i o n - t y p e  

TDD system i s  d e f i n e d  as:  

where A i s  t h e  d r u g  l o a d i n g  dose i n i t i a l l y  d i s p e r s e d  i n  t h e  po lymer  m a t r i x ;  

and Cp and Dp a r e  t h e  s o l u b i l i t y  and d i f f u s i v i t y  o f  t h e  d r u g  i n  t h e  p o l y -  

mer, r e s p e c t i v e l y .  I n  v iew  o f  t h e  f a c t  t h a t  o n l y  t h e  d r u g  s p e c i e s  d i s -  

s o l v e d  i n  t h e  po lymer  can r e l e a s e ,  so, Cp i s  p r a c t i c a l l y  equa l  t o  CR.  

A t  s t e a d y  s t a t e ,  a Q vs .  t4 d r u g  r e l e a s e  p r o f i l e  i s  o b t a i n e d  ( 3 2 )  

as d e f i n e d  by:  

& = [ ( 2 A  - Cp)CpDp]' 

T h i s  t y p e  o f  TDD system i s  e x e m p l i f i e d  b y  t h e  development  and mar- 

k e t i n g  o f  N i t r o - D u r @  system ( 3 3 )  and NTS system, w h i c h  have been approved 

by FDA f o r  once-a-day m e d i c a t i o n  o f  ang ina  p e c t o r i s .  

D .  M i c r o r e s e r v o i r  D i s s o l u t i o n - c o n t r o l l e d  TDD Systems 

T h i s  t y p e  o f  d r u g  d e l i v e r y  system can be c o n s i d e r e d  as a h y b r i d  

of t h e  r e s e r v o i r -  and m a t r i x  d i s p e r s i o n - t y p e  d r u g  d e l i v e r y  systems.  

I n  t h i s  approach,  t h e  d r u g  r e s e r v o i r  i s  formed b y  f i r s t  suspend ing  t h e  

d r u g  s o l i d s  i n  t h e  aqueous s o l u t i o n  o f  a w a t e r - s o l u b l e  po l ymer ,  e . g . ,  

p o l y e t h y l e n e  g l y c o l ,  and t h e n  d i s p e r s i n g  homogeneously t h e  d r u g  suspens ion  

i n  a l i p o p h i l i c  po lymer,  b y  h i g h - s h e a r  mechan ica l  f o r c e ,  t o  f o r m  thousands 

o f  u n l e a c h a b l e  m i c r o s c o p i c  d r u g  r e s e r v o i r s  ( F i g u r e  1 7 ) .  T h i s  thermody-  

n a m i c a l l y  u n s t a b l e  d i s p e r s i o n  i s  q u i c k l y  s t a b i l i z e d  b y  i m m e d i a t e l y  c r o s s -  

l i n k i n g  t h e  po lymer  c h a i n s  i n  s i t u ,  wh ich  produces a med ica ted  po lymer  

d i s c  w i t h  a c o n s t a n t  s u r f a c e  a rea  and a f i x e d  t h i c k n e s s .  A TDD system 

i s  t h e n  produced by f o r m i n g  t h e  med ica ted  d i s c  a t  t h e  c e n t e r  o f  an a d h e s i v e  

pad. T h i s  t e c h n o l o g y  has been s u c c e s s f u l l y  u t i l i z e d  i n  t h e  development  

and m a r k e t i n g  o f  N i t r o d i s c @  system, wh ich  has been approved by FDA f o r  

once-a-day t r e a t m e n t  o f  ang ina  p e c t o r i s  (19,  34-38).  

The r a t e  of  d r u g  r e l e a s e  f r o m  t h e  m i c r o r e s e r v o i r - t y p e  d r u g  d e l i v e r y  

system i s  d e f i n e d  (32,  38 )  by :  
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612 C H I E N  

Occlusive baseplate Adhesive foam pad 
(aluminum foil disc) (flexible polyurethane) 

Microscopic drug reservoirs 

Adhesive ri 

Polymer matrix 

F i g u r e  1 7 :  C r o s s - s e c t i o n a l  v i e w  o f  a m i c r o r e s e r v o i r  d i s s o l u t i o n - c o n -  

t r o l l e d  TDD system, showing v a r i o u s  m a j o r  s t r u c t u r a l  compo- 

n e n t s  (Reproduced f r o m  Y .  W. Chien,  1985). 

l a  
I 

where a = 7. a i s  t h e  r a t i o  o f  t h e  d r u g  c o n c e n t r a t i o n  i n  t h e  b u l k  

o f  e l u t i o n  s o l u t i o n  o v e r  t h e  d r u g  s o l u b i l i t y  i n  t h e  same medium and B '  i s  

t h e  r a t i o  o f  t h e  d r u g  c o n c e n t r a t i o n  a t  t h e  o u t e r  edge o f  t h e  po lymer  

c o a t i n g  membrane o v e r  t h e  d r u g  s o l u b i l i t y  i n  t h e  same po lymer  c o m p o s i t i o n ;  

K 1 ,  K, and K a r e  t h e  p a r t i t i o n  c o e f f i c i e n t s  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 r u g  f r o m  t h e  l i q u i d  compartment t o  t h e  po lymer  m a t r i x ,  f r o m  

t h e  po lymer  m a t r i x  t o  t h e  po lymer  c o a t i n g  membrane, and f r o m  t h e  po lymer  

c o a t i n g  membrane t o  t h e  e l u t i o n  s o l u t i o n  ( o r  s k i n ) ,  r e s p e c t i v e l y ;  D1, 

Dp, and Ds a r e  t h e  d r u g  d i f f u s i v i t i e s  i n  t h e  l i q u i d  compartment,  po l ymer  

c o a t i n g  membrane, and e l u t i o n  s o l u t i o n  ( o r  s k i n ) ,  r e s p e c t i v e l y :  S1 and 

S a r e  t h e  s o l u b i l i t i e s  o f  t h e  d r u g  i n  t h e  l i q u i d  compartment and i n  

t h e  po lymer  m a t r i x ,  r e s p e c t i v e l y ;  dl, 6 and d d  a r e  t h e  t h i c k n e s s e s  o f  

t h e  l i q u i d  l a y e r  s u r r o u n d i n g  t h e  d r u g  p a r t i c l e s ,  t h e  po lymer  c o a t i n g  

membrane around t h e  po lymer  m a t r i x ,  and t h e  hydrodynamic d i f f u s i o n  l a y e r  

s u r r o u n d i n g  t h e  po lymer  c o a t i n g  membrane, r e s p e c t i v e l y ;  4 i s  t h e  r a t i o  

o f  t h e  d r u g  c o n c e n t r a t i o n  a t  t h e  i n n e r  edge o f  t h e  i n t e r f a c i a l  b a r r i e r  

o v e r  t h e  d r u g  s o l u b i l i t y  i n  t h e  po lymer  m a t r i x .  

B 

P 

P 

P 

Release o f  d rugs  f r o m  t h e  m i c r o r e s e r v o i r - t y p e  d r u g  d e l i v e r y  system 

can f o l l o w  e i t h e r  a p a r t i t i o n  c o n t r o l -  o r  m a t r i x  d i f f u s i o n - c o n t r o l  p r o c e s s  

depending upon t h e  r e l a t i v e  magn i tude  o f  S1 and S ( 3 8 ) .  So, a Q v s .  

- t o r  Q vs.  t' r e l e a s e  p r o f i l e  i s  r e s u l t e d  (40, 4 1 ) .  
P 

Development o f  o t h e r  t y p e s  o f  d r u g  d e l i v e r y  systems a r e  a l s o  underway 

f o r  p o s s i b l e  a p p l i c a t i o n s  i n  t h e  t ransderma l  c o n t r o l l e d  d e l i v e r y  o f  d rugs .  

I t  i s  exemp l ied  by t h e  d i s p o s i t i o n  o f  d r u g s  i n  a p o r o p l a s t i c  membrane 
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TRANSDERMAL DRUG D E L I V E R Y  SYSTEMS 613 

( 4 2 )  and t h e  f o r m a t i o n  o f  a h y d r o p h i l i c  p o l y m e r i c  r e s e r v o i r  ( 4 3 ) .  B o t h  

o f  them may be v iewed  as a d r u g  s o l u t i o n - s a t u r a t e d  po rous  p o l y m e r  m a t r i x .  

V I I .  EVALUATIONS OF TRANSDERMAL DRUG DELIVERY KINETICS 

The r e l e a s e  and s k i n  p e r m e a t i o n  k i n e t i c s  o f  d r u g  f r o m  t h e s e  techno-  

l o g i c a l  l y - d i f f e r e n t  TDD sys tems can  b e  e v a l u a t e d ,  u s i n g  a two-compar tment  

d i f f u s i o n  c e l l  assembly ,  u n d e r  i d e n t i c a l  c o n d i t i o n s .  I t  i s  c a r r i e d  o u t  

by  moun t ing ,  i n d i v i d u a l l y ,  a s k i n  specimen, w h i c h  has  been f r e s h l y  e x c i s e d  

f r o m  e i t h e r  a human cadaver  o r  an  an ima l  model ( 4 4 ) ,  on a d i f f u s i o n  c e l l ,  

such  as Franz  d i f f u s i o n  c e l l  ( F i g u r e  11 ) .  Each u n i t  o f  t h e  TDD sys tems 

i s  t h e n  a p p l i e d  w i t h  i t s  d r u g - 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 t r a t u m  corneum s u r f a c e  o f  t h e  s k i n  ( 4 1 ) .  The s k i n  p e r m e a t i o n  p r o f i l e  

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

i n t e r v a l s  u n t i l  t h e  s t e a d y  s t a t e  f l u x  i s  e s t a b l i s h e d  and a s s a y i n g  d r u g  

c o n c e n t r a t i o n s  i n  t h e  samples b y  a s e n s i t i v e  a n a l y t i c a l  method, such 

as t h e  h i g h  pe r fo rmance  l i q u i d  c h r o m a t o g r a p h i c  (HPLC)  method. The r e l e a s e  

p r o f i l e s  o f  d r u g  f r o m  t h e s e  TDD sys tems can  a l s o  b e  i n v e s t i g a t e d ,  u s i n g  

t h e  same e x p e r i m e n t a l  s e t u p  w i t h  no s k i n .  

I n  a c t u a l  d e t e r m i n a t i o n  o f  d r u g  r e l e a s e  and s k i n  p e r m e a t i o n  k i n e t i c s  

s t u d i e s ,  t h e  r a t e  p r o f i l e s  o b t a i n e d  c o u l d  be w e l l  be low t h e  i n t r i n s i c  

r a t e s  c a l c u l a t e d  f r o m  Eq. ( 5 ) ,  ( 6 ) ,  ( 8 )  and ( 9 )  due t o  t h e  e f f e c t  o f  

mass t r a n s f e r  a c r o s s  t h e  hydrodynamic  d i f f u s i o n  l a y e r  on  t h e  s u r f a c e  

o f  d r u g  d e l i v e r y  sys tem o r  d e r m i s .  The magn i tude  o f  r e d u c t i o n  i s  r e l a t e d  

t o  t h e  t h i c k n e s s  o f  hydrodynamic  d i f f u s i o n  l a y e r  and t h e  p h y s i c o c h e m i c a l  

p r o p e r t i e s  o f  t h e  d r u g s  (45 ,  4 6 ) .  I t  i s  r a t h e r  i m p o r t a n t  t o  t a k e  t h e s e  

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

and s k i n  p e r m e a t i o n  r a t e  p r o f i l e s .  

A .  - I n  V i t r o  Drug  Re lease K i n e t i c s  

U s i n g  F ranz  d i f f u s i o n  c e l l  assembly,  t h e  mechanisms and t h e  r a t e s  

o f  d r u g  r e l e a s e  f r o m  t h e s e  t e c h n o l o g i c a l l y - d i f f e r e n t  TDD sys tems can  

be e v a l u a t e d  and compared (20) .  The r e s u l t s  i n d i c a t e d  t h a t  n i t r o g l y c e r i n  

i s  r e l e a s e d  a t  a c o n s t a n t  r a t e  p r o f i l e  (Q vs. t )  f r o m  t h e  TDD sys tems 

1 i ke T r a n s d e r m - N i t r o  sys tem ( a  membrane p e r m e a t i o n - c o n t r o l  l e d  TDD sys tem)  

and D e p o n i t  sys tem ( a  d r u g  r e s e r v o i r  g r a d i e n t - c o n t r o l l e d  TDD sys tem)  

( F i g u r e  18). The r e l e a s e  r a t e  o f  n i t r o g l y c e r i n  f r o m  t h e  T r a n s d e r m - N i t r o  

System (0 .843  f 0.035 mg/cm / d a y )  i s  a l m o s t  3 t i m e s  g r e a t e r  t h a n  t h a t  

f rom t h e  D e p o n i t  sys tem ( 0 . 3 2 4  * 0 .011 mg/cm / d a y ) .  I t  sugges ts  t h a t  

t h e  d i f f u s i o n  t h r o u g h  t h e  r a t e - c o n t r o l l i n g  a d h e s i v e  l a y e r s  i n  t h e  Deponi t 
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Figure 18: Comparative release profiles o f  nitroglycerin from various 
TDD systems into saline solution under sink conditions at 
37°C. The release flux of nitroglycerin is: Nitrodisc 
system (2.443 f 0.136 mg/cmz/day$), Ni tro-Our system (4.124 
* 0.047 mg/cm2/day$), Transderm-Nitro system (0.843 * 0.035 
mg/cm2/day), and Deponit system (0.324 i 0.011 mg/cm2/day) 
(From Keshary et al., 1984). 

system plays a greater rate-limiting role over the release of nitroglycerin 
than does the permeation across the rate-control 1 ing membrane in the 
Transderm-Ni tro system. 

On the other hand, the release profiles of nitroglycerin from Nitro- 
disc and Nitro-Dur systems are not constant, but are observed to follow 
a linear Q vs. t4 pattern as expected from the matrix diffusion-controlled 
drug release kinetics (32). The release flux of nitroglycerin from the 
Nitro-Our system (a matrix diffusion-controlled TDD system) is almost 
twice greater than that from the Nitrodisc system (a microreservoir dis- 
solution-controlled TDD system)(4.124 * 0.047 vs. 2.443 f 0.136 mg/cm / 
day"). 
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TRANSDERMAL DRUG DELIVERY SYSTEMS 

Nitrodisc Nitro.Dur 

I 
t 

Transderm.Nitr0 

615 

Deponil 

0 20 40 0 20 40 0 20 40 0 20 40 

Duration of DevicelSkin Contact (Hours) 

F i g u r e  19: Compara t i ve  p e r m e 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  f r o m  v a r i o u s  

TDD sys tems t h r o u g h  t h e  h a i r l e s s  mouse abdomina l  s k i n  a t  

37°C. The r a t e  o f  s k i n  p e r m e a t i o n  i s :  N i t r o d i s c  sys tem 

(0 .426  f 0.024 mg/cm2/day), N i t r o - D u r  sys tem [0 .408  0.024 

mg/cm2/day ( < 1 2  h r s ) ;  0 .248 + 0 .018 mg/cm2/day ( > 1 2  h r s ) ] ,  

Transderm-Ni t r o  sys tem (0 .338  t 0.017 mg/crn2/day), and D e p o n i t  

sys tem (0 .175  f 0 .016 mg/crnZ/day) (From Keshary  e t  a l . ,  

1984).  

A p p a r e n t l y ,  t h e  mechanisms and /o r  r a t e s  o f  n i t r o g l y c e r i n  r e l e a s e  

f rom t h e s e  4 TDD sys tems a r e  q u i t e  d i f f e r e n t  f r o m  one a n o t h e r ,  as e x p e c t e d  

f r o m  Eq. ( 5 ) ,  ( 6 ) ,  ( 8 )  and ( 9 ) .  

B. I n  V i t r o  S k i n  Permea t ion  K i n e t i c s  - An imal  Model 

The s k i n  p e r m e a t i o n  s t u d i e s  o f  t h e s e  TDD sys tems sugges ted  t h a t  

a l l  4 sys tems g i v e  a c o n s t a n t  r a t e  o f  s k i n  p e r m e a t i o n  ( F i g u r e  1 9 )  as  

expec ted  f r o m  E q u a t i o n  3. H i g h e s t  r a t e  o f  s k i n  p e r m e a t i o n  was obse rved  

w i t h  N i t r o d i s c  sys tem (0 .426  k 0 .024 mg/cm / d a y ) ,  w h i c h  i s ,  however,  

s t a t i s t i c a l l y  no d i f f e r e n t  f r o m  t h e  r a t e  o f  s k i n  p e r m e a t i o n  f o r  p u r e  

n i t r o g l y c e r i n  (0 .476 0 . 0 4 1  mg/cm /day, F i g u r e  1 2 ) .  F o r  N i t r o - O u r  sys tem,  

2 
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616 C H I  EN 

2 p r a c t i c a l l y  t h e  same r a t e  o f  s k i n  p e r m e a t i o n  (0 .408 t 0.024 mg/cm / d a y )  

was o b t a i n e d  i n i t i a l l y  and 12 hours  l a t e r ,  however,  t h e  r a t e  became s lowed  

down t o  0 .248 ( t 0 . 0 1 8 )  mg/cm l d a y .  On t h e  o t h e r  hand, t h e  r a t e  o f  s k i n  

p e r m e a t i o n  o f  n i t r o g l y c e r i n  f r o m  T r a n s d e r m - N i t r o  sys tem (0 .338 2 0.017 

mg/cm l d a y )  was found  t o  be 30% l o w e r  t h a n  t h e  r a t e  a c h i e v e d  by  p u r e  

n i t r o g l y c e r i n  (0 .476  mg/cm l d a y )  o r  21% s l o w e r  t h a n  t h a t  by  N i t r o d i s c  

sys tem (0 .426  mg/cm l d a y ) .  Lowest  r a t e  o f  s k i n  p e r m e a t i o n  was o b s e r v e d  

w i t h  D e p o n i t  sys tem (0 .175 i- 0.016 mg/cm / d a y ) ,  w h i c h  a c h i e v e d  o n l y  one- 

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

2 

2 

2 

2 

2 

Comparing t h e  r a t e  o f  s k i n  p e r m e a t i o n  ( F i g u r e  19 )  w i t h  t h e  r a t e  

o f  r e l e a s e  ( F i g u r e  18 )  s u g g e s t  t h a t ,  under  t h e  s i n k  c o n d i t i o n s ,  a l l  TDD 

systems d e l i v e r  n i t r o g l y c e r i n  a t  a r a t e  w h i c h  i s  g r e a t e r  t h a n  i t s  r a t e  

o f  permea t ion  a c r o s s  t h e  s k i n  (Rd > Ra, F i g u r e  9 ) .  F o r  example,  n i t r o g l y c -  

e r i n  was d e l i v e r e d  by  T r a n s d e r m - N i t r o  system, w h i c h  i s  a membrane perme- 

a t i o n - c o n t r o l l e d  d r u g  d e l i v e r y  system, a t  a r a t e  (0 .843 mg/cm l d a y )  t h a t  

i s  2 .5  t i m e s  g r e a t e r  t h a n  i t s  r a t e  o f  p e r m e a t i o n  a c r o s s  t h e  s k i n  ( 0 . 3 3 8  

mg/cm / d a y ) ;  L i k e w i s e ,  t h e  r a t e  o f  d e l i v e r y  by  t h e  D e p o n i t  system, w h i c h  

i s  a m u l t i l a m i n a t e  a d h e s i v e  d i s p e r s i o n - t y p e  d r u g  d e l i v e r y  sys tem h a v i n g  

t h e  s l o w e s t  r a t e  o f  n i t r o g l y c e r i n  d e l i v e r y  (0 .324 mg/cm /day) ,  was f o u n d  

a l m o s t  two  f o l d s  f a s t e r  t h a n  t h e  r a t e  o f  s k i n  p e r m e a t i o n  (0 .175 

2 

2 

2 

n 

mg/cmL/day). The same o b s e r v a t i o n s  were a l s o  t r u e  f o r  N i t r o d i s c  and 

N i t r o - D u r  systems. T h i s  phenomenon i s  i n d i c a t i v e  o f  t h e  r a t e - l i m i t i n g  

r o l e  t h a t  t h e  s t r a t u m  corneum p l a y s  i n  t h e  s k i n  p e r m e a t i o n  o f  d r u g s  as  

a r e s u l t  o f  i t s  e x t r e m e l y  l o w  p e r m e a b i l i t y .  

C .  I n  V i t r o  S k i n  Permea t ion  K i n e t i c s  - Human Cadaver 

The p e r m e a t i o n  o f  n i t r o g l y c e r i n  a c r o s s  t h e  s k i n  o f  human cadaver  

was a l s o  i n v e s t i g a t e d  f o r  T r a n s d e r m - N i t r o  system, t h e  membrane p e r m e a t i o n -  

c o n t r o l  l e d  TDD system, and f o r  N i t r o - D u r  system, 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  TDD sys tem ( 4 7 ) .  The r e s u l t s  ( F i g u r e  20)  i n d i c a t e d  t h a t  t h e  

s k i n  p e r m e a t i o n  o f  n i t r o g l y c e r i n  t h r o u g h  t h e  abdomina l  e p i d e r m i s  o f  human 

cadaver  a l s o  f o l l o w s  t h e  same z e r o - o r d e r  k i n e t i c  p r o f i l e  as  o b s e r v e d  

w i t h  h a i r l e s s  mouse abdomina l  s k i n  ( F i g u r e  19 ) .  I t  i s  i n t e r e s t i n g  t o  

n o t e  t h a t  t h e  r a t e s  o f  s k i n  p e r m e a t i o n  g e n e r a t e d  f r o m  t h e  f r e s h l y  e x c i s e d  

s k i n  specimen o f  h a i r l e s s  mouse a g r e e  f a i r l y  w e l l  w i t h  t h e  d a t a  o b t a i n e d  

f r o m  human cadaver  s k i n  ( T a b l e  I V ) ,  s u g g e s t i n g  t h a t  h a i r l e s s  mouse s k i n  

c o u l d  be an  a c c e p t a b l e  s k i n  model f o r  humans i n  t h e  s k i n  p e r m e a t i o n  k i -  

n e t i c s  s t u d i e s  o f  n i t r o g l y c e r i n .  T h i s  f i n d i n g  i s  s u b s t a n t i a t e d  by t h e  

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

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TRANSDERMAL D R U G  DELIVERY SYSTEMS 6 1 7  
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F i g u r e  20: Compara t i ve  p e r m e 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  f r o m  N i t r o -  

Dur  and T r a n s d e r m - N i t r o  systems a c r o s s  t h e  human cadaver  

abdomina l  e p i d e r m i s .  The r a t e  of  s k i n  p e r m e a t i o n  i s :  N i t r o -  

Dur  sys tem ( 2 0 . 3  mcg/cm*/hr)  and Transderm-Ni  t r o  sys tem 

(19 .2  mcg/cmz/hr)  ( p l o t t e d  f r o m  t h e  d a t a  b y  D. E .  Magnuson, 

1983) .  

f r o m  E s t r a d e r m  sys tem and o f  c l o n i d i n e  f r o m  Catapres-TTS sys tem ( 5 0 ) .  

I t  has been f o u n d  t h a t  t h e  d i f f e r e n c e  i n  t h e  t y p e  and t h e  t h i c k n e s s  o f  

s k i n  specimen and i n  t h e  hydrodynamics  o f  i n  v i t r o  s k i n  p e r m e a t i o n  c e l l s  

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

F o r  a b e t t e r  c o r r e l a t i o n ,  a s k i n  model w i t h  c o n t r o l l e d  s o u r c e  and a s k i n  

p e r m e a t i o n  c e l l  w i t h  w e l l - c a l i b r a t e d  hydrodynamics  s h o u l d  be used i n  

t h e  s k i n  p e r m e a t i o n  k i n e t i c s  s t u d i e s  ( F i g u r e  21 ) .  The t r a n s d e r m a l  perme- 
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618 C H I E N  

TABLE I V :  INTER-SPECIES CORRELATION I N  THE I N  VITRO TRANSDERMAL CONTROLLED 

ADMINISTRATION OF DRUGS FROM TDD SYSTEMS 

2 Drugs TDD System Skin Permeation Rate (mcg/cm /hr) 
Human Cadaver Hairless Mouse 

Ni troglycerin Transderm-Nitro 19.23 14.55a) 
Ni tro-Dur 20.33 16.67a 

Es tradi o l  Estraderm 0.27b) 0.40b) 

C1 oni di ne Cat apres- TTS 2.05b) 3.62b) 

a)Determined in Franz diffusion cells (Figure 11) at 37°C (haq = 0.0338 

b)Determined in Valia-Chien skin permeation cells (Figure 31) at 37°C (haq = 

C)Calculated from clinical bioavailability data reported in the literature 

cm) (Chien et al., 1983) 

0.0054) (Chien et al., 1986) 

ation rates across the skin of human cadaver and hairless mouse can be 
better correlated by correcting the difference in the thickness of skin 
specimen used (Table V). 

0. In Vivo Transdermal Bioavailability in Humans 
The transdermal bioavailability of nitroglycerin resulted from the 

24- to 32-hr topical applications of various TDD systems in human volun- 
teers, as indicated by the plasma levels of nitroglycerin, is shown in 
Figures 22-25. Results suggested that a prolonged, steady-state plasma 
level of nitroglycerin is achieved within 1-2 hours and maintained for 
a duration of at least 24 hrs as a result of continuous transdermal infu- 
sion of drug, at controlled rate, from the TDD systems. 

A comparative systemic bioavailability study was initiated and the 
results demonstrated that there i s  no statistically significant differ- 
ence among the plasma profiles of nitroglycerin delivered by Transderrn- 
Nitro, Nitrodisc, and Nitro-Dur systems (26). 
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TRANSDERMAL DRUG D E L I V E R Y  S Y S T E M S  619 

I P r o g e s t e r o n e  D e r i v a t i v e s  / 

0.6 

0.5 

0.4 

0 0.5 1 .o 1 .5  2.0 

(Skin Permeation Rate)hlm (mcg/cm’/hr) 

Figure 21: Correlation in the permeation rates of progesterone and 
its hydroxyl derivatives across the skin of human cadaver 
(hcs) and of hairless mouse (hlm) with approximately same 
thickness. 

The plasma level was found to be linearly proportional to the area 
of the drug releasing surface of TDD systems in contact with the skin 
(Figure 26). So, the plasma drug level can be easily tailored to reach 
a target therapeutic concentration by simply controlling the surface 
area o f  drug-releasing device applied to the skin. 

Further investigations demonstrated that the transdermal bioavailabil- 
ity of nitroglycerin-releasing TOO systems is independent of the site 
of application (24). The results of repeat daily applications also showed 
an excellent day-to-day reproducibility, whereas no drug accumulation 
was detected (24). 

E. Correlations in In Vitro and In Vivo Skin Permeation Kinetics 
To further examine the feasibility of using freshly excised hairless 

mouse skin as the model skin for studying the transdermal controlled 
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620 C H I E N  

TABLE V: INTER-SPECIES AND BETWEEN-SEX CORRELATION I N  SKIN PERMEATION 

RATES OF CLONIDINE~) 

S k i n  Specimen S k i n  Permea t ion  Rate ( +  S . D . )  

A c t u a l  2 )  N o r m a l i z e d  3 )  Species Source 

(mcg/cm/hr x 102) 2 (mcg/cm / h r )  

Human cadaver  B l a c k  fema le  
L e f t  a n t e r i o r  l e g  2.05 ( +  0 .28)  12 .71  ( *  1.74)  
(620  w )  

H a i r l e s s  mouse Fema 1 e 
Abdorni n a l  
(450  crm) 

Male 
Abdominal  
(450  w )  

3.99 ( +  0.58)  17.96 ( +  2 .61 )  

3 .62 ( *  0 .68)  16.29 ( r  3.06) 

1 )  D e l i v e r e d  f r o m  Catapres-TTS. 

2 )  Measured i n  V a l i a - C h i e n  s k i n  pe rmea t ion  c e l l s  ( F i g u r e  31)  a t  37°C ( C h i e n  
e t  a l . ,  1986) 

3 )  C o r r e c t e d  f o r  t h e  d i f f e r e n c e  i n  t h e  t h i c k n e s s  o f  s k i n  specimen used. 

pe rmea t ion  k i n e t i c s  o f  d rugs  ac ross  t h e  human s k i n ,  t h e  i n  v i v o  r a t e  

o f  s k i n  pe rmea t ion  ( Q / t ) .  can a l s o  be de te rm ined  f o r  compar ison.  

I t  can be c a l c u l a t e d  f r o m  t h e  s t e a d y - s t a t e  plasma l e v e l  (C ) d a t a  ( F i g -  

u r e s  22-25) ,  u s i n g  t h e  f o l l o w i n g  r e l a t i o n s h i p  ( 5 3 ) :  

l . v .  

P s s  

where Ke i s  t h e  f i r s t - o r d e r  r a t e  c o n s t a n t  f o r  t h e  e l i m i n a t i o n  o f  d rug ,  

V d  i s  t h e  apparen t  volume o f  d i s t r i b u t i o n  f o r  t h e  d rug ,  and A S  i s  t h e  

s u r f a c e  a rea  o f  d r u g - r e l e a s i n g  d e v i c e  i n  c o n t a c t  w i t h  t h e  s k i n .  

R e s u l t s  i n  Tab le  V I  i n d i c a t e d  t h a t  t h e  i n  v i v o  s k i n  p e r m e a t i o n  r a t e s  

c a l c u l a t e d  on t h e  b a s i s  o f  Eq. ( 1 0 )  show a r e a s o n a b l y  good agreement 

w i t h  t h e  i n  v i t r o  d a t a  de te rm ined  f r o m  e i t h e r  human cadaver  e p i d e r m i s  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 2 1  

F i g u r e  22: Plasma 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  12 h e a l t h y  male vo lun -  

t e e r s ,  each r e c e i v e d  one u n i t  o f  N i t r o d i s c  system ( 1 6  cm2) 

on t h e  c h e s t  f o r  32 hours.  A mean s t e a d y - s t a t e  plasma l e v e l ,  

(Cp)ss ,  o f  280.6 18.7 pg/ml was o b t a i n e d  ( p l o t t e d  f r o m  

t h e  d a t a  b y  Kar im, 1983).  

o r  h a i r l e s s  mouse f u l l - t h i c k n e s s  s k i n .  T h i s  i n  v i v o - i n  v i t r o  agreement 

p r o v i d e s  a d d i t i o n a l  e v i d e n c e  t h a t  h a i r l e s s  mouse s k i n  c o u l d  be an a c c e p t -  

a b l e  s k i n  model f o r  s t u d y i n g  t h e  s k i n  pe rmea t ion  k i n e t i c s  o f  s y s t e m i c a l l y -  

e f f e c t i v e  d rugs  i n  humans. 

V I I I .  OPTIMIZATION OF TRANSDERMAL CONTROLLED DRUG DELIVERY 

To f o r m u l a t e  a TDD system one s h o u l d  t a k e  i n t o  c o n s i d e r a t i o n  t h e  

r e l a t i o n s h i p  between t h e  r a t e  o f  d r u g  d e l i v e r y  (Rd) t o  t h e  s k i n  s u r f a c e  

and t h e  maximum a c h i e v a b l e  r a t e  o f  d r u g  a b s o r p t i o n  (R,) b y  t h e  s k i n  t i s s u e  

( F i g u r e  9 ) .  I t  i s  p a r t i c u l a r l y  i m p o r t a n t  s i n c e  t h e  s t r a t u m  corneuhi i s  

known t o  be h i g h l y  impermeable t o  most d rugs .  I d e a l l y ,  a TDD system 

s h o u l d  be so des igned  t o  have a s k i n  pe rmea t ion  r a t e  w h i c h  i s  d e t e r m i n e d  

by t h e  r a t e  o f  d r u g  d e l i v e r y  f r o m  t h e  TDD system, n o t  b y  t h e  s k i n  perme- 

a b i l i t y ;  I n  such case, t h e  t r a n s d e r m a l  b i o a v a i l a b i l i t y  o f  a d r u g  becomes 
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6 2 2  

TIME (HOURS) 

C H I E N  

F i g u r e  23: Plasma 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  14 h e a l t h y  human s u b j e c t s ,  

each r e c e i v e d  one u n i t  o f  T r a n s d e r m - N i t r o  system ( 2 0  cm2) 

f o r  24 hours .  A (Cp)ss  v a l u e  o f  209.8 22.8 pg/ml was 

y i e l d e d  ( p l o t t e d  f r o m  t h e  d a t a  b y  G e r a r d i n  e t  a l . ,  1981) .  

l e s s  dependent upon any p o s s i b l e  i n t r a -  and /o r  i n t e r - p a t i e n t  v a r i a b i l i t i e s  

i n  s k i n  p e r m e a b i l i t y .  

The r a t e  o f  s k i n  pe rmea t ion  o f  a d r u g  a t  s t e a d y  s t a t e ,  ( R p ) s s ,  i s  

m a t h e m a t i c a l l y  r e l a t e d  t o  t h e  a c t u a l  r a t e  o f  d r u g  d e l i v e r y  f r o m  a TDD 

system, (Rd)a,  t o  t h e  s k i n  s u r f a c e  and t h e  maximum a c h i e v a b l e  r a t e  o f  

s k i n  a b s o r p t i o n ,  (Ra)m. 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  ( 5 4 ) :  

1 1 1 
(“p);=(Rd)a+(Ra)m 

And, t h e  a c t u a l  r a t e  o f  d r u g  d e l i v e r y  f r o m  a TDD system t o  t h e  s k i n  sur- 
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 2 3  

F i g u r e  24 :  Plasma 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  6 normal male v o l u n t e e r s  

each r e c e i v e d  one u n i t  o f  N i t r o - D u r  system (20  cm2) o v e r  

t h e  c h e s t  f o r  24 hours .  A (Cp)ss v a l u e  o f  201.4 2 60.7 
pg/ml was a c h i e v e d  ( p l o t t e d  f r o m  t h e  d a t a  by K e i t h ,  1983) .  

I 

Cmax=255*151 pg/ml (tma1=3.653.5hr) 

Css=125f 50 pg/ml (8-24hrs)  

AUC=3.3*1.6 ng. h/ml 

Oose=5.0 f 0 . 7  mg/day ( n = 6 )  
4.5f0.8mg/day (n=17) 

40 
0 4 8 12 16 20 24 

Duration of Device/Skin Contact (hrr) 

F i g u r e  25: Plasma 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  6 h e a l t h y  male v o l u n t e e r s ,  

each r e c e i v e d  one u n i t  o f  D e p o n i t  system (16 cm2) o v e r  t h e  

c h e s t  f o r  24 hours .  A (Cp)ss  v a l u e  o f  125 * 50 pg/ml was 

o b t a i n e d  ( p l o t t e d  f r o m  t h e  d a t a  b y  W o l f f  e t  a l . ,  1985).  
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624 C H I E N  

0.80 

0.50 

0.40 

0.30 

0.20 

0.10 

T TRANSDERM-NITRO SYSTEM 

0 
0 10 20  30 40 

SYSTEM/SKIN CONTACT SURFACE ( c d )  

F i g u r e  26: L i n e a r  r e l a t i o n s h i p  between t h e  s t e a d y - s t a t e  plasma n i t r o -  

g l y c e r i n  l e v e l s  i n  humans and 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 r a n s d e r m - N i t r o  sys tem i n  c o n t a c t  w i t h  t h e  s k i n .  A p lasma 

n i t r o g l y c e r i n  l e v e l  o f  14 pg/ml was a c h i e v e d  f o r  e v e r y  cm2 

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

by  W .  R. Good, 1983). 

f a c e ,  w h i c h  a c t s  as t h e  r e c e p t o r  medium i n  t h e  c l i n i c a l  a p p l i c a t i o n s ,  

can  t h u s  be d e t e r m i n e d  f rom:  

I f  we c o n s i d e r  t h e  r a t e  o f  s k i n  p e r m e a t i o n  f o r  p u r e  n i t r o g l y c e r i n ,  

w h i c h  i s  f r e e d  f r o m  any  e f f e c t  b y  t h e  f o r m u l a t i o n  o r  v e h i c l e ,  as t h e  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 625  

TABLE V I :  COMPARISON I N  I N  VITRO AND I N  VIVO SKIN PERMEATION RATES 

Drugs 

N i t r o g l  y c e r i  n 

Es t r a d i  o l  

C l o n i d i n e  

2 D e l i v e r y  Systems S k i n  Permea t ion  Ra tes  (mcg/cm /day )  

I n  V i t r o  I n  v i v o g )  

H a i r l e s s  Mouse Human Cadaver 

N i  t r o d i s c  435.6a) - 713.0 

Deponi t 269. sb)  - 282.5 

N i  t r o - D u r  400. l a )  487. gd)  411.6 

Transderm-Ni t r o  349. Z a )  461. sd) 427.9 

Es t raderm 9.6‘) 6 .5C’e)  5 .0 

Catapres-TTS 86.9‘) 49.2‘ y f )  38.9 

a )  De te rm ined  i n  Franz d i f f u s i o n  c e l l s  ( F i g u r e  11)  a t  37°C (haq = 0.0304 

cm) (Ch ien  e t  a l . ,  1983) 

Determined i n  Keshary-Chien d i f f u s i o n  c e l l s  ( F i g u r e  31)  a t  37°C (haq = 

0.0108 cm) (Keshary  and Chien,  1984) 

0.0054 cm) (Ch ien  e t  a l . ,  1986) 

De te rm ined  f r o m  s k i n  pe rmea t ion  s t u d i e s  a t  37°C u s i n g  t h e  e p i d e r m i s  

i s o l a t e d  f r o m  human cadaver  abdominal  s k i n  ( 0 .  E .  Magnuson, 1983)  

De te rm ined  f r o m  s k i n  pe rmea t ion  s t u d i e s  a t  37°C u s i n g  t h e  human cadaver  

s k i n  (male,  381  pm) 

Determined f r o m  s k i n  pe rmea t ion  s t u d i e s  a t  37°C u s i n g  t h e  human cadaver  

s k i n  ( fema le ,  l e f t  a n t e r i o r  l e g ,  620 wn) 

C a l c u l a t e d  f r o m  s t e a d y - s t a t e  plasma p r o f i l e s  u s i n g  E q u a t i o n  ( 1 0 )  

b )  

c )  Determined i n  V a l i a - C h i e n  d i f f u s i o n  c e l l s  ( F i g u r e  37)  a t  37°C (haq = 

d )  

e )  

f )  

g )  

v a l u e  f o r  (Ra),,,, t h e  a c t u a l  d e l i v e r y  r a t e  o f  n i t r o g l y c e r i n  f r o m  v a r i o u s  
TDD systems can be de te rm ined .  The r e s u l t s  i n  T a b l e  V I I  i n d i c a t e  t h a t  

t h e  d e l i v e r y  r a t e s  o f  n i t r o g l y c e r i n  f r o m  N i t r o d i s c ,  N i t r o - D u r ,  Transderm- 

N i t r o  and D e p o n i t  systems a r e  a l l  g r e a t e r  t h a n  i t s  maximum a c h i e v a b l e  

r a t e  o f  s k i n  pe rmea t ion  (0.621-4.058 vs.  0.476 mg/cm /day ) .  The d a t a  

suggest  t h a t  t h e  d e l i v e r y  r a t e  o f  n i t r o g l y c e r i n  f r o m  a l l  4 TDD systems 

has n o t  been a d e q u a t e l y  o p t i m i z e d .  
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626 C H I E N  

TABLE V I I :  DELIVERY RATE OF NITROGLYCERIN FROM VARIOUS TDD SYSTEMS 

TDD Systems 

N i  t r o d i s c  

N i t r o -  Dur 

T r a n s d e r m - N i t r o  

Deponi  t 

* 
D e l i v e r y  Rate 

(mg/cm 2 /day )  

4.058 

2.857 

1.166 

0 .621  

* C a l c u l a t e d  f r o m  t h e  h a i r l e s s  mouse d a t a  i n  T a b l e  V I  u s i n g  

2 E q u a t i o n  ( 1 2 )  and (Ra),,, = 0.476 mg/cm /day.  

U s i n g  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  TDD system, t h e  r e l a t i o n s h i p  

between t h e  r a t e  o f  d r u g  d e l i v e r y  f r o m  t h e  TDD system and t h e  r a t e  o f  

s k i n  pe rmea t ion  can be e s t a b l i s h e d .  The s k i n  p e r m e a t i o n  r a t e  o f  a d r u g  

a t  s t e a d y  s t a t e ,  ( R p ) s s ,  i s  r e l a t e d  t o  t h e  d r u g  d e l i v e r y  r a t e  f r o m  t h e  

m a t r i x - t y p e  TDO system, ( Q / t 4 ) ,  as f o l l o w s  ( 5 5 ) :  

i n  wh ich  m and n a r e  compos i te  c o n s t a n t s  and d e f i n e d ,  r e s p e c t i v e l y ,  as 

f o l l o w s :  

1 n = -  R S C  RVsK3 i. Raq 

K2K3Rsc 2K kC ( ’  ’ 
1 P  

where k i s  a c o n s t a n t ;  K1, K2, and K3 a r e  t h e  p a r t i t i o n  c o e f f i c i e n t s  

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  between s t r a t u m  corneum and p o l y m e r  

m a t r i x ,  between v i a b l e  s k i n  and s t r a t u m  corneum, and between r e c e p t o r  

s o l u t i o n  and v i a b l e  s k i n ,  r e s p e c t i v e l y ;  Cp i s  t h e  d r u g  s o l u b i l i t y  i n  

and R a r e  t h e  d i f f u s i o n a l  r e s i s t a n c e s  t h e  po lymer  m a t r i x ;  R S c ,  R v s ,  

f o r  s t r a t u m  corneum, v i a b l e  s k i n ,  and r e c e p t o r  s o l u t i o n  on t h e  de rm is  

s i d e ,  r e s p e c t i v e l y .  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 627 

- 
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(RELEASE RATE)' (mcgz/cm9/hr x 16') 

F i g u r e  27: 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  s k i n  p e r m e a t i o n  

r a t e  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  b y  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  TDD system, 

as p r e d i c e d  f r o m  E q u a t i o n  13. I t  was observed  t h a t  when 

( Q / t + ) z  v a l u e  i s  equa l  t o  o r  l e s s  t h a n  48 mcgZ/cm4/hr, t h e  

s k i n  p e r m e a t i o n  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 y  system; when t h e  ( Q / t + ) z  v a l u e  i s  g r e a t e r  t h a n  

48 mcg2/cm4/hr, t h e  s k i n  pe rmea t ion  r a t e  becomes 1 i m i t e d  

by t h e  s t r a t u m  corneum (Reproduced f r o m  Keshary e t  a l . ,  

1985). 

E q u a t i o n  (13)  i n d i c a t e s  t h a t  a h y p e r b o l  i c  r e l a t i o n s h i p  s h o u l d  e x i s t  

between ( R  ) and ( Q / t 4 I 2 .  When t h e  r a t e  o f  d r u g  d e l i v e r y  f r o m  t h e  

TDD system i s  low, t h e  s k i n  pe rmea t ion  w i l l  be c o n t r o l l e d  by t h e  d e l i v e r y  

r a t e  f r o m  t h e  TDD system ( F i g u r e  27) .  A s  i n c r e a s i n g  t h e  r a t e  o f  d r u g  

d e l i v e r y ,  t h e  r a t e  o f  s k i n  p e r m e a t i o n  i n c r e a s e s  a t  h y p e r b o l i c  manner 

and t h e n  reaches a p l a t e a u  l e v e l ,  a t  wh ich  t h e  r a t e  o f  s k i n  p e r m e a t i o n  

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

t o  t h e  d r u g  spec ies  d e l i v e r e d .  
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628  C H I  EN 

U s i n g  E q u a t i o n  ( 1 3 ) ,  one can o p t i m i z e  t h e  f o r m u l a t i o n  and t h e  d e s i g n  

of  a TDD system w i t h  t h e  r a t e  o f  s k i n  p e r m e a t i o n  c o n t r o l l e d  b y  t h e  r a t e  

o f  d r u g  d e l i v e r y  f r o m  t h e  TDD system. 

I X .  ADVANCES IN TRANSDERMAL CONTROLLED DRUG DELIVERY RESEARCH 

It has been r e c o g n i z e d  t h a t  t h e  t r a n s d e r m a l  r a t e - c o n t r o l l e d  d r u g  

d e l i v e r y  o f f e r s  one o r  more o f  t h e  f o l l o w i n g  p o t e n t i a l  b i o m e d i c a l  b e n e f i t s :  

1)  
2 )  To p r e v e n t  t h e  v a r i a t i o n  i n  t h e  a b s o r p t i o n  and m e t a b o l i s m  

3 )  To p e r m i t  c o n t i n u o u s  d r u g  a d m i n i s t r a t i o n  and t h e  use o f  a d r u g  

4 )  To i n c r e a s e  e f f i c a c y  t h r o u g h  t h e  bypass o f  h e p a t i c  f i r s t - p a s s  

5 )  To reduce  t h e  chance o f  ove r -  o r  u n d e r - d o s i n g  as t h e  r e s u l t  

o f  p ro longed ,  preprogrammed d e l i v e r y  o f  d r u g  a t  t h e  r e q u i r e d  

t h e r a p e u t i c  r a t e .  

6 )  To p r o v i d e  a s i m p l i f i e d  t h e r a p e u t i c  reg imen,  l e a d i n g  t o  a b e t t e r  

p a t i e n t  compl i ance. 

7 )  To p e r m i t  a r a p i d  t e r m i n a t i o n  o f  t h e  m e d i c a t i o n ,  i f  needed, 

by s i m p l y  removing t h e  TDD system f r o m  t h e  s k i n  s u r f a c e .  

To a v o i d  t h e  r i s k s  and inconven iences  o f  i n t r a v e n o u s  t h e r a p y .  

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

w i t h  s h o r t  b i o l o g i c a l  h a l f - l i f e .  

e l i m i n a t i o n .  

The i n t e n s i t y  o f  i n t e r e s t s  i n  t h e  p o t e n t i a l  b i o m e d i c a l  a p p l i c a t i o n s  

o f  t h e  r a t e - c o n t r o l  l e d  t r a n s d e r m a l  d r u g  a d m i n i s t r a t i o n  has been demon- 

s t r a t e d  by a s u b s t a n t i a l  i n c r e a s e  i n  t h e  r e s e a r c h  and development  a c t i v -  

i t i e s  i n  many h e a l t h  c a r e  i n s t i t u t i o n s  a i m i n g  t o  t h e  development  o f  v i a b l e  

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

agen ts  (56 -56 ) .  The d r u g  c a n d i d a t e s  e v a l u a t e d  range f r o m  t h e  

a n t i - h y p e r t e n s i  ve, a n t i  - a n g i n a l ,  a n t i  - h i  s tam i  ne, a n t i  -i n f l  a m a t o r y ,  

a n a l g e s i c ,  a n t i - a r t h r i t i c ,  s t e r o i d a l  t o  c o n t r a c e p t i v e  d rugs .  I t  has 

been e s t i m a t e d  b y  m a r k e t i n g  r e s e a r c h  e x p e r t s  t h a t  w i t h i n  t h e  n e x t  5 y e a r s ,  

o v e r  10% o f  t h e  d r u g  p r o d u c t s  w i l l  be marke ted  i n  TDD systems.  

On t h e  o t h e r  hand, i t  has become i n c r e a s i n g l y  r e c o g n i z e d  t h a t  n o t  

e v e r y  d r u g  can be a d m i n i s t e r e d  t r a n s d e r m a l l y  a t  a r a t e  w h i c h  i s  h i g h  

enough t o  a c h i e v e  a b l o o d  l e v e l  t h a t  i s  t h e r a p e u t i c a l l y  b e n e f i c i a l  f o r  

sys temic  m e d i c a t i o n .  An i n c r e a s i n g  number o f  b i o m e d i c a l  r e s e a r c h e r s  

w o r k i n g  i n  t h e  f i e l d s  o f  t r a n s d e r m a l  d r u g  d e l i v e r y  have c a u t i o n e d  t h e  

p o t e n t i a l  l i m i t a t i o n s  o f  t ransderma l  s y s t e m i c  m e d i c a t i o n s  ( 5 7 ,  5 9 ) .  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 629 

F o r  i n s t a n c e ,  t h e  s m a l l e s t  s i z e  o f  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  TDD 
systems (8  cm2 f o r  N i t r o d i s c ,  10 cm2 f o r  b o t h  T r a n s d e r m - N i t r o  and N i t r o -  

Dur ,  and 16 cm2 f o r  D e p o n i t )  has been found  c a p a b l e  o f  e s t a b l i s h i n g  a 

mean s t e a d y - s t a t e  plasma l e v e l  o f  l e s s  t h a n  0.18 ng/ml ( 5 3 ) ,  w h i c h  i s  

s u b s t a n t i a l l y  l o w e r  t h a n  t h e  plasma l e v e l  (0 .29 -0 .41  n g / m l )  a c h i e v e d  

by  i . v .  i n f u s i o n  o f  n i t r o g l y c e r i n  a t  a r a t e  o f  3 .4  mcg/min ( i . e . ,  a d a i l y  

dose o f  4.9 mg) ( F i g u r e  2 8 ) .  To a c h i e v e  t h e  same plasma l e v e l  as t h e  

i . v .  i n f u s i o n ,  i t  i s  e s t i m a t e d  t h a t  a t r a n s d e r m a l  p a t c h  w i t h  a 
n 

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  o f  20-30 cmL w i l l  be needed, depend ing  

upon w h i c h  t y p e  o f  TDD sys tems i s  used.  The same r e q u i r e m e n t  i s  a l s o  

a p p l i e d  t o  t h e  2% o i n t m e n t  f o r m u l a t i o n ,  b u t  a t  a more f r e q u e n t  d o s i n g  

schedu le  ( t .  i . d. ) . 

To a c h i e v e  and t o  m a i n t a i n  a plasma d r u g  c o n c e n t r a t i o n  above t h e  

minimum t h e r a p e u t i c  l e v e l ,  t h e  b a r r i e r  p r o p e r t i e s  o f  t h e  s k i n  have t o  

be overcome b e f o r e  an e f f e c t i v e  t r a n s d e r m a l  c o n t r o l  l e d  d e l  i v e r y  o f  d r u g s  

can be s u c c e s s f u l l y  accomp l i shed .  The f o l l o w i n g  approaches have shown 

p o t e n t i a l l y  p r o m i s i n g  f o r  a c c o m p l i s h i n g  t h e  g o a l s  o f  r e d u c i n g  s k i n ' s  

b a r r i e r  p r o p e r t i e s  and, hence, o f  enhanc ing  t h e  t r a n s d e r m a l  p e r m e a t i o n  

o f  d rugs  ( 6 1 ) :  

1) P h y s i c a l  approach:  

a )  S t r a t u m  corneum s t r i p p i n g  

b )  S t r a t u m  corneum h y d r a t i o n  

c )  I o n t o p h o r e s i s  

d )  U1 t r a s o n i c  ene rgy  

e )  Thermal ene rgy  

2 )  Chemical  approach:  

a )  S y n t h e s i s  o f  l i p o p h i l i c  a n a l o g s  

b )  D e l i p i d i z a t i o n  o f  s t r a t u m  corneum 

c )  C o - a d m i n i s t r a t i o n  o f  s k i n  p e r m e a t i o n  enhancer  

3 )  B i o c h e m i c a l  approach:  

a )  S y n t h e s i s  o f  b i o c o n v e r t i b l e  p r o d r u g s  

b )  C o - a d m i n i s t r a t i o n  o f  s k i n  m e t a b o l i s m  i n h i b i t o r s  

Some examples o f  t h e  s u c c e s s f u l  approaches a r e  d i s c u s s e d  i n  t h e  

f o l l o w i n g  s e c t i o n s :  

A .  S k i n  Permea t ion  Enhancement b y  B i o c o n v e r t i b l e  P ro -d rugs  

P ro -d rugs  can be v iewed as t h e  t h e r a p e u t i c a l l y - i n a c t i v e  d e r i v a t i v e s  

o f  a t h e r a p e u t i c a l l y - a c t i v e  d r u g  w h i c h  undergo a b i o c o n v e r s i o n ,  e i t h e r  

b y  h y d r o l y t i c a l  o r  enzymat i c  t r a n s f o r m a t i o n ,  i n  a b i o l o g i c a l  e n v i r o n m e n t  
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6 30 C H I  EN 

Figure 28: Comparison in the steady-state plasma levels o f  nitroglycerin 
achieved by various TDD systems in relation to those by 
sublingual administration and i.v. infusion (plotted from 
the data in Ref. 24-26, 37, 48, 49, 52, 60 ) .  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 3 1  

F i g u r e  2 9 :  M u l t i l a y e r e d  s k i n  model showing t h e  enhancement i n  s k i n  

p e r m e a t i o n  o f  a d r u g  b y  f o r m i n g  a more s k i n  pe rmeab le  p r o -  

d rug .  I n  t h e  v i a b l e  e p i d e r m i s  l a y e r s ,  t h e  p r o - d r u g  i s  meta- 

b o l i z e d  and i t s  p a r e n t  d r u g  i s  t h e n  r e g e n e r a t e d .  

t o  r e g e n e r a t e  t h e  t h e r a p e u t i c a l l y - a c t i v e  p a r e n t  d r u g  p r i o r  t o  e x h i b i t i n g  

t h e i r  pha rmaco log ic  a c t i v i t i e s  ( 6 2 ) .  

The o b j e c t i v e  o f  a p p l y i n g  b i o c o n v e r t i b l e  p r o - d r u g  concep t  i n  t r a n s -  

dermal  c o n t r o l l e d  d r u g  d e l i v e r y  i s  t o  a l t e r  t h e  s k i n  p e r m e a b i l i t y  o f  

a d r u g  b y  m o d i f y i n g  i t s  p h y s i c o c h e m i c a l  p r o p e r t i e s  so as t o  g r e a t l y  enhance 

i t s  r a t e  o f  t r a n s d e r m a l  p e r m e a t i o n  ( 6 3 ) .  

Pro -d rugs  o f  a p o o r l y - s k i n - p e r m e a b l e  d r u g  n a y  be s y n t h e s i z e d  t o  

improve i t s  pe rcu taneous  a b s o r p t i o n  c h a r a c t e r i s t i c s .  D u r i n g  t h e  c o u r s e  

o f  s k i n  pe rmea t ion ,  t h e  p r o - d r u g s  a r e  t r a n s f o r m e d ,  by  t h e  m e t a b o l i c  p r o -  

cesses  w i t h i n  t h e  s k i n  t i s s u e ,  back t o  t h e  a c t i v e  p a r e n t  d r u g  ( F i g u r e  

29).  I n  o t h e r  words,  i f  an a c t i v e  d r u g  has a r a t h e r  l o w  a f f i n i t y  t o w a r d  

t h e  s k i n  and w i l l ,  t h e r e f o r e ,  n o t  e a s i l y  p a r t i t i o n  i n t o  i t  t o  any  s i g n i f i -  

c a n t  e x t e n t  f o r  pe rmea t ion .  The p a r t i t i o n  b e h a v i o r  o f  t h i s  d r u g  can 

be  improved  b y  s i m p l e  chemica l  m o d i f i c a t i o n  t o  f o r m  a l i p o p h i l i c  p r o - d r u g ;  

so, t h e  t r a n s p o r t  o f  t h e  d r u g  a c r o s s  t h e  s t r a t u m  corneum i s  s u b s t a n t i a l l y  

enhanced. Upon a b s o r p t i o n  and p e n e t r a t i o n  t h r o u g h  t h e  s k i n ,  t h e  p r o - d r u g  

i s  r a p i d l y  m e t a b o l i z e d  t o  r e g e n e r a t e  t h e  a c t i v e  p a r e n t  d rug .  One t y p i c a l  

example o f  such approach i s  t h e  e s t e r i f i c a t i o n  o f  l e s s - s k i n - p e r m e a b l e  

e s t r a d i o l  t o  f o r m  l i p o p h i l i c  e s t r a d i o l  e s t e r s  ( T a b l e  V I I I ) .  
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632 C H I E N  

TABLE V I I I :  CHEMICAL STRUCTURE OF ESTRADIOL AND I T S  PRO-DRUG TYPE ESTERS 

R, R, 

Estradiol - 1 7 - p  

Estradiol- 17 -Acetate 

Estradiol - 3,17 - Diacetate 

Estradiol- 17 - Valerate 

Estradiol- 17- Heptanoate 

Estradiol- 17 - Cypionate 

- H  - H  

-C-CH, -H  
I1 
0 

I \  I 1  
0 0 

-C-CCH,),- CH, - H  
I1 
0 

-C-CCH,),-CH, - H  
II 
0 

I I  
0 

-C-CH, -C-CH, 

-C-CH,- CH, 

-- I n  v i t r o  s k i n  p e r m e a t i o n  s t u d i e s  ( 6 3 )  demons t ra ted  t h a t  t h e  5 p r o d r u g -  

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

o f  s k i n  pe rmea t ion ,  by t h e  e s t e r a s e  i n  t h e  s k i n  t i s s u e ,  t o  r e g e n e r a t e  

e s t r a d i o l  ( F i g u r e  30) and t h e  r a t e  o f  r e g e n e r a t i o n  o f  e s t r a d i o l  f r o m  

i t s  e s t e r s ,  b y  b i o c o n v e r s i o n ,  was obse rved  t o  f o l l o w  t h e  o r d e r  o f :  

d i a c e t a t e > v a l e r a t e > h e p t a n o a t e > c y p i o n a t e > a c e t a t e .  The m e t a b o l i s m  o f  
e s t r a d i o l  e s t e r s  was f o u n d  t o  f o l l o w  a f i r s t - o r d e r  k i n e t i c s  and t h e  r a t e  

c o n s t a n t  f o r  t h e  enzymat i c  h y d r o l y s i s  o f  t h e  e s t e r  g r o u p  a t  3 r d  p o s i t i o n  

was obse rved  t o  be s u b s t a n t i a l l y  g r e a t e r  t h a n  a t  1 7 - e s t e r  g r o u p  (63 ,  

6 4 ) .  

Based on t h e  r e s u l t s  o f  s i m u l t a n e o u s  s k i n  p e r m e a t i o n  and b i o c o n v e r s i o n  

p r o f i l e s ,  a Transdermal  B i o a c t i v a t e d  Hormone D e l i v e r y  (TBHD) d e v i c e  was 
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 3 3  

0- R ,  

Figure 30: 

Estradiol-3,17- Diester 

Estradiol-17- Ester 

Estradiol 

Schematic illustration of the bioconversion of estradiol-3,17- 
diester, by the esterase in the cutaneous tissue, to estra- 
diol-17-ester, as the intermediate, and then to the biolog- 
ically-active estradiol (Reproduced from Valia et al., 1985). 

developed, using the microreservoir dissolution-controlled drug delivery 
system (Figure 171, for the transdermal control led delivery o f  estradiol 
esters ( 6 5 ) .  Using a hydrodynamically well-calibrated horizontal-type 
skin permeation cell (Figure 31), the in vitro drug release and skin 
permeation profiles o f  estradiol and its esters were investigated simulta- 
neously (Figure 32). Results demonstrated that estradiol and its esters 
are released from the TBHD device at a constant, zero-order rate profile 
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6 3 4  C H I  EN 

F i g u r e  31: Diagrammat ic  i l l u s t r a t i o n  o f  t h e  h y d r o d y n a m i c a l l y  w e l l - c a l i -  

b r a t e d  h o r i z o n t a l - t y p e  s k i n  p e r m e a t i o n  system used f o r  t h e  

s i m u l t a n e o u s  s t u d y  o f  t h e  c o n t r o l l e d  r e l e a s e  and t h e  s k i n  

pe rmea t ion  o f  e s t r a d i o l  e s t e r s  f r o m  t r a n s d e r m a l  b i o a c t i v a t e d  

hormone d e l i v e r y  (TBHD) system (Reproduced f r o m  Ch ien  e t  

a l . ,  1985).  

and t h e  r a t e  of  r e l e a s e  i n c r e a s e s  as e s t e r i f y i n g  t h e  h y d r o p h i l i c  O H  groups  

a t  3- and /o r  17- p o s i t i o n s  t o  fo rm a l i p o p h i l i c  e s t e r  ( F i g u r e  3 3 ) .  The 

r e l e a s e  r a t e  o f  e s t r a d i o l - 1 7 - e s t e r s  f rom t h e  l i p o p h i l i c  TBHD d e v i c e  was 

found  t o  be dependent upon t h e  a l k y l  c h a i n  l e n g t h  o f  t h e  e s t e r s  a t  1 7 t h  

p o s i t i o n .  

The s k i n  pe rmea t ion  s t u d i e s  sugges ted  t h a t  a l l  t h e  p r o d r u g - t y p e  

e s t e r s  o f  e s t r a d i o l ,  e x c e p t  e x t r a d i o l - 3 - a c e t a t e  and 3, 1 7 - d i a c e t a t e ,  

a r e  t o t a l l y  m e t a b o l i z e d  by t h e  e s t e r a s e  i n  t h e  v i a b l e  s k i n  t o  r e g e n e r a t e  

t h e  b i o l o g i c a l l y - a c t i v e  e s t r a d i o l  d u r i n g  t h e  c o u r s e  o f  s k i n  pe rm2a t ion  

( F i g u r e  3 4 ) .  The r a t e  o f  r e g e n e r a t i o n  o f  e s t r a d i o l  f r o m  t h e  e s t e r s  was 
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 3 5  

S T R A T U M  PAPILLARY BLOOD 
CORNEUM 1,AVER CIRCULATION 

I CAPILLARY I 
i N E T W O R K  I 

(PRC+DRUG) e 

(DRUG)---, 
t 

BIOCOWYtRSIOM 

I 
+ (PRO-DRUG)---- -- 

EPIDERMIS I DERMIS SUBDERMAL TISSUE 

F i g u r e  32: An expanded d iag ram t o  i l l u s t r a t e  t h e  s i m u l t a n e o u s  k i n e t i c s  

s t u d i e s  o f  t h e  r e l e a s e  and s k i n  pe rmea t ion  o f  p r o - d r u g s  

f r o m  TBHD system and o f  t h e  r e g e n e r a t i o n  o f  d r u g  b y  t h e  

enzymat i c  m e t a b o l i s m  o f  p rod rugs  (Reproduced f r o m  Ch ien  

e t  a l . ,  1985).  

480 

400 

320 

240 

160 

80 

0 
0 8 16 24 32 40 48 56 

Time (hours1 

F i g u r e  33: The c u m u l a t i v e  r e l e a s e  p r o f i l e s  o f  e s t r a d i o l  and i t s  e s t e r s  

f r o m  TBHD system. Key: E ( E s t r a d i o 1  ) ;  E A ( E s t r a d i o 1 -  

1 7 - a c e t a t e ) ;  ED( E s t r a d i o l - 3 ,  1 7 - d i a c e t a t e )  (Reproduced f r o m  

Ch ien  e t  a l . ,  1985) .  
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636 C H I  EN 
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F i g u r e  34: The t i m e  c o u r s e  f o r  t h e  r e g e n e r a t i o n  o f  e s t r a d i o l  f r o m  v a r i o u s  

e s t r a d i o l - 1 7 - e s t e r s ,  d u r i n g  t h e  c o u r s e  o f  s k i n  pe rmea t ion ,  

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

a d m i n i s t r a t i o n  o f  v a r i o u s  e s t r a d i o l  e s t e r - r e l e a s i n g  TBHD 

systems. EH( Es t r a d i o l  - 
17-heptanoate) ;  EC(Estradio1-17-cypionate). No u n m e t a b o l i z e d  

e s t e r  was d e t e c t a b l e  i n  t h e  dermal s o l u t i o n .  (Reproduced 

f r o m  Chien e t  a l . ,  1985) .  

Key: EV(  Es t r a d i o l  - 17-va l e r a  t e  ) ; 

a l s o  found t o  be dependent upon t h e  a l k y l  c h a i n  l e n g t h  ( T a b l e  I X ) .  The 

appearance o f  e s t r a d i o l  f r o m  d i a c e t a t e  and v a l e r a t e  a c h i e v e d  a r a t e  w h i c h  

i s ,  r e s p e c t i v e l y ,  4- and 2- f o l d s  g r e a t e r  t h a n  t h e  appearance r a t e  o f  

e s t r a d i o l  b y  s k i n  pe rmea t ion  a l o n e .  

B. S k i n  Permea t ion  Enhancement by Permea t ion  Promotors 

The s k i n  p e r m e a b i l i t y  o f  d rugs  can a l s o  be g r e a t l y  improved  b y  t r e a t -  

i n g  t h e  s t r a t u m  corneum s u r f a c e  w i t h  an a p p r o p r i a t e  s k i n  p e r m e a t i o n  p r o -  

m o t o r .  Some r e p r e s e n t a t i v e  c l a s s e s  o f  t h e  p o t e n t i a l  s k i n  p e r m e a t i o n  

p romoto rs  a r e  l i s t e d  i n  Tab le  X .  

The concep t  o f  p r o m o t i n g  t h e  s k i n  p e r m e a b i l i t y  o f  d r u g s  b y  s k i n  

pe rmea t ion  enhancers has r e c e n t l y  been a p p l i e d  i n  t h e  p r a c t i c e  o f  t r a n s -  
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T R A N S D E R M A L  DRUG D E L I V E R Y  S Y S T E M S  637  

TABLE I X :  APPEARANCE RATE PROFILES OF ESTRADIOL FOLLOWING 

TRANSDERMAL CONTROLLED ADMINISTRATION OF VARIOUS 

ESTRADIOL ESTERS FROM TRANSDERMAL BIOACTIVATED 

HORMONE DELIVERY SYSTEM 

Species 

E s t r a d i o l  ( E )  

E s t r a d i o l  E s t e r s  

E - D i a c e t a t e  

E -Ace ta te  

E - V a l e r a t e  

E-Heptanoate  

E -Cyp iona te  

Rate o f  Appearance 

(wg/cm2/hr f SD) 

0.117 * 0.027 

0.490 t 0.250 

0.057 f 0.013 

0.227 f 0.042 

0.061 * 0.013 

0.016 f 0.002 

TABLE X: SOHE REPRESENTATIVE CLASSES OF POTENTIAL SKIN PERMEATION PROMOTORS 

P 

CH3 
Alkyl Methyl Sulfoxide 

C H3 'C  H2 in 1 4 - R  Saturated Fatty1 Acid 
Alkyl Ester 

Unsaturated Fatty1 Acid H C = C H  
I 1  II 

CH3( CH2 InCH2 H2'CH2),C4-R Alkyl Ester 

1- Alkyl Azacyclo- 

Heptan-2-One 
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Skin- Permeability- Enhancing ( S P E )  

Transdermal Drug Delivery System 

/J”rug - impermeable 

backing laminate 

3 

C H I  EN 

Drug reservoir/polymeric matrix 

) S P E -  releasing adhesive mull i laminate 

Enhancer (s) 

F i g u r e  35: C r o s s - s e c t i o n a l  v iew  o f  a s k i n - p e r m e a b i l i t y - e n h a n c i n g  TDD 

system, showing v a r i o u s  m a j o r  s t r u c t u r a l  components 

(Reproduced f r o m  Ch ien  and Lee, 1985) .  

dermal c o n t r o l l e d  d r u g  d e l i v e r y  by  d e v e l o p i n g  a s k i n - p e r m e a t i o n - e n h a n c i n g  

( S P E )  T ransdermal  T h e r a p e u t i c  System ( F i g u r e  35 )  ( 6 6 ) .  T h i s  new t y p e  

o f  t r a n s d e r m a l  d r u g  d e l i v e r y  sys tem i s  c a p a b l e  o f  r e l e a s i n g  one o r  a 

c o m b i n a t i o n  o f  two o r  more s k i n  p e r m e a t i o n  enhancers  t o  t h e  s u r f a c e  o f  

s t r a t u m  corneum t o  m o d i f y  t h e  s k i n ’ s  b a r r i e r  p r o p e r t i e s ,  p r i o r  t o  t h e  

c o n t r o l l e d  d e l i v e r y  o f  t h e  a c t i v e  d rug ,  and t o  r e n d e r  t h e  s k i n  more perme- 

a b l e  t o  t h e  d r u g  ( F i g u r e  36 ) .  I n  v i t r o  s k i n  p e r m e a t i o n  s t u d i e s  i n  a 

h y d r o d y n a m i c a l l y  w e l l - c a l i b r a t e d  s k i n  p e r m e a t i o n  c e l l  ( F i g u r e  3 7 )  demon- 

s t r a t e d  t h a t  a d d i t i o n  o f  s i m p l e  p h a r m a c e u t i c a l  e x c i p i e n t s ,  l i k e  c a p r i c  

a c i d ,  a s t r a i g h t - c h a i n  s a t u r a t e d  f a t t y  a c i d ,  can  s u b s t a n t i a l l y  enhance 

t h e  t r a n s d e r m a l  pe rmea t ion  r a t e  o f  p r o g e s t e r o n e  and a1 so s i g n i f i c a n t l y  

reduce  t h e  d u r a t i o n  o f  t i m e  l a g ,  w h i l e  t h e  z e r o - o r d e r  s k i n  p e r m e a t i o n  

r a t e  p r o f i l e  i s  s t i l l  m a i n t a i n e d  ( F i g u r e  38) .  The e x t e n t  o f  enhancement 

i s  dependent  upon t h e  t y p e  o f  enhancer  used and i t s  c o n c e n t r a t i o n  i n  

t h e  a d h e s i v e  c o a t i n g  ( F i g u r e  3 9 ) .  

I n  a d d i t i o n  t o  p r o g e s t e r o n e ,  wh ich  i s  a r e l a t i v e l y  sk in -pe rmeab le  

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

f a t t y  a c i d ,  and o f  o l e i c  a c i d ,  a l o n g - c h a i n  u n s a t u r a t e d  f a t t y  a c i d  ( T a b l e  

X ) ,  a r e  a l s o  c a p a b l e  o f  p r o m o t i n g  t h e  r a t e  o f  s k i n  p e r m e a t i o n  f o r  t h e  

l e s s  permeab le  s t e r o i d a l  a n t i - i n f l a m m a t o r y  a g e n t s ,  l i k e  h y d r o c o r t i s o n e ,  

n o n s t e r o i d a l  a n t i - i n f l a m m a t o r y  d rugs ,  l i k e  i ndomethac in ,  and e s t r o g e n i c  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 6 3 9  

TDDs- - - -n 

I 
I 

I 

Papi l lary Blood 

I I 
I I 

I I I 

I Capi l lary 
I 

I I 
I I Ne twork  

S t r a t u m  
Corneum L a y e r  Circulat ion 

I 
I 

SPE-Releasing 
Adhesive L a y e r s  

I L - -  

I 
I 
I 

Drug Reservo i r  Compartment 

k U p t a k e  

t + 

Dermis  Subdermal  Tissue 

Skin Permeation-Limited 

F i g u r e  36: An expanded d i a g r a m  w h i c h  i l l u s t r a t e s  t h e  c o n c e p t  o f  e n h a n c i n g  

t h e  s k i n  p e r m e a t i o n  o f  d r u g s  by  f i r s t  r e l e a s i n g  one o r  more 

enhancers  t o  s k i n  s u r f a c e  t o  m o d i f y  p e r m e a b i l i t y  

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

d e l i v e r y  o f  a t h e r a p e u t i c a l l y - a c t i v e  d rug .  
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640 C H I E N  

A I R  
DONOR COMPARTMEN 

J SAMPLING PORT 

TRANSDERMAL SYSTEM 

RECEPTOR COMPARTMENT 
( cel I body 1 

WATER OUT 

WATER JACKET 

STAR-HEAD MAGNET 
37OC WATER IN 

F i g u r e  37: Diagrammat ic  i l l u s t r a t i o n  o f  a h y d r o d y n a m i c a l l y  w e l l - c a l i -  

b r a t e d  v e r t i c a l - t y p e  s k i n  pe rmea t 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  ar rangement :  A donor  

compartment,  w h i c h  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,  wh ich  i s  m a i n t a i n e d  a t  37°C by 

c i r c u l a t i n g  a t h e r m o s t a t e d  w a t e r  t h r o u g h  t h e  s u r r o u n d i n g  

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  c o n s t a n t  by a T e f l o n - c o a t e d  s t a r h e a d  

magnet r o t a t i n g  a t  600 rpm b y  a synchronous m o t o r  mounted 

d i r e c t l y  undernea th  t h e  c e l l  moun t ing  b l o c k .  One u n i t  o f  

t h e  s k i n - p e r m e a t i o n  enhanc ing  (SPE) Transdermal  T h e r a p e u t i c  

System i s  mounted between t h e  donor  and r e c e p t o r  compartments 

w i t h  i t s  SPE- re leas ing  adhes ive  l a y e r  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 t r a t u m  corneum s u r f a c e  (Reproduced f r o m  Keshary 

e t  a l . ,  1985). 

s t e r o i d s ,  l i k e  e s t r a d i o l  ( T a b l e  X I ) .  The enhancement i n  s k i n  p e r m e a b i l i t y  

appears t o  be dependent upon t h e  a l k y l  c h a i n  l e n g t h  and t h e  t e r m i n a l  

c a r b o x y l i c  g roup  o f  t h e  s t r a i g h t - c h a i n  f a t t y  a c i d  ( F i g u r e  3 9 ) .  

No t  o n l y  t h e  e s t e r s  o f  s a t u r a t e d  and u n s a t u r a t e d  f a t t y  a c i d s ,  azone 

and decy lme thy l  s u l f o x i d e  a r e  a l s o  v e r y  e f f e c t i v e  i n  i m p r o v i n g  t h e  s k i n  

p e r m e a b i l i t y  o f  d rugs  ( T a b l e  X I  and F i g u r e  40 ) .  R e s u l t s  appear  t o  sugges t  

t h e  p o s s i b l e  e x i s t e n c e  o f  a r e l a t i o n s h i p  between t h e  s k i n  p e r m e a b i l i t y  

enhancement o f  a d r u g  and i t s  m o l e c u l a r  s t r u c t u r e  as w e l l  as t h e  t y p e  

o f  p romoto r  used. A s y n e r g i s t i c  e f f e c t  i n  s k i n  p e r m e a b i l i t y  enhancement 
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T R A N S D E R M A L  DRUG D E L I V E R Y  S Y S T E M S  

Capric Acid/ Progesterone/Hairless Mouse Skin 

641  
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F i g u r e  38: Enhancement i n  t h e  s k i n  p e r m e a t i o n  p r o f i l e s  of  p r o g e s t e r o n e  

by  v a r i o u s  c o n c e n t r a t i o n s  o f  c a p r i c  a c i d ,  a s t r a i g h t - c h a i n  

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

l a y e r  (Reproduced f r o m  Ch ien  e t  a l . ,  1986). 

c o u l d  be a c h i e v e d  b y  i n c o r p o r a t i n g  a c o m b i n a t i o n  o f  two o r  more enhancers  

i n  t h e  a d h e s i v e  l a y e r s .  

The mechanisms o f  a c t i o n  o f  v a r i o u s  s k i n  p e r m e a t i o n  enhancers  may 

be a t t r i b u t e d  t o  t h e i r  a c t i v i t y  on  l i p o p h i l i c  l i p i d  m a t r i x  a n d / o r  

h y d r o p h i l i c  p r o t e i n  g e l  i n  t h e  s t r a t u m  corneum ( 6 1 , 6 7 ) .  
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6 4 2  C H I  EN 
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F i g u r e  39: Dependency o f  t h e  enhancement f a c t o r  f o r  t h e  s k i n  p e r m e a t i o n  

o f  p r o g e s t e r o n e  on  t h e  a l k y l  c h a i n  l e n g t h  ( n )  o f  t h e  s t r a i g h t -  

c h a i n  s a t u r a t e d  f a t t y  a c i d  and i t s  p r o p y l  e s t e r  (Reproduced 

f r o m  Chien e t  a l . ,  1986) 

The enhancement f a c t o r  i s  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  

r e l a t i o n s h i p :  

(Norma l i zed  s k i n  pe rmea t ion  ra te lenhancer  

Factor = (Norma l i zed  s k i n  pe rmea t ion  rate= 

C .  F a c i l i t a t e d  Transdermal Pe rmea t ion  by I o n t o p h o r e s i s  

The t ransderma l  pe rmea t ion  o f  p e p t i d e  d r u g s  r e c e i v e d  l i m i t e d  a t t e n t i o n  

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

o l d  b e l i e f  t h a t  a d r u g  w i t h  m o l e c u l a r  mass as l a r g e  as p e p t i d e s  o r  p r o t e i n s  

i n  comb ina t ion  w i t h  t h e i r  s h o r t  b i o l o g i c a l  h a l f - l i f e ,  p o l a r  p r o p e r t i e s  

and chemical  i n s t a b i l i t y ,  s k i n  p e r m e a b i l i t y  would be  i n s i g n i f i c a n t  ( 6 8 ) .  
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TRANSDERMAL DRUG DELIVERY SYSTEMS 
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F i g u r e  40: Dependency o f  t h e  enhancement f a c t o r  f o r  t h e  s k i n  p e r m e a t i o n  

o f  p r o g e s t e r o n e  on t h e  c o n c e n t r a t i o n  o f  v a r i o u s  s k i n  

pe rmea t ion  enhancers (Reproduced f r o m  Ch ien  e t  a l . ,  1986) .  

f-lost r e c e n t l y ,  t h e  t r a n s d e r m a l  d e l i v e r y  o f  p e p t i d e  d rugs ,  l i k e  i n -  

s u l i n ,  has become f e a s i b l e  by t h e  a p p l i c a t i o n  o f  i o n t o p h o r e s i s  ( 6 9 ) .  

The r e s e a r c h  c a r r i e d  o u t  i n  t h i s  Research Cen te r  has demons t ra ted  t h a t  

t h e  r a t e - l i m i t i n g  f u n c t i o n  o f  s t r a t u m  corneum can be overcome by i o n t o -  

p h o r e s i s  and some o f  t h e  p o l a r  and p e p t i d e  d r u g s  can be s u c c e s s f u l l y  

d e l i v e r e d  t ransderma l  l y  t o  produce a sys temic  t h e r a p e u t i c  e f f e c t  (70 ,  

7 1 ) .  One t y p i c a l  r e s u l t  on t h e  i o n t o p h o r e t i c  t r a n s d e r m a l  a d m i n i s t r a t i o n  

o f  p o l a r  and p e p t i d e  drugs,  l i k e  i n s u l i n ,  i s  shown i n  F i g u r e  41. The 

mechanism o f  t ransderma l  i o n t o p h o r e t i c  d e l i v e r y  o f  p o l a r  and p e p t i d e  

d rugs  i s  d i a g r a m a t i c a l l y  i l l u s t r a t e d  i n  F i g u r e  42. 

X .  Conclusion 
The f u t u r e  o f  t r a n s d e r m a l  r a t e - c o n t r o l l e d  d r u g  d e l i v e r y  i n  m e d i L i n e  

i s  u n d o u b t e d l y  b r i g h t .  The scope o f  t h e  b i o m e d i c a l  a p p l i c a t i o n s  o f  t h i s  
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Figure 41: Blood glucose levels in the hairless rats before and after 
the injection of streptozotocin (sz) to induce diabetes. 
(0) healthy controls, (A) diabetic controls, (0 )  Diabetic 
hairless rats treated with insulin by transdermal ionto- 
phoretic delivery of insulin (4mA,  80 min.) (Reproduced 
from Siddiqui et al, 1986). 
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Figure 42: Schematic illustration of the mechanism involved in the 
transdermal iontophoretic delivery of polor or peptide drugs. 
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