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ABSTRACT 

The me hanisms and the ra tes  o f  skin permeation f 

nitroglycerin delivered by four transdermal therapeutic systems 

were investigated using hair less  mouse skin mounted on a 

newly-developed and we1 l-cal i brated Keshary-Chien skin permeation 

system. Experiments were carried o u t  t o  ident i fy  and characterize 

the rate-control1 i n g  roles o f  stratum corneum, control led-release 

d rug  delivery system and dermal solution sink i n  the transdermal 

controlled administration of nitroglycerin.  

*To whom a l l  the correspondence and proofs should be directed.  
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1664 KESHARY AND CHIEN 

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

r a t e - l i m i t i n g  f u n c t i o n  i n  t h e  permeat ion o f  n i t r o g l y c e r i n  across 

an i n t a c t  sk in ,  y i e l d i n g  a c o n s t a n t  s k i n  permeat ion p r o f i l e ,  

i . e . ,  a l i n e a r  Q vs. t r e l a t i o n s h i p .  The r a t e  o f  s k i n  permeat ion 

cou ld  va ry  as g r e a t  as f o u r  f o l d s  f rom 44.7 mcg/cm / h r  f o r  

2 N i t r o d i s c  system t o  11.2 mcg/cm / h r  f o r  Deponi t  system. Wi thou t  

t h e  med ia t i on  o f  t randermal  d e l  i v e r y  system, pure n i t r o g l y c e r i n  

had a s k i n  permeat ion r a t e  o f  41.4 mcg/cm / h r .  

2 

2 

As t h e  r a t e - 1  i m i t i n g  s t r a t u m  corneum l a y e r s  were s u c c e s s i v e l y  

removed by s t r i p p i n g  technique,  t h e  r a t e  o f  s k i n  permeat ion 

increased i n  p r o p o r t i o n  t o  t h e  number o f  s t r i p p i n g s  u n t i l  a p l a t e a u  

r a t e  was a c h i e v e d ’ a f t e r  s t r i p p i n g  f o r  10 t imes  o r  more. A s  t h e  

s t ra tum corneum was t o t a l l y  e l i m i n a t e d ,  t h e  v i a b l e  s k i n  was exposed 

and t h e  mechanism and t h e  r a t e  o f  s k i n  permeat ion became dominated 

by t h e  mechanism and t h e  r a t e  o f  d rug  r e l e a s e  f rom t h e  t ransdermal  

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

Maintenance o f  dermal s o l u t i o n  s i n k  was a l s o  found t o  be 

c r u c i a l  t o  t h e  t ransdermal  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  

n i t r o g l y c e r i n .  The r a t e  o f  b lood  f l o w  i n  t h e  dermal 

m i c r o c i r c u l a t i o n  network was t o o  observed t o  p l a y  a r a t e - l i m i t i n g  

e f f e c t  on t h e  s k i n  permeat ion o f  n i t r o g l y c e r i n .  

INTRODUCTION 

Recent ly,  t h e  p o t e n t i a l  o f  u s i n g  r e a d i l y  a c c e s s i b l e  organ, 

l i k e  t h e  sk in ,  f o r  t ransdermal  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  
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NITROGLYCERIN ADMINISTRATION. I1 1665 

systemical ly-active drugs was increasingly appreciated. In 

addition to other benefits, the transdermal route of administration 

can also achieve a prolonged therapeutic effect, while bypassing 

the gastrointestinal and hepatic first-pass eliminations. The 

interests and activities in this new spectrum of Pharmaceutical 

R & D have been greatly promoted following the simultaneous 

development and successful marketing of three technologically 

different control led-release transdermal drug delivery systems: 
1 3 Ni trodisc system , Ni tro-Dur system' and Transderm-Ni tro system . 

All these systems administer a controlled daily dose of a century 

old, extensively hepatica1 ly metabolized and short-acting drug, 

nitroglycerin, through an intact skin for at least 24 hours (1). 

The epidermis has been consistently found to determine the 

overall extent of percutaneous absorption. For example, most 

water-soluble, low-molecular-weight nonelectrolytes applied to 

the skin surface could diffuse into the blood stream at a rate 

approximately 1000 times more rapidly if the epidermis were 

diseased, damaged or removed (2). A s  early as 1951, Berenson 

and Burch ( 3 )  proved, by conducting water permeability experiments 

on isolated epidermis and stratum corneum, that the horny layer 

of the skin is the principal permeability barrier, at least with 

respect to water. 

In the transdermal controlled administration of drugs, a 

control led-release transdermal therapeutic system is applied 

onto and administers a drug at a predetermined rate to the surface 
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1666 KESHARY AND CHIEN 

o f  the skin; the drug then penetrates through the  s k i n  t o  the 

under ly ing m i c r o c i r c u l a t i o n  network,, thus en te r ing  the  systemic 

c i r c u l a t i o n  ( 4 ) .  Hence, i t  i s  c r i t i c a l l y  impor tant  t o  understand 

the  con t ro l l ed  d e l i v e r y  o f  a drug from a transdermal therapeut ic  

system i n  r e l a t i o n  t o  the  sk in  permeation o f  t he  drug a f t e r  

release, where are t h e  r a t e - l i m i t i n g  s teps i n  determin ing the  

o v e r a l l  r a t e  o f  transdermal drug admin is t ra t ion ,  and how the  

mechanism and r a t e  o f  drug d e l i v e r y  may a f f e c t  t he  transdermal 

b ioavai  1 ab i  1 i t y  o f  a drug. 

The technique most f requen t l y  employed f o r  the  measurement 

o f  sk in  permeation o f  a drug i s  the  i n - v i t r o  system w i t h  an excised 

sk in  mounted on a d i f f u s i o n  c e l l .  Franz ( 5 )  designed a specia l  

d i f f u s i o n  c e l l  f o r  t he  i n - v i t r o  s tudy o f  percutaneous absorpt ion 

o f  compounds under a f i n i t e - d o s i n g  cond i t i on  t o  s imulate the  

c l i n i c a l  cond i t ions .  The d i f f u s i o n  c e l l  i s  c u r r e n t l y  marketed 

as Franz D i f f u s i o n  Ce l l  , i n  which a sk in  sample i s  sandwiched 

between a donor and a receptor  compartments w i t h  t h e  s t ra tum 

corneum s ide  fac ing  upwards i n t o  the  open donor compartment and 

the  dermis towards the  thermostated receptor  s o l u t i o n .  A drug 

o r  a drug dosage form i s  then app l ied  on to  the  s t ra tum corneum 

and samples o f  the receptor  s o l u t i o n  are withdrawn a t  scheduled 

t ime i n t e r v a l s  and assayed f o r  drug concentrat ion.  

4 

Over the  years o f  use o f  the Franz d i f f u s i o n  c e l l  f o r  s tudy ing 

the  sk in  permeation o f  drugs, several de f i c ienc ies  were discovered 

( 6 ) .  I t  was observed t h a t  t h i s  c e l l  design could n o t  achieve 
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NITROGLYCERIN ADMINISTRATION. I1 1667 

t h e  s o l u t i o n  hydrodynamics and temperature c o n t r o l  needed f o r  

accu ra te  e v a l u a t i o n s  o f  s k i n  permeat ion k i n e t i c s .  To s t u d y  t h e  

k i n e t i c s  and mechanisms o f  s k i n  permeat ion,  a new f i n i t e - d o s i n g  

s k i n  permeat ion system, c a l l e d  Keshary-Chien S k i n  Permeat ion 

C e l l  was developed i n  t h i s  l a b o r a t o r y  t o  overcome these  

d e f i c i e n c i e s  and t o  accompl ish t h e  s o l u t i o n  hydrodynamics and 

temperature c o n t r o l  r e q u i r e d  ( 6 ) .  I n  t h i s  i n v e s t i g a t i o n ,  t h e  

we1 1-ca l  i b r a t e d  Keshary-Chien (K-C) s k i n  permeat ion c e l l  ( F i g u r e  

1) was u t i l i z e d  t o  i n v e s t i g a t e  t h e  mechanisms and t h e  r a t e - l i m i t i n g  

s teps i n v o l v e d  i n  t h e  process o f  t ransdermal  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  n i t r o g l y c e r i n  f rom v a r i o u s  t ypes  o f  

c o n t r o l  l e d - r e l e a s e  t ransdermal  t h e r a p e u t i c  systems. The r e s u l t s  

w i l l  be analyzed and d iscussed i n  t h i s  r e p o r t .  

EXPERIMENTAL 

A .  M a t e r i a l s  

1. Chemicals and s o l v e n t s :  

a. N i t r o g l y c e r i n :  Pure n i t r o g l y c e r i n  was e x t r a c t e d  

f rom t h e  10% n i t r o g l y c e r i n - l a c t o s e  t r i t u r a t e ’  by 

d i s s o l v i n g  t h e  t r i t u r a t e  i n  an excess amount o f  

d i s t i l  l e d  water  and then c o l l e c t i n g  t h e  n i t r o g l y c e r i n  

p r e c i p i t a t e  s e t t l e d  a t  t h e  bottom. The p u r i t y  o f  

t h e  e x t r a c t e d  n i t r o g l y c e r i n  was determined by USP 

Pheno ld i su lphon ic  a c i d  method . 6 

7 b. Methanol :  Glass d i s t i l l e d  HPLC grade . 
c. Water: HPLC grade prepared f r e s h l y  b y  “Nanopure” 
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1668 KESHARY AND CHIEN 

8 system . 
9 d. Polyethylene Glycol 400 . 

e. Sodium Chloride . 9 

2. Transderma 1 N i trogl yceri n- re 1 eas i ng Therapeutic Sys tems : 
2 1  a. Nitrodisc system (16mg/8cm ) 

b. Nitro-Dur system (51mg/10cm ) 

c. Transderm-Nitro system (25rng/lOcm ) 

d. 

2 2  

2 3  

2 10 Deponi t system (16mg/16cm ) 

3. Animals: 

Male hairless mice of HRS/J strain" were used in the 

investigation. They were provided with free access to 

food and water. The bedding was changed at least once 

a week. The age o f  mice was controlled at 5 - 7 week 

old. 

B. Preparations 

1. Preparation of Intact Skin 

Immediately following sacrifice by cervical dislocation 

of spinal cord, a 3.5cm x 3.5 cm portion of the full-thickness 

abdominal skin was carefully excised. The dermal side of the 

skin was cleaned of any adhering subcutaneous tissue and/or blood 

vessel s. 

2. Preparation of Stripped Skin 

Immediately following sacrifice by cervical dislocation, 

the abdominal region of the hairless mouse was stripped with 
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NITROGLYCERIN ADMINISTRATION. I1 1669 

12 ce l lophane tape . The mouse was secured on a d i s s e c t i n g  board 

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

and moving t h e  thumb back and f o r t h  a few t i m e s  w i t h  a u n i f o r m  

pressure and then  p u l l  o f f  t h e  tape ( 7 ) .  A f r e s h  p i e c e  o f  tape 

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

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

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

t h e  s k i n  su r face .  

3. P r e p a r a t i o n  o f  Dermal S o l u t i o n  

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

400 was prepared and used as t h e  dermal s o l u t i o n  i n  t h e  r e c e p t o r  

compartment o f  K-C s k i n  permeat ion system ( F i g u r e  1). The aqueous 

s o l u b i l i t y  o f  n i t r o g l y c e r i n  (1.8 mg/ml) was improved b y  t h e  

i n c o r p o r a t i o n  o f  20% w/w p o l y e t h y l e n e  g l y c o l  400 (3.2 mg/ml) 

t o  m a i n t a i n  an e f f e c t i v e  s i n k  c o n d i t i o n ,  which s i m u l a t e s  t h e  

b i o l o g i c a l  s i n k  achieved by hemoperfusion. 

C. S k i n  Permeat ion o f  N i t r o g l y c e r i n  f rom Transdermal Therapeu t i c  

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

1. I n t a c t  s k i n  w i t h  t h e  presence o f  dermal s o l u t i o n  s i n k  

The f u l l - t h i c k n e s s  s k i n  ( w i t h  s t r a t u m  corneum i n t a c t )  prepared 

f r e s h l y  as o u t l i n e d  above ( s e c t i o n  B - 1 )  was mounted on t h e  r e c e p t o r  

compartment o f  t h e  K-C s k i n  permeat ion c e l l ,  w i t h  t h e  s t r a t u m  

corneum s i d e  f a c i n g  upward and t h e  dermis s i d e  f a c i n g  downward 

i n t o  t h e  r e c e p t o r  compartment. A u n i t  o f  t h e  t ransdermal  

n i t r o g l y c e r i n - r e l e a s i n g  p a t c h  was p l a c e d  on to  t h e  s k i n  w i t h  t h e  
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I M P R O V E D  F R A N Z  DIFFUSION CELL 

by KESHARY / C H I E N  

A l  R 

KESHARY AND CHIEN 

DONOR COMPARTMEN 
J S A M P L I N G  PORT 

TRANSDERMAL SYSTEM 

WATER OUT RECEPTOR COMPARTMENT 
( cell body 1 

WATER lACKET 

STAR-HEAD M A G N E T  
37OC WATER IN 

Figure 1: Diagrammatic i l l u s t r a t i o n  o f  one u n i t  o f  the 

Keshary-Chien (K-C) sk in  permeation c e l l .  

drug-releasing d i sc  i n  i n t ima te  contac t  w i t h  the  s t ra tum corneum. 

The donor compartment was placed over the  transdermal therapeut ic  

system and the  whole assembly was then secure ly  clamped together  

(F igure 1). I n  the  case where the  s k i n  permeation o f  pure 

n i t r o g l y c e r i n  was studied, a 20 ~1 (about 32 mg) o f  t he  pure 

n i t r o g l y c e r i n  was evenly  spread over a 2.72 cm2 sur face area 

o f  the sk in .  To prevent any poss ib le  d r o p l e t  fo rmat ion  o f  the  

1 i q u i d  n i t r o g l y c e r i n  app l ied  (i .e. uneven spreading) on the  stratum 

corneum due t o  t he  r e l a t i v e l y  h igh  i n t e r f a c i a l  tens ion  between 

the stratum corneum and the  pure n i t r o g l y c e r i n ,  a paper d i s c  

(2.72 cm ) was c u t  from a s i n g l e  p l y  o f  Kimwipe paper13 and used 

as the ma t r i x  t o  achieve a homogeneous spreading o f  l i q u i d  

n i t r o g l y c e r i n .  Th is  technique produced a ra the r  even contac t  

2 
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NITROGLYCERIN ADMINISTRATION. I1 1671 

of the pure nitroglycerin with the skin surface and at the same 

time a precise estimate of the area of application, which is 

very crucial in the calculation of skin permeation profile (in 

mg/cm ), can be made. To avoid any potential loss of the 

nitroglycerin dose from the skin surface due to evaporation, 

entire skin surface was covered with aluminum foil . The donor 

cap was then placed over and the whole assembly was tightly clamped 

toget her. 

2 

14 

Following the application o f  a transdermal therapeutic system 

or the pure nitroglycerin on the skin, the saline solution 

containing 20% w/w polyethylene glycol 400 at 37°C was introduced 

into the receptor compartment, which was thermostatically 

controlled at 37°C by a circulating waterbath At the meantime, 

the donor compartment was maintained at the ambient temperature 

of 25+1"C. 

15 . 

At a predetermined time interval, one ml sample was withdrawn 

from the receptor solution, which was replaced immediately with 

the same volume of the PEG/saline solution to keep the volume 

in the receptor compartment constant and a l s o  to ensure an intimate 

contact between the dermal surface of the skin and the receptor 

solution. The concentration of nitroglycerin in the sample was 

determined by a sensitive HPLC method described later. 

2. Stripped Skin in the Presence of Dermal Solution Sink 

The stripped skin prepared freshly as outlined above (Section 

8-2) was mounted onto the receptor compartment of the K-C skin 
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1672 KESHARY AND CHIEN 

permeat ion system. A u n i t  o f  t h e  t ransdermal  t h e r a p e u t i c  system 

o r  a dose (32 mg) of pure n i t r o g l y c e r i n  was a p p l i e d  o n t o  t h e  

s k i n  i n  t h e  same manner as d e s c r i b e d  above f o r  t h e  I n t a c t  s k i n  

(Sec t i on  C - 1 ) .  The r e c e p t o r  compartment was a l s o  f i l l e d  w i t h  

t h e  s a l i n e  s o l u t i o n  c o n t a i n i n g  20% w/w p o l y e t h y l e n e  g l y c o l  400 

a t  37°C. A t  a predetermined t i m e  i n t e r v a l ,  t h e  e n t i r e  volume 

o f  t h e  r e c e p t o r  s o l u t i o n  was withdrawn and immed ia te l y  rep laced  

w i t h  t h e  same volume o f  t h e  f r e s h ,  d r u g - f r e e  PEG/saline s o l u t i o n  

t o  m a i n t a i n  t h e  s i n k  c o n d i t i o n  r e q u i r e d .  The c o n c e n t r a t i o n  o f  

n i t r o g l y c e r i n  i n  t h e  sample was determined b y  t h e  HPLC method 

desc r ibed  l a t e r .  

3. I n t a c t  S k i n  Wi thou t  t h e  Presence o f  Dermal S o l u t i o n  S ink  

The same procedure as desc r ibed  above (Sec t i on  C - 1 )  f o r  

t h e  i n t a c t  s k i n  w i t h  t h e  presence o f  dermal s o l u t i o n  s i n k  was 

used, except  t h a t  no s a l i n e  s o l u t i o n  was f i l l e d  i n t o  t h e  r e c e p t o r  

compartment and a u n i t  o f  N i t r o - D u r  system was a p p l i e d  f o r  6, 

12, 18 o r  24 hours.  

A t  t h e  comp le t i on  o f  each a p p l i c a t i o n ,  t h e  t ransdermal  

t h e r a p e u t i c  system was removed and t h e  amount o f  n i t r o g l y c e r i n  

depos i ted  on t h e  s k i n  su r face  and bound t o  t h e  s k i n  t i s s u e  was 

analyzed by an assay procedure desc r ibed  l a t e r .  

4. V iab le  S k i n  w i t h  V a r i a b l e  Dermal S o l u t i o n  S ink  

The same procedure as d e s c r i b e d  above ( S e c t i o n  C-2) was 

used, except  t h a t  t h e  r e c e p t o r  s o l u t i o n  was withdrawn a t  v a r i o u s  
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1673 NITROGLYCERIN ADMINISTRATION. I1 

rates, ranging from 0.5 m1/3 hrs to 12 m1/3 hrs, to achieve 

different levels o f  skin condition. In this study, Nitro-Dur 

system and 25x stripped skin were used. 

D. Release Profiles of Nitroglycerin from the Transdermal 

Therapeutic Systems 

In these studies, experiments were conducted without the 

skin sample sandwiched between the donor and receptor compartments. 

A unit of a transdermal therapeutic system was directly mounted 

between the donor and the receptor compartments of the K-C skin 

permeation system and the whole assembly was then clamped together. 

The saline solution containing 20%w/w Polyethylene Glycol 400 

was introduced into the receptor compartment. At a predetermined 

time interval, the receptor solution was completely removed and 

replaced with the same volume of drug-free PEG/saline solution 

at 37OC. In this way the required sink condition was maintained. 

Concentration of nitroglycerin in the sample was then determined 

by the HPLC method described later. 

E. Determination of Residual Nitroglycerin on Skin Surface 

This was done at the end of each skin permeation experiment. 

A single piece o f  kimwipe paper13 was folded a few times and 

used to carefully wipe dry the nitroglycerin residue from the 

skin surface. Nitroglycerin in the Kimwipe paper was dissolved 

in 5 ml of methanol by vortexing for 2 minutes . The 

concentration of nitroglycerin in the methanol was determined 

by the HPLC method described later. 

16 
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1674 KESHARY AND CHIEN 

F. De te rm ina t ion  o f  N i t r o g l y c e r i n  Bound t o  S k i n  

A f t e r  t h e  s k i n  s u r f a c e  was wiped d r y ,  t h e  area o f  s k i n  which 

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

t ransdermal t h e r a p e u t i c  system was c a r e f u l l y  c u t  o u t  and i t s  

dermal su r face  was wiped d r y  o f  any adher ing  s o l u t i o n  w i t h  kimwipe 

paper. The s k i n  sample was then homogenized, u s i n g  a p o l y t r o n  

homogenizer , i n  10 m l  o f  methanol .  D u r i n g  homogenizat ion,  

t h e  temperature o f  t h e  sample was ma in ta ined  c o l d  by su r round ing  

i t  i n  crushed i c e  t o  p r e v e n t  any p o s s i b l e  loss o f  n i t r o g l y c e r i n  

18 due t o  t h e  hea t  generated. 

a t  2500 rpm f o r  5 minutes.  The c l e a r  superna tan t  was separated 

and then assayed f o r  n i t r o g l y c e r i n  b y  HPLC. 

17 

Homogenized s k i n  was then c e n t r i f u g e d  

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

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

performance 1 i q u i d  c h r o m a t ~ g r a p h l ~  equipped w i t h  a v a r i a b l e  

wavelength d e t e c t o r ,  an au tomat i c  sampler, a va r iab le -vo lume 

i n j e c t o r ,  a dual-head r e c i p r o c a t i n g  pump and a dual  s o l v e n t  system 

was used. Using a combinat ion o f  methanol and wa te r  a t  a r a t i o  

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

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

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

phase column" and de tec ted  a t  a wavelength o f  205 nm. 

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

produced a v e r y  sharp, c l e a r  a b s o r p t i o n  peak a t  a r e t e n t i o n  t ime  

o f  4.9 min., w h i l e  t h e  two p r i m a r y  deg rada t ion  p roduc ts ,  1,2- 
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NITROGLYCERIN ADMINISTRATION. I1 1675 

and 1,3- dinitroglycerin, had yielded characteristic peaks at 

retention time of 3.1 and 2.9 min., respectively ( 8 ) .  This 

stabil ity-indicating method has a detection sensitivity of 75-100 

ng/ml for nitroglycerin. 

H. Data Analysis 

From the concentration profiles of nitroglycerin in the 

receptor solution, the flux (in mg/cm ) of skin permeation was 

calculated using a computer program and then plotted as a function 

of time (in hours) or square root of time (in square root of 

hours). 

2 

The amount of nitroglycerin bound to skin was calculated 

as the amount per skin volume (mg/cm ) .  The literature value 

on the thickness of the abdominal skin with and without the stratum 

corneum was used to calculate the volume of the intact and viable 

skins ( 4 ) .  

3 

The residual amount of nitroglycerin on the skin surface 

was calculated as mg/cm2 of skin surface area in contact with 

the drug-releasing disc of the transdermal therapeutic system. 

RESULTS AND DISCUSSION 

A. Assessment of the Rate-controllinq Role of Stratum Corneum 

The rate-controlling role of stratum corneum in the skin 

permeation o f  nitrogfycerin was evaluated by successively stripping 

various layers of stratum corneum using Scotch tape stripping 

technique (7). To minimize any potential complication from the 
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1676 USJURY AND CHIEN 

TRANSDERM NITRO SYSTEM 

RELEASE KINETICS 

s -r- +I 2.5 
“E 

0 W 
ln 

3 

$ 0 4 8 12 16 20 
0 

TIME lhoursl 

WHOLE SKIN 

P 
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. P  
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4 8 1 2 1 6 2 0 2 4  

TIME (hours) 

yl4BLE SKIN 

F 
2.0 1 
1.5 . 

1.0 . 

0.5 . 

0 4 8 12 16 20 24 

TIME (hours) 

F igu re  2: Release and s k i n  permeat ion p r o f i l e s  o f  n i t r o g l y c e r i n  

f rom Transderm-Ni t r o  system. N i t r o g l y c e r i n  re leased  

f rom Transderm-Ni t r o  system a t  ze ro -o rde r  r a t e  o f  

94.6 (24.1) mcg/cm / h r  ( A )  and p e n e t r a t e d  th rough  

t h e  h a i r l e s s  mouse s k i n  a l s o  a t  ze ro -o rde r  k i n e t i c s  

w i t h  permeat ion r a t e  o f  23.6 (22.9) mcg/cm / h r  f o r  

i n t a c t  s k i n  (B) and o f  71.5 (k5.6) mcg/cm / h r  f o r  

t h e  s k i n  a f t e r  s t r i p p i n g  25 t imes  (C),  Each da ta  p o i n t  

rep resen ts  t h e  mean va lue  2 one s tandard  d e v i a t i o n  

o f  4 de te rm ina t ions .  

2 

2 

2 

drug  re lease  mechanism o f  a d r u g  d e l i v e r y  system, a membrane 

permeat ion-contro l  l e d  d rug  d e l i v e r y  system w i t h  ze ro -o rde r  d rug  

re lease  k i n e t i c s ,  l i k e  Transderm-Ni t ro  system ( F i g u r e  2), was 

f i r s t  used t o  s tudy  t h e  e f f e c t  o f  s t r a t u m  corneum s t r i p p i n g  on 
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NITROGLYCERIN ADMINISTRATION. I1 

0 5 10 15 20 25 

NUMBER OF STRIPPING 

F i g u r e  3: E f f e c t  o f  success ive s t r i p p i n g  on t h e  

permeat ion (Q/t) o f  n i t r o g l y c e r i n  across 

1677 

r a t e  o f  

h a i r l e s s  

mouse s k i n .  The p l a t e a u  l e v e l  o f  72.4 (+1 

mcg/cm / h r  was reached a f t e r  s t r i p p i n g  f o r  10 

25 t imes .  Each da ta  p o i n t  rep resen ts  t h e  mean va 

t one standard d e v i a t i o n  o f  4 de te rm ina t ions .  

2 
2) 

t o  

ue 

t h e  s k i n  permeat ion r a t e  p r o f i l e  o f  n i t r o g l y c e r i n  ( F i g u r e s  2 

and 3 ) .  

Resu l t s  i n d i c a t e d  t h a t  t h e  s k i n  permeat ion p r o f i l e  o f  

n i t r o g l y c e r i n  d e l  i v e r e d  by Transderm-Ni t r o  system s t i l l  m a i n t a i n s  

t h e  same ze ro -o rde r  k i n e t i c s ,  i .e . ,  l i n e a r  Q vs. t r e l a t i o n s h i p ,  

even a f t e r  s t r i p p i n g  t h e  s k i n  f o r  25 t i m e s  ( F i g u r e  2 ) .  The r a t e  

o f  s k i n  permeat ion was no ted  t o  i n c r e a s e  by 3 t imes  f rom 23.6(* 

2.9) mcg/cm2/hr f o r  t h e  i n t a c t  s k i n  t o  71.5(+ 5.6) mcg/cm / h r  2 
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1678 KESHARY AND CHIEN 

f o r  t h e  comp le te l y  s t r i p p e d  s k i n  (25 x s t r i p p i n g ) .  The r a t e  
n 

o f  s k i n  permeat ion ac ross  v i a b l e  s k i n  (71.5 mcg/cmL/hr) i s  q u i t e  

c l o s e  t o  t h e  r a t e  o f  r e l e a s e  (94.6 ? 4.1 mcg/cm / h r )  o f  

n i t r o g l y c e r i n  f rom t h e  Transderm-Nitro system. I t was i n t e r e s t i n g  

t o  no te  t h a t  t h e  s k i n  permeat ion r a t e  o f  n i t r o g l y c e r i n  i nc reases  

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

o f  72.4 (k1.2)  mcg/cm / h r  i s  a t t a i n e d  a f t e r  l o x  s t r i p p i n g  o f  

t h e  s k i n  surface ( F i g u r e  3) .  No f u r t h e r  i nc rease  i n  t h e  s k i n  

permeat ion r a t e  was observed beyond t h e  peak r a t e  (72.4 2 1.2 

mcg/cm / h r )  when t h e  s k i n  was s t r i p p e d  more than 10 t imes .  T h i s  

obse rva t i on  c l e a r l y  suggested t h a t  t h e  s t r a t u m  corneum i s  t h e  

r a t e - c o n t r o l l i n g  t i s s u e  i n  t h e  process o f  s k i n  permeat ion o f  

n i t r o g l y c e r i i : ;  and, by s t r i p p i n g  t h e  s k i n  s u r f a c e  f o r  more t h a n  

10 t imes w i t h  sco tch  tape, t h e  r a t e - c o n t r o l l i n g  s t r a t u m  corneum 

l a y e r s  are e f f e c t i v e l y  removed f rom t h e  s k i n  su r face .  F o l l o w i n g  

t h e  removal o f  s t r a t u m  corneum, t h e  r a t e  o f  s k i n  permeat ion across 

t h e  v i a b l e  s k i n  (which c o n s i s t s  o f  v i a b l e  ep ide rm is  and de rm is )  

became c o n t r o l  l e d  by t h e  d rug  r e l e a s e  mechanism o f  t ransdermal  

t h e r a p e u t i c  system. I n  o t h e r  words, t h e  r a t e - l i m i t i n g  s t e p  i n  

t h e  t ransdermal 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  drugs has now s h i f t e d  

from t h e  s t ra tum corneum l a y e r s  t o  t h e  t ransdermal  t h e r a p e u t i c  

system. No sex dependency was d e t e c t e d  i n  t h e  e f f e c t  o f  s t r a t u m  

corneum s t r i p p i n g  on t h e  r a t e  o f  s k i n  permeat ion (Table 1). 

2 

2 

2 

As observed i n  t h e  membrane-moderated Transderm-Ni t r o  system, 

t h e  s k i n  permeat ion p r o f i l e  o f  n i t r o g l y c e r i n  d e l i v e r e d  by Deponi t  

system, a mu1 t i l a m i n a t e - t y p e  t ransdermal  t h e r a p e u t i c  system w i t h  
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NITROGLYCERIN ADMINISTRATION. I1 1679 

TABLE 1: EFFECT OF SEX ON SKIN PERMEATION RATE OF  NITROGLYCERIN^) 

Sex 2) 

Ma1 e 

Fema 1 e 

2 Rate o f  S k i n  Permeat ion (mcg/cm / h r  t S.D. )  

I n  t a c t  Sk i  n V i a b l e  S k i n  

23.6 ? 2.9 

23.4 ? 2.9 

71.5 f 5.6 

79.3 f 12.3 

1) Transderm-Ni t r o  System 

2) H a i r l e s s  Mouse 

ze ro -o rde r  d rug  r e l e a s e  p r o f i l e  ( F i g u r e  4-A) ,  i s  a l s o  d e f i n e d  

by t h e  cons tan t  Q vs. t r e l a t i o n s h i p .  The r a t e  o f  s k i n  permeat ion 

across t h e  i n t a c t  h a i r l e s s  mouse s k i n  (11.2 f 1.8 mcg/cm / h r )  

was found t o  be two t imes s lower  t h a n  t h a t  f rom Transderm-Ni t ro  

2 

system (23.6 * 2.9 mcg/cm'/hr), which agreed w i t h  t h e  o b s e r v a t i o n  

t h a t  t h e  Deponi t  system re leases  n i t r o g l y c e r i n  a t  a r a t e  (Q/t 

= 18.0 f 1.0 mcg/cm / h r )  which i s  s u b s t a n t i a l l y  s lower  t h a n  t h e  

r a t e  o f  r e l e a s e  f rom Transderm-Ni t ro  system (94.6 ? 4.1 

mcg/cm / h r ) .  F o l l o w i n g  t h e  e l i m i n a t i o n  o f  t h e  r a t e - l i m i t i n g  

s t r a t u m  corneum, t h e  s k i n  permeat ion p r o f i l e  f o r  Depon i t  system 

s t i l l  f o l l o w e d  t h e  l i n e a r  Q v s . t  r e l a t i o n s h i p  and t h e  r a t e  o f  

permeat ion across t h e  s t r a t u m  corneum-free v i a b l e  s k i n  i nc reased  

by o n l y  56% f rom (11.2 * 1.8 mcg/cm / h r  t o  17.5 f 0.9 mcg/cm / h r )  

2 

2 

2 2 
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1680 KESHARY AND CHIEN 

ReIoaro Proflle 

DEPONIT Cl6mpll6cm') 
C Hairloss mwro,male) 

0.5 - 
n 
d 
uj 

0.4 - 
E, 
E" 
- 
" 

18.0 f 1.0 
mcglcmllhr 

A 

Figure 4: Release and 

Viable Sklp 

TIME (houri) TIME (hours) 

skin permeation prof i les  of nitroglycerin 

from Deponit system, Nitroglycerin released from 

Deponit system a t  zero-order kinet ics  w i t h  a release 

r a t e  of 18.0 (k1.0) mcg/cm /hr ( A )  and permeated 

th rough  the hair less  mouse skin also a t  zero-order 

kinetics w i t h  permeation r a t e  of 11.2 (k1.8) mcg/cm /hr 

f o r  in tac t  skin (5 )  and of 17.5 (kO.9) mcg/cm /hr 

f o r  the s k i n  a f t e r  25x s t r i p p i n g  ( C ) ,  Each data point 

represents the mean value -+ one standard deviation 

of  4 determinations. 

2 

2 

2 
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NITROGLYCERIN ADMINISTRATION. I1 1681 

( F i g u r e  4 ) ,  as compared t o  a 3 - f o l d  i n c r e a s e  seen e a r l i e r  i n  

t h e  case o f  Transderm-Ni t ro  system ( F i g u r e  2 ) .  And, t h e  r a t e  

o f  permeat ion across t h e  v i a b l e  s k i n  (17.5 i: 0.9 mcg/cm / h r )  

was a lmost  t h e  same as t h e  r a t e  o f  r e l e a s e  f rom t h e  Deponi t  system 

(18.0 ? 1.0 mcg/cm / h r ) .  The r e s u l t s  suggested t h a t  t h e  mechanism 

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

b y  t h e  mechansim and r a t e  o f  r e l e a s e  f rom Deponi t  system, as 

i l l u s t r a t e d  by t h e  s lower  r a t e s  o f  r e l e a s e  and s k i n  permeat ion 

as w e l l  as o n l y  a smal l  i nc rease  (56%) i n  t h e  r a t e  o f  permeat ion 

2 

2 

when t h e  s t ra tum corneum was t o t a l l y  s t r i p p e d  f rom t h e  s k i n .  

The e f f e c t  o f  s t r a t u m  corneum on t h e  t ransdermal  c o n t r o  l e d  

a d m i n i s t r a t i o n  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  m a t r i x  d i f f u s i o n -  ype 

drug d e l i v e r y  systems, l i k e  N i t r o d i s c  and N i t r o - D u r  systems, 

was a l s o  i n v e s t i g a t e d .  Resu l t s  i n d i c a t e d  t h a t  t h e  s k i n  permeat ion 

p r o f i l e  o f  n i t r o g l y c e r i n  f rom N i t r o d i s c  system i s  a l s o  d e f i n e d  

by t h e  same l i n e a r  Q vs. t r e l a t i o n s h i p  as observed e a r l i e r  f o r  

Transderm-Nitro and Deponi t  systems. A s k i n  permeat ion r a t e  

o f  44.7 (k6.4) mcg/cm / h r  was achieved, which i s  a lmost  t w i c e  

g r e a t e r  than t h e  r a t e  o f  s k i n  permeat ion f o r  Transderm-Ni t r o  

system (23.6 _+ 2.9 mcg/cm / h r ) .  As t h e  r a t e - l i m i t i n g  s t r a t u m  

corneum was t o t a l l y  removed by s t r i p p i n g ,  t h e  r a t e  of  s k i n  

permeat ion i nc reased  c o n s i d e r a b l y  ( F i g u r e  5 ) .  The 1 i n e a r  Q vs. 

- t r e l a t i o n s h i p  was ma in ta ined  f o r  o n l y  up t o  12 hours a f t e r  t h e  

medicat ion.  A t  t h e  12-hr  p o i n t ,  app rox ima te l y  85% o f  t h e  l o a d i n g  

dose i n  t h e  N i t r o d i s c  system had a l r e a d y  been re leased,  and beyond 

2 

2 
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N i trodisc system 
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Figure 5: Permeation prof i les  of nitroglycerin from Nitrodisc 

system. Nitroglycerin permeated t h r o u g h  the i n t a c t  

skin a t  zero-order kinet ics  w i t h  a permeation r a t e  

o f  44.7 (k6.4) mcg/cm2/hr. After 25x st r ipping,  

the permeation prof i le  across the viable skin was 

also constant for  the i n i t i a l  12-hr period w i t h  a 

permeation ra te  o f  140.7 ( t5 .0 )  mcg/cm /hr. Each 

data point represents the mean value * one standard 

deviation of 4 determinations. 
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NITROGLYCERIN ADMINISTRATION .. I I 1683 

t h a t  t h e  sk in  permeation r a t e  g radua l l y  dec l ined.  The r a t e  o f  

sk in  permeation across the  v i a b l e  s k i n  (140.7 f. 5.0 mcg/cm /h r )  

as ca lcu la ted  from the  f i r s t  12-hour data p o i n t s  was found t o  

be 3 f o l d s  g rea te r  than the  r a t e  o f  permeation across the  i n t a c t  

sk in  (44.7 t 6.4 mcg/cm / h r )  f o r  24 hours, i n d i c a t i n g  t h a t  the  

stratum corneum adds a s i g n i f i c a n t  d i f f u s i o n a l  res i s tance  t o  

the  permeation o f  n i t r o g l y c e r i n  acros,s the  i n t a c t  sk in .  

2 

2 

On the  o the r  hand, i f  the  permeation o f  n i t r o g l y c e r i n  across 

the v i a b l e  sk in  i s  c o n t r o l l e d  by i t s  re lease mechanism f rom the  

N i t r o d i s c  system, then a l l  the sk in  permeation data p o i n t s  f o r  

the v i a b l e  sk in  (F igure 5 )  should f o l l o w  a l i n e a r i t y  de f ined 

by the  Q vs. ts r e l a t i o n s h i p  as expected from t h e  m a t r i x  

d i f f u s i o n - c o n t r o l  l e d  drug re lease process. As expected, t he  

r e s u l t s  suggested t h a t  t he  permeation p r o f i l e  o f  n i t r o g l y c e r i n  

across the v i a b l e  sk in  can be descr ibed by the  same l i n e a r  4 
vs. ts r e l a t i o n s h i p  as the  re lease o f  n i t r o g l y c e r i n  f rom the  

N i t r o d i s c  system (F igure  6 ) .  The mean f l u x  o f  s k i n  permeation 

(Q / t s  = 612.0 mcg/cm2/hr4) was found t o  be on ly  s l i g h t l y  lower 

than the f l u x  o f  re lease (‘645.8 mcg/cm /hr4). The observa t ion  

suggested t h a t  as the s t ra tum corneum i s  t o t a l l y  removed, the  

mechanism and r a t e  o f  s k i n  permeation across the  v i a b l e  s k i n  

become c o n t r o l l e d  by the mechanism and r a t e  o f  re lease f rom the  

N i t r o d i s c  system. 

2 

The same phenomenon was a l so  encountered i n  the  N i t ro -Dur  

system, which i s  a l so  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  drug d e l i v e r y  
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Figure 6: The 24-hr permeation prof i les  of nitroglycerin 

the viable skin were found t o  yield the same 

across 

1 i near 

Q vs. t4 relat ionship as  observed f o r  the release 

prof i les  from Nitrodisc system. A permeation f lux 

of 612.0 (k67.3)  mcg/cm2/hrl' was obtained a s  compared 

t o  the release flux of 645.8 (562.9) mcg/cm /hr'. 

Each d a t a  p o i n t  represents the mean value 2 one 

standard deviation of 4 determinations. 

2 

system. Similar t o  Transderm-Nitro, Deponit and Nitrodisc systems, 

the nitroglycerin delivered by N i  tro-Dur system a1 so penetrated 

through the in tac t  skin a t  a ra te  prof i le  which i s  well 

characterized by the l inear  Q vs. t relationship (Figure 7) .  
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NITROGLYCERIN ADMINISTRATION. I1 

Nitro-Dur System 

WHOLE SKIN VIABLE SKIN 

1685 

+I  0.7- 
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4 -  
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Figure 7: Permeation p r o f i l e s  of n i t r o g l y c e r i n  from Ni t ro-Dur  

system. N i t r o g l y c e r i n  permeated through the  i n t a c t  

sk in  a t  zero-order k i n e t i c s  w i t h  a permeation r a t e  

o f  31.1 (kl.9) mcg/cm /hr .  A f t e r  25x s t r i p p i n g ,  

the permeation p r o f i l e  across the  v i a b l e  s k i n  was 

a l so  constant  f o r  the  i n i t i a l  12-hr pe r iod  w i t h  a 

permeation r a t e  o f  207.8 (210.8) mcg/cm /hr .  Each 

data p o i n t  represents the  mean value 2 one standard 

devi a t  i on o f  4 determi na t ions  . 

2 

2 

2 A sk in  permeation r a t e  o f  31.1 (k1.9) mcg/cm / h r  was ca lcu la ted .  

As the stratum corneum was e l im ina ted  by 25 x s t r i p p i n g ,  the  

l i n e a r  Q vs. t r e l a t i o n s h i p  was maintained a l so  f o r  o n l y  up t o  
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1686 KESHARY AND CHIEN 

12 h rs .  A t  t h e  12-hr p o i n t ,  app rox ima te l y  50% o f  t h e  l o a d i n g  

dose i n  t h e  N i t r o - D u r  system had a l r e a d y  been r e l e a s e d  and beyond 

t h a t  t h e  r a t e  o f  s k i n  permeat ion g r a d u a l l y  decreased. The s k i n  

permeat ion r a t e  across t h e  v i a b l e  s k i n  (207.8 f 10.8 mcg/cmL/hr) 

as determined f rom t h e  f i r s t  12-hr  d a t a  p o i n t s  was found t o  be 

about 7 t imes g r e a t e r  than t h e  r a t e  o f  s k i n  permeat ion across 

t h e  i n t a c t  s k i n  (31 .1  f 1.9 mcg/cm /hr ) .  Once again,  t h e  

obse rva t i ons  suggested t h a t  t h e  s t r a t u m  corneum a l s o  p l a y s  t h e  

r a t e - l i m i t i n g  r o l e  i n  t h e  permeat ion o f  n i t r o g l y c e r i n  d e l i v e r e d  

by N i t r o - D u r  system. 

2 

I f  t h e  s k i n  permeat ion o f  n i t r o g l y c e r i n  across t h e  v i a b l e  

s k i n  i s  determined by t h e  c o n t r o l l e d  r e l e a s e  mechanism o f  t h e  

N i t r o - D u r  system, then  a l l  t h e  s k i n  permeat ion da ta  f o r  t h e  v i a b l e  

s k i n  ( F i g u r e  7)  should a l s o  f o l l o w  t h e  Q vs. t’ l i n e a r i t y  d e f i n e d  

f o r  t h e  m a t r i x  d i f f u s i o n - c o n t r o l  l e d  d rug  r e l e a s e  process. R e s u l t s  

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

t h e  v i a b l e  s k i n  does f o l l o w  t h e  same Q v s  t’ l i n e a r i t y  as does 

t h e  re lease  p r o f i l e  o f  n i t r o g l y c e r i n  f r o m  t h e  N i t r o - D u r  system 

(F igu re  8 ) .  The f l u x  o f  s k i n  permeat ion (Q/t’ =1129.4 It 67.8 

mcg/cm*/hrl’) was found t o  be s l i g h t l y  l o w e r  than  t h e  f l u x  of 

re lease  (1303.2 It 18.7 mcg/cm /h r4 ) .  The o b s e r v a t i o n  suggested 

t h a t  as t h e  r a t e - l i m i t i n g  s t r a t u m  corneum i s  t o t a l l y  removed, 

t h e  mechanism and r a t e  o f  s k i n  permeat ion ac ross  t h e  v i a b l e  s k i n  

become dominated 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  d r u g  r e l e a s e  

process f rom t h e  N i t r o - D u r  system. 
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NITROGLYCERIN ADMINISTRATION.  I1 1687 

NlTRO-OUR SYSTEM 

Viable Skin Release Profile 

F i g u r e  8: 

0 1 2 3 4 5 6  

(TIMEF (HOURS)' 

The 24-hr permeat ion p r o f i l e s  o f  n i t r o g l y c e r i n  ac ross  

t h e  v i a b l e  s k i n  were found t o  produce t h e  same l i n e a r  

Q vs. t4 r e l a t i o n s h i p  as observed f o r  t h e  r e l e a s e  

p r o f i l e s  f rom N i t r o - D u r  system. A permeat ion f l u x  

o f  1,129.4 (k67.8) mcg/cm /hr' was ob ta ined  as compared 

t o  t h e  re lease  f l u x  o f  1,303.2 (k18.7) mcg/cm2/hr4. 

2 

Each d a t a  p o i n t  rep resen ts  t h e  mean va lue  * one 

s tandard d e v i a t i o n  o f  4 de te rm ina t ions .  

The r e s u l t s  o u t l i n e d  above l e a d  us t o  conclude t h a t  s t r a t u m  

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

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

r a t e - l i m i t i n g  s t r a t u m  corneum i s  removed by s t r i p p i n g ,  t h e  r a t e  
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1688 KESHARY AND CHIEN 

of skin permeation increases as a function of the number of 

stripping. As the stratum corneum is totally eliminated from 

the skin, the mechanism and the rate of skin permeation becomes 

controlled by the mechanism and the rate of drug release from 

the t ransdermal t herapeu t i c sys terns. 

B. Assessment of the Effect of Drug Delivery System 

To evaluate the effect of drug delivery system on the 

transdermal controlled administration of nitroglycerin, the skin 

permeation kinetics of pure nitroglycerin across intact skin 

and stratum corneum-free viable skin was studied. In this 

investigation, the skin permation of nitroglycerin is totally 

free from the effect of controlled drug release mechanism of 

the drug delivery systems. 

Results indicated that without the mediation o f  drug delivery 

systems, the pure nitroglycerin penetrates through the intact 

hairless mouse skin at constant, zero-order kinetics (linear 

Q vs. t relationship) (Figure 9). A skin permeation rate of 

41.4 (k4.9) mcg/cm /hr was obtained, which is almost two times 

greater than the skin permeation rate from Transderm-Ni tro system 

(23.6 f 2.9 mcg/cm /hr), four times greater than from Deponit 

system (11.2 Lt. 1.8 mcg/cm /hr), 33% greater than from Nitro-Dur 

2 

2 

2 

system (31.1 f 1.9 mcg/cmL/hr). On the other hand, Nitrodisc 

system, which is known to release a skin permeation promotant 

like isopropyl palmitate, along with nitroglycerin was found 

to produce a skin permeation rate (44.7 f 6.4 mcg/cm /hr) which 2 
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Pure Nitroglycerin 

10.0 

9.0 

8.0 

7.0 

6.0 

INTACT SKIN 

- 

- 

- 

- 

- 

VIABLE SKIN 

540.5 2 34.7 rncg Icrn'l hr 

(el2 hrs) r T n 1 41.4 t 4.9 rncgIcrn2/hr 

- 

Y 
d 
vi 1.0- 
+I 
N 

,E 0.9 - 

F 
\ 

Y 0.8 - 
n 

4: 0.7 a 

0.6 - 
a 
c z 0.5 a 
0 
5 0.4 

W 
b 

c w 

- 

- 

- 

4 8 12 16 20 24 

TIME (hours) 

4.0 J 
6 12 16 20 24 

TIME (hours) 

F i g u r e  9:  Permeat ion p r o f i l e s  o f  pure n i t r o g l y c e r i n .  

N i t r o g l y c e r i n  permeated through t h e  i n t a c t  s k i n  a t  

ze ro -o rde r  k i n e t i c s  w i t h  a permeat ion r a t e  o f  41.4 

( t 4 . 9 )  mcg/cm / h r .  A f t e r  25x s t r i p p i n g ,  t h e  permeat ion 

p r o f i l e  across t h e  v i a b l e  s k i n  was a l s o  c o n s t a n t  

f o r  t h e  f i r s t  12 h r s  o f  permeat ion w i t h  a permeat ion 

r a t e  o f  540.5 ( t 3 4 . 7 )  mcg/cm / h r .  Each d a t a  p o i n t  

rep resen ts  t h e  mean v a l u e  f one s tandard  d e v i a t i o n  

o f  7 d e t e r m i n a t i o n s  f o r  i n t a c t  s k i n  and 4 

d e t e r m i n a t i o n s  f o r  v i a b l e  s k i n .  

2 

2 
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1690 KESHARY AM) C H I E N  

is comparable to the rate of skin permeation for pure nitroglycerin 

(41 .4  f 4 .9  mcg/cm /hr). The effect o f  drug delivery system 

on the transdermal controlled administration of nitroglycerin 

is thus demonstrated. 

2 

After stripping off the stratum corneum, the linear Q vs. 

- t relationship was still followed for the permeation of pure 

nitroglycerin in the first 12 hours of the study and a skin 

permeation rate of 540.5 (k34 .7 )  mcg/cm /hr was resulted (Figure 

9). This rate of permeation (540.5 mcg/cm /hr) was 13 times 

greater than the rate of permeation across the stratum 

corneum-covered intact skin ( 4 1 . 4  mcg/cm /hr). The observed 

increase in the rate of skin permeation after total removal of 

the rate-1 imiting stratum corneum was substantially greater for 

pure nitroglycerin ( 1 3  folds) than for the nitroglycerin delivered 

by a control led-released transdermal therapeutic system: Deponit 

system ( 1 . 6 ~  increase), Transderm-Ni tro system (3x  increase), 

Nitrodisc system ( 3 . 1 ~  increase), and Nitro-Dur system ( 6 . 7 ~  

increase). The rate-control1 ing role of the controlled release 

drug delivery system in the transdermal administration o f  

nitroglycerin is becoming more evident as the rate-limiting stratum 

corneum is eliminated (Table 2). After total removal of the 

2 

2 

2 

stratum corneum, the mechanism and the rate of skin permeation 

is predominately controlled by the mechanism and the rate of 

drug release from the controlled-release transdermal therapeutic 

sys terns. 
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C. Assessment o f  t h e  E f f e c t  o f  Dermal S o l u t i o n  Sink 

It i s  known t h a t  a b i o l o g i c a l  s i n k  i s  c o n s t a n t l y  ma in ta ined 

i n  the  dermis by hemoperfusion through t h e  c a p i l l a r y  network 

i n  the  p a p i l l a r y  l a y e r  ( 9 ) .  To s imu la te  t h e  b lood f l o w  i n  t h e  

dermal m i c r o c i r c u l a t i o n  system and t o  s tudy  i t s  e f f e c t  on t h e  

s i n k  c o n d i t i o n  i n  the  dermis and t h e  permeation r a t e  across t h e  

sk in ,  experiments were c a r r i e d  o u t  t o  s tudy  the  permeation r a t e  

o f  n i t r o g l y c e r i n  through t h e  s t ra tum corneum-free v i a b l e  s k i n  

w i t h  the  dermal s o l u t i o n  sampled a t  v a r i o u s  ra tes ,  rang ing  from 

0.5 m1/3 h r s  t o  12 m1/3 hrs .  Resu l ts  i n d i c a t e d  t h a t  t h e  sampling 

r a t e  does in f luence t h e  f l u x  o f  permeation (Table 3 ) .  The lower  

t h e  n i t r o g l y c e r i n  concent ra t ion  accumulated i n  the  dermal s o l u t i o n  

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

o f  s k i n  permeation. The permeation f l u x  (1,113.1 f 36.3 t o  1,176.7 

f 50.6 mcg/cm / h r 2 )  achieved under s i n k  c o n d i t i o n  ( i . e . ,  <lo% 

o f  s a t u r a t i o n  s o l u b i l i t y )  was found t o  be i n  f a i r l y  good agreement 

w i t h  the  1,129.4 f 67.8 mcg/cm2/hr’ ob ta ined independent ly  by 

v a r i a b l e  sampling schedule (compared Table 3 w i t h  Table 2 ) .  

2 b  

The e f f e c t  of dermal s o l u t i o n  s i n k  on s k i n  permeation p r o f i l e  

of n i t r o g l y c e r i n  was a l s o  i n v e s t i g a t e d  u s i n g  s t ra tum 

corneum-covered i n t a c t  sk in .  Resu l ts  i n d i c a t e d  t h a t  w i t h  t h e  

n i t r o g l y c e r i n  concent ra t ion  i n  t h e  dermal s o l u t i o n  main ta ined 

below 10% of  i t s  s a t u r a t i o n  s o l u b i l i t y ,  a cons tan t  r a t e  o f  s k i n  

permeation (24.3 mcg/cm / h r )  i s  y i e l d e d ,  w h i l e  t h e  concent ra t ions  

o f  n i t r o g l y c e r i n  on t h e  s k i n  sur face  and i n  t h e  s k i n  t i s s u e  reach 

2 

e q u i l i b r i u m  l e v e l s  of 25 mcg/cm2 and 1.64 mg/cm 3 , r e s p e c t i v e l y ,  
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TABLE 3: EFFECT OF DERMAL SOLUTION S I N K  ON PERMEATION FLUX 

OF  NITROGLYCERIN^) THROUGH VIABLE  SKIN^) 

Sampling Rate F lux  o f  Permeation Ex ten t  o f  S a t u r a t i o n  3) 

(m1/3 h r )  (mcg/cm2/hr4 _+ S.D.) ( %  CS) 

0.5 802.3 f 51.1  

1.0 963.4 f 35.1 

2.0 1,067.8 f. 102.4 

5.0 1,113.1 f. 36.3 

12.0 1,176.7 5 50.6 

20.6 f 1.6 

19.8 f 1.2 

15.4 f 0.6 

8 .1  f. 0.4 

3.3 f. 0.3 

1) Del ivered  by N i t r o - D u r  system. 

2)  

3) The data represent  t h e  n i t r o g l y c e r i n  c o n c e n t r a t i o n  i n  t h e  

dermal s o l u t i o n  a t  24-hr p o i n t  r e l a t i v e  t o  i t s  s a t u r a t i o n  

s o l u b i l i t y  (Cs = 3.2 mg/ml i n  s a l i n e  s o l u t i o n  c o n t a i n i n g  

2O%w/w o f  PEG 400 a t  37°C). 

H a i r l e s s  mouse s k i n  a f t e r  25x s t r i p p i n g .  

around 6-12 h r s  a f t e r  a d m i n i s t r a t i o n  (F igure  10) .  It r e s u l t e d  

2 i n  a re lease r a t e  of  31.9 mcg/cm /hr .  On t h e  o t h e r  hand, w i t h o u t  

the presence o f  a dermal s o l u t i o n  s i n k ,  an e q u i l i b r i u m  l e v e l  

of n i t r o g l y c e r i n  (1.54 mg/cm ) was a l s o  achieved and main ta ined 

12 h r s  a f t e r  medicat ion,  w h i l e  t h e  c o n c e n t r a t i o n  o f  n i t r o g l y c e r i n  

on t h e  s k i n  sur face  was observed t o  increase c o n t i n u o u s l y  a t  

a r a t e  o f  11.9 mcg/cm / h r  (F igure  11) .  It t r a n s l a t e d  i n t o  a 

3 

2 

re lease r a t e  o f  14.6 mcg/cmL/hr. The r e s u l t s  suggested t h a t  
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BOO 

N 

E 
2 800 
9 
E - 

100 

m DISTRIBUTION OF NITROGLYCERIN A FTER RELEASE 
FROM NITRO-DUR SYSTEM 

(with solution sink on dermal side) 

Total Releare profile 

(31.9 mcg/cm*/hr) 

0 6 12 18 24 

DIVICE /SKIN CONTACT TIME (hours) 

Figure  10: Permeation and d i s t r i b u t i o n  p r o f i l e s  o f  n i t r o g l y c e r i n  

i n  t h e  i n t a c t  s k i n  w i t h  s o l u t i o n  s i n k  mainta ined 

on t h e  dermal s ide .  E q u i l i b r i u m  n i t r o g l y c e r i n  

concent ra t ions  o f  25 mcg/cm2 and 1.64 mg/cm3 were 

achieved on and i n  t h e  s k i n  w i t h i n  a c o n t a c t  t ime 

o f  12 hrs .  N i t r o g l y c e r i n  permeated through t h e  s k i n  

a t  a zero-order  r a t e  o f  24.3 mcg/cm /h r .  By 

c a l c u l a t i o n ,  the  N i t r o - D u r  system re leased 

n i t r o g l y c e r i n  t o  t h e  s k i n  a t  a r a t e  o f  31.9 mcg/cm / h r .  

Each data p o i n t  represents  t h e  mean va lue f one 

standard d e v i a t i o n  o f  4 determinat ions .  

2 

2 
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DISTRIBUTION OF NITROGLYCERIN AFTER RELEASE 
FROM NITRO-DUR SYSTEM Crkin alone) 

1695 

0 6 12 18 24 

DEVICE/SKIN CONTACT TIME [hours1 

Figure 11: Permeation and distribution profiles of nitroglycerin 

in the intact skin without any solution sink maintained 

on dermal side. A n  Equilibrium nitroglycerin 

concentration o f  1.54 mg/cm3 was achieved i n  the 

skin, while the nitroglycerin concentration on skin 

surface continued to increase at a rate of 11.9 

mcg/cm /hr. By calculation, the Nitro-Dur system 

released nitroglycerin to the skin at a rate of 14.6 

mcg/cm /hr. Each data point represents the mean 

value k one standard deviation of 4 determinations. 
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without the dermal solution to maintain a sink condition for 

the permeation of nitroglycerin, the nitroglycerin still continues 

to release from Nitro-Dur system, even after an equilibrium 

nitroglycerin concentration (1.54 mg/cm’) is reached in the skin 

tissue. The excess amount of nitroglycerin was retained on the 

skin surface. With the presence of dermal solution sink, the 

nitroglycerin released to the skin surface was carried away by 

permeation through the skin at a rate of 24.3 mcg/cm /hr; So, 

the rate of release of nitroglycerin from Nitro-Dur system was 

increased by more than two folds from 14.6 mcg/cm /hr to 31.9 

mcg/cm /hr. The observations led us to conclude that maintenance 

of a sink condition in the dermal solution is also critical to 

the transdermal controlled administration of nitroglycerin and 

the rate of blood flow in the microcirculation network, which 

determines the extent of sink condition and the degree of drug 

accumulation in the skin, will play the rate-limiting effect 

on the rate of skin permeation. 

2 

2 

2 

ACKNOWLEDGMENT 

The authors wish to express their appreciation to 3M 

Foundation for 1983 and 1984 Faculty Research Awards, and to 

Ms. S. Belsole, Dr. A.  Keith, Dr. S. Svokos and Mr. R .  Caroselli 

for donation of various marketed transdermal patches, and to 

Ms. M. Boslet for manuscript preparation. 

FOOTNOTES 

1. Searle Pharmaceuticals Inc. , Skoskie, Illinois 
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Ciba Pharmaceutical Company, Summit, New Jersey 
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ICI America, Wi lmington, Delaware 

United State Pharmacopeia XXth Edition , pp. 552. 

Burdick & Jackson, Inc. , Muskagon, Michigan 
Sybron/Barnstead, Boston, Massachusetts 

Fisher Scientific Co., Fairlawn, New Jersey 

Pharma-Schwartz GmbH, Monheim, Germany 

Jackson Laboratories, Bar Harbor, Maine 

3M Corp. , St. Paul , Minnesota 

Kimberly-Clark Corp. , Roswell , Georgia 

Reynolds #655, household a1 umi num foi 1 , Reynolds Metal s 

Company, Richmond , Virginia 
Model #80, Fisher Scientific Co., Fairlawn, New Jersey 

"Magnestir", Scientific Glass Apparatus Co. , Inc. , Bloomfield, 
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Brinkman Instruments, Westbury, New York 

Damon Model CU-5000, International Equipment Co., Needham 
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HP Model 10848 HPLC, Hewlett-Packard, Palo Alto, California 

Zorbax C-8, 6 vm particle size [15 cm x 4.6 mm], DuPont 

Company, Wilmington, Delaware 
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