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POLYMER MATRIX CONSIDERATIONS 
FOR TRANSDERMAL DEVICES 

Alec D. Keith, Ph.D. 

Introduction 

The transdermal delivery of drugs has taken a sudden surge 

of popularity during the past two years probable due to the 

successful introduction of a transdermal scopolamine for motion 

sickness by CIBA and a transdermal nitroglycerin by Key 

Pharmaceuticals. CIBA and Searle are also introducing trans- 

dermal forms of nitroglycerin. 

Literature showing the feasibility of these and other 

drugs for transdermal delivery have existed in the pharmaceu- 

tical literature for more than a decade. Many studies carry- 

ing out permeability measurements on cadaver skin and animal 

skin have been published and these have been written in varying 

degrees of analytical sophistication. Some are very useful 

and convey a fundamental understanding of the basic problems 

and limitations involved (1-4) . 
The early literature has reasonably established that the 

stratum corneum layer of the epidermis is rate limiting to 

transdermal penetration of molecules. The stratum corneum 

is composed of multilayers of epithelial cells that have 

become rich in fibrous proteins. The some 10-20 layers of 
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606 KEITH 

stratum corneal cells also are bounded by largely intact 

cell membranes. Therefore the process of stratum corneum 

permation is limited by the molecular environment provided by 

the stratum corneum. Since stratum corneum is primarily a two 

structural component system the permeability problem reduces 

to the interactions between the permeating solute molecule, the 

structural proteins, cell membranes of the stratum corneum and 

the aqueous medium in which the structural components are 

bathed. 

It has also been well demonstrated that permeability of 

the stratum corneum is proportionate to the so called partition 

coefficient, implying that a lipid layer is limiting to perme- 

ability. Scheuplein (2) demonstrated the colinearity between 

partition coefficient and cadaver skin permeability. Such 

observations imply membrane limited permeability. 

For a variety of molecules having the capability of 

surface binding to protein implies that the fibrous proteins 

of the stratum corneum may also drastically impede permeation. 

Two important events must occur before molecules can 

successfully permeate membranes in general or stratum corneum 

in particular. First the molecules of interest must cross 

biological membranes. Ionic materials having exposed charged 

sites and therefore sizable hydration spheres have considerable 

difficulty in crossing even a single biological membrane. The 

energy considerations require that some force compel a hydrated 

polar molecule to pass through a hydrophobic lipid layer. This, 

of course, will occur statistically as a rare event. Some 

molecules such as many steroids have positive interactions with 

membrane phospholipids, orient in biomembranes and flip from 

one side of a bilayer to the other side with a many hour half- 

life. Therefore, even through these molecules are hydrophobic 

in character they may still be expected to have a ].ow stratum 
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POLYMER MATRIX CONSIDERATIONS 607 

corneum permeability. Other classes of chemical have other 

problems and could be commented upon class by class. Many 

drugs are organic nitrogen bases and consequently have pH 

dependent permeability. For the most part each chemical of 

interest to use transdermally must be analyzed and studied 

separately. 

The use of a class of materials known as permeability 

enhancers has been employed in attempts to increase stratum 

corneum permeability. In order for these enhancers to be 

effective they must modify the stratum corneum environment in 

some way. Increasing the solubility in the stratum corneum, 

increasing solute diffusivity, increasing local stratum corneum 

membrane permeability, decreasing protein binding or modifying 

some other limiting effect are some potential ways in which 

enhancers may mechanistically work. 

The present chapter treats some of the diffusional events 

that are of interest in constructing an effective transdermal 

device that will release drugs to the skin and also treats 

some of the diffusional events that take place in skin during 

permeation. It is important to have some understanding of the 

physical behavior of the diffusion process and molecular motion 

in general. What is to follow attempts to treat some of the 

useful aspects relevant to transdermal devices and skin perme- 

ability. 

Regardless of the amount of diffusion theory, spectroscopy 

or other special knowledge the final determining factor as to 

the efficacy of a transdermal device relates only to how well 

it works on the patient. 

Molecular Motion 

The motion of molecules is intimately connected to the 

fundamental nature of matter. Molecules are capable of several 
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608 KEITH 

t y p e s  of motion. I n  a g e n e r a l  s e n s e  t h e s e  a r e  l i m i t e d  t o  

v i b r a t i o n a l ,  r o t a t i o n a l ,  t r a n s l a t i o n a l ,  and f l e x i n g  movements 

t h e  l a t t e r  of which comes abou t  p r i m a r i l y  by bond r o t a t i o n .  

O f  t h e s e ,  t h e  p r e s e n t  t r e a t m e n t  i s  m o s t  concerned wi th  t r a n s l a -  

t i o n a l  d i f f u s i o n  and s e c o n d a r i l y  w i t h  r o t a t i o n a l  motion.  Flex-  

i n g  motions which g i v e  r i se  t o  confo rma t iona l  s t a t e s  of mic ro  

and i n t e r m e d i a t e  s i z e  molecu le s  a r e  ex t r eme ly  impor t an t  i n  

i n t e r m o l e c u l a r  c l o s e  e n c o u n t e r s  and such c o n s i d e r a t i o n s  a s  

r e c e p t o r  s i t e  b i n d i n g .  Although impor t an t  t h e y  w i l l  n o t  be  

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

The E i n s t e i n - S t o k e s '  e q u a t i o n  d e s c r i b e s  t h e  g e n e r a l  

c o n d i t i o n  f o r  r o t a t i o n a l  motion o f  a q u a s i s p e r h i c a l  mo lecu le ,  

where T c  i s  t h e  ave rage  i s o t r o p i c  r o t a t i o n a l  c o r r e l a t i o n  

t i m e ,  K i s  Boltzman's  c o n s t a n t ,  n i s  v i s c o s i t y  i n  p o i s e  and T 

i s  t empera tu re  i n  O K .  The e q u a t i o n  i s  c o n f u s i n g  because it 

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

segment o f  an arc i n  a f r a c t i o n  of a u n i t  t i m e .  An improvement 

or an a l t e r n a t e  form t o  d e a l  w i t h  t h i s  problem s t a t e d  s imply  

u s e s  t h e  r e c i p r o c a l  form and changes T c  t o  a t e r m  w e  w i l l  c a l l  

i s o t r o p i c  r o t a t i o n  ( R i )  and t h e  e x p r e s s i o n  i s  g i v e n  a s ,  

The o v e r a l l  u n i t s  can be  expres sed  a s  a r a t e ,  number of segment 

r o t a t i o n s  p e r  u n i t  t i m e .  For example, t h e  wa te r  molecule  h a s  a 

T c  of c l o s e  t o  

p e r  second. T h i s  term i s  e a s i e r  t o  h a n d l e  and i s  more comparable 

and more compa t ib l e  w i t h  t h e  f a m i l i a r  S t o k e s '  e q u a t i o n  f o r  

d i f f u s i o n ,  

second;  t h e r e f o r e ,  1OI2 r o t a t i o n a l  e v e n t s  D
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POLYMER MATRIX CONSIDERATIONS 609 

T h i s  l a t t e r  e q u a t i o n  d e s c r i b e s  t h e  d i f f u s i o n  c o e f f i c i e n t  ( D )  i n  

i s o t r o p i c  media. 

Equa t ions  ( 2 )  and ( 3 )  have r e l a t i v e l y  comparable u n i t s  i n  

t h a t  both a r e  expres sed  i n  r a t e s .  One s t r i k i n g  d i f f e r e n c e  

e x i s t s  between t h e  two. Ri depends on ( l / r  ) f o r  a g i v e n  

r o t a t i o n a l  s t a t e  which means t h a t  r o t a t i o n a l  motion i s  t i g h t l y  

coupled t o  molecu la r  s i z e .  For t r a n s l a t i o n a l  d i f f u s i o n  u s i n g  

measurements o f  t h e  d i f f u s i o n  c o e f f i c i e n t  (D), D depends o n l y  

on ( l / r ) ;  t h e r e f o r e ,  t r a n s l a t i o n a l  motion i s  n o t  v e r y  dependent  

on molecu la r  s i z e .  Gene ra l  methods f o r  measurement o f  D i n  bu lk  

phase assume i s o t r o p i c  c o n d i t i o n s .  

3 

More d e t a i l e d  measurements o r  measurements c a r r i e d  o u t  

o v e r  micro dimensions f o r  both Ri and D r e a u i r e  measuring bo th  

of t h e s e  pa rame te r s  under  c o n d i t i o n s  and i n  p r e p a r a t i o n s  t h a t  

a r e  d i f f i c u l t  o r  imposs ib l e  f o r  g e n e r a l l y  used  methods. For  

example, mo lecu le s  hav ing  e l e c t r o n  paramagnet ic  r e sonance  (EPR)  

p r o p e r t i e s  d i s s o l v e d  i n  a “ s o l i d ”  a g a r  s l a b  have about  t h e  same 

r o t a t i o n a l  m o b i l i t y  as  t h e  s a m e  probe d i s s o l v e d  i n  w a t e r .  T h i s  

o b s e r v a t i o n  i s  s t r i k i n g  and means t h a t  mo lecu la r  behav io r  o v e r  

angstrom dimensions and o v e r  l a b o r a t o r y  dimensions may appea r  

ve ry  d i f f e r e n t l y .  

The a g a r  s l a b  i s  c l e a r l y  a s o l i d  f o r  pu rposes  o f  l a b o r a t o r y  

man ipu la t ion ;  consequen t ly ,  might be  expec ted  t o  c o n f e r  r e s t r i c t e d  

r o t a t i o n a l  motion f o r  a sma l l  s o l u t e  due t o  s o l u t e  polymer i n t e r -  

a c t i o n .  I n  t h e  case of a g a r ,  t h e  ave rage  polymer s p a c i n g  i s  

ve ry  l a r g e  compared t o  molecu la r  s i z e  and does  n o t  d e t e c t i v e l y  

slow molecu la r  r o t a t i o n .  T r a n s l a t i o n a l  motion a s  q u a n t i f i e d  

wi th  t h e  d i f f u s i o n  c o e f f i c i e n t  h a s  somewhat d i f f e r e n t  c o n s t r a i n t s  

i n  he t e rogeneous  media. As a r e s u l t  d i f f u s i o n  w i l l  n o t  be  a 

c o n s t a n t  o v e r  a l l  d imensions.  T h i s  comes abou t  due t o  c a g i n g  

e f f e c t s .  S i n c e  t h e  polymer l a t t i c e  h a s  an a v e r a g e  polymer 

spac ing  and occup ies  a m i n o r i t y  of t o t a l  s p a c e  t h e  s o l u t e  w i l l  
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610 KEITH 

have a greater diffusivity over short dimensions than over long 

dimensions. For completely homogeneous media the diffusion co- 

efficient is a constant over all dimensions. For a very regular 

polymer lattice having vacancies or polymer-free spaces (cage) 

all of about the same size then the measured diffusion coefficient 

by the electron paramagnetic resonance (EPR) method using colli- 

sional frequency (Dc) of a single solute species as the measure- 

ment method for Dc will be greater for high solute concentrations 

than for low solute concentrations. The obvious reason is because 

diffusion within a polymer cage is restricted only by the solvent 

while diffusion between cages is also restricted by the polymer 

molecules themselves. Conventional methods of measuring diffu- 

sion measure only the long range type of diffusion and average 

all the various limitations. In attempting to understand a 

given diffusion matrix it may; however, be important to know 

how the Dc for small dimensions compares to the Dc for large 

dimensions. 

There is a straightforward relationship between Ri and D 

in isotropic media. This relation only holds for isotropic 

media where the forces that limit molecular movement within 

dimensions of the order of the molecular size itself and for 

many multiples of the molecular size are the same. For 

heterogeneous media such as polymer gels the two terms Ri and 

D will not conform to colinearity over large concentrations 

and over lare ranges of molecular spaces. Algebraic combination 

of equations ( 2 )  and (3) yields a composite where D can be 

calculated by measurements of Ri, and 

( 4 )  2 D = 0.67r Ri 

where Ri can be calculated by EPR measurements from the equation, 

Ri = 1.59 x 10 ( 5 )  
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POLYMER MATRIX CONSIDERATIONS 611 

where Wo i s  t h e  m i d l i n e  width and ho and h-l  a r e  t h e  mid and 

h igh  f i e l d  l i n e  f i r s t  d e r i v a t i v e  h e i g h t s .  

v a l u e s  can be o b t a i n e d  from a v a r i e t y  of probe molecule  s t r u c -  

t u r e s  and c a n  be used t o  g i v e  impor t an t  i n f o r m a t i o n  on c h a r a c t e r -  

i z i n g  d i f f u s i o n a l  environments .  

Combined Ri and Dc 

The t e r m  Dc i n t r o d u c e d  above g i v e s  a measurement o f  D 

ove r  c o n t r o l l e d  dimensions.  The c o n c e n t r a t i o n  of t h e  s o l u t e  

probe may v a r y  from abou t  0.1M t o  1 0 - 5 M .  

ave rage  c u b i c  l a t t i c e  s p a c i n g  f o r  s o l u t e  molecu le s  i s  g i v e n  

by : 

The on-cen te r  

where N i s  Avagodro's number, M is m o l a r i t y  and S i s  l i n e a r  

dimension i n  A. The c u b i c  l a t t i c e  spac ing  v a l u e  f o r  a 0.1M 

s o l u t i o n  i s  25.5; and f o r  a l O V 5 M  s o l u t i o n  i s  549.6;. Fo r  a 

polymer g e l  having an ave rage  l a t t i c e  spac ing  of lOOA t h e  Dc 

v a l u e s  w i l l  be  c o n c e n t r a t i o n  dependent  and w i l l  show a g r e a t e r  

Dc a t  h igh  s o l u t e  c o n c e n t r a t i o n s  where most c o l l i s i o n a l  e v e n t s  

between s o l u t e  molecu le s  a r e  w i t h i n  cages  t h a n  a t  lower s o l u t e  

c o n c e n t r a t i o n s  where m o s t  s o l u t e  c o l l i s i o n s  r e q u i r e  t r a v e l  

between c a g e s .  

d i f f e r e n t  i n  he t e rogeneous  media b u t  a r e  a l m o s t  i d e n t i c a l  f o r  

a l l  s o l u t e  c o n c e n t r a t i o n s  i n  homogeneous media.  

0 

For t h i s  r eason  t h e  t e r m s  D and Dc may b e  

However, such low c o n c e n t r a t i o n  g e l s  a s  a g a r  may approach 

c o l i n e a r i t y  f o r  s m a l l  mo lecu le s  where Ri /Dc e q u a l s  a c o n s t a n t  

f o r  a l l  s o l u t e  probe c o n c e n t r a t i o n s  because t h e  polymer l a t t i c e  

spac ing  is  l a r g e .  The h e t e r o g e n e i t y  p rov ided  by polymer g e l s  

r e s u l t s  i n  b a r r i e r s  t o  t h e  long  r ange  d i f f u s i o n  of molecu le s  

b u t  are e s s e n t i a l l y  n o t  a f f e c t e d  by t h e  s h o r t  r ange  f o r c e s  

t h a t  l i m i t  r o t a t i o n a l  motion. 

Appropr i a t e  methods a r e  now a v a i l a b l e  t o  a n a l y z e  sys t ems  

having e x t e n s i v e  d i f f u s i o n  and a r e  c a p a b l e  o f  making a p p r o p r i a t e  
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612 KEITH 

c h a r a c t e r i z a t i o n  of t h e s e  systems.  The s p i n - l a b e l  method employ- 

i n g  e l e c t r o n  paramagnet ic  r e sonance  i s  used a s  an example o f  

how t o  o b t a i n  such i n f o r m a t i o n  from pha rmaceu t i ca l  systems 

t h a t  have impor t an t  d i f f u s i o n a l  f u n c t i o n s .  

Spin l a b e l s  have been used e x t e n s i v e l y  i n  t h e  p a s t  t o  

o b t a i n  u s e f u l  i n f o r m a t i o n  about  t h e  mot iona l  s t a t e  of t h e  

s p i n  l a b e l  probe molecule  o r  s p i n  l a b e l  s o l u t e  i t s e l f  and 

how motion i s  al lowed f o r  by t h e  l o c a l  mo lecu la r  environment .  

A preponderance of t h e s e  p a p e r s  have d e a l t  w i t h  t h e  freedom 

of r o t a t i o n a l  motion ( 5 , 6 ) .  These d a t a  and i n t e r p r e t a t i o n s  

have been used t o  o b t a i n  i n f o r m a t i o n  abou t  b i o l o g i c a l  membranes, 

abou t  b ind ing  of sma l l  molecules  t o  l a r g e r  molecu le s  and i n  

g e n e r a l ,  abou t  l i g a n d  (p robe )  i n t e r a c t i o n s  wi th  l a r g e r  s u r f a c e s .  

Another s e t  of s p i n  l a b e l  l i t e r a t u r e  d e a l s  w i th  t h e  measurement 

of t r a n s l a t i o n a l  d i f f u s i o n  ( 7 - 9 ) .  These d a t a  d e a l  w i th  l a t e r a l  

and p e r p e n d i c u l a r  motion of molecules  w i t h i n  and a c r o s s  b i o l o g i -  

c a l  membranes. The method of measuring t r a n s l a t i o n a l  d i f f u s i o n  

depends on n e a r  encoun te r s  between s p i n  l a b e l  mo lecu le s .  The 

d i f f u s i o n a l  problem can a l s o  be  approximated by measuring s p i n  

label n e a r  encoun te r  f requency i n  i s o t r o p i c  or n e a r  i s o t r o p i c  

media. T h i s  approach i s  u s e f u l  t o  s t u d y  d i f f u s i o n  m a t r i x  

problems. 

Fig.  1 shows t h e  s p i n  l a b e l  molecules  used i n  t h e  p r e s e n t  

r e p o r t .  F i g .  2 shows an example of a s p i n  l a b e l  I t aken  

through a v i s c o s i t y  series. Fig. 2 G  shows r e l a t i v e l y  u n r e s t r i c t e d  

r o t a t i o n a l  motion. F ig  2F shows s l i g h t l y  r e s t r i c t e d  motion and 

F i g .  2E shows s t i l l  more r e s t r i c t e d  motion.  F i g .  2A shows a 

r i g i d  g l a s s  spectrum c h a r a c t e r i s t i c  of e s s e n t i a l l y  no r o t a t i o n a l  

motion. S p e c t r a  i n  between show v a r y i n g  d e g r e e s  of r o t a t i o n a l  

motion. By u s e  of e q u a t i o n  ( 5 )  t h e  a p p r o p r i a t e  s p e c t r a l  

measurements c a n  b e  used so  t h a t  Ri v a l u e s  can be  c a l c u l a t e d .  
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POLYMER MATRIX CONSIDERATIONS 6 1 3  

0 

b 

I 

0 

111 

OH 

H 

I V  

Fig. 1. Structure of Representative Spin Labels 

I, the structure ofa commonly used small water soluble spin label 

frequently referred to as TEMPONE. The chemical notation for 

this spin label may be written as 2,2,6,6-tetramethylpiperidone- 

N-oxyl. 11, another commonly used water soluble spin label, 

2,2,5,5-tetramethyl-3-carboxylpyrrolidinyl-N-oxyl. 111, a 

spin labelled steroid representative where the spin label is a 

2,2,5,5-N-oxyl-oxazolidine on ring position A3. IV, this is 

a derivative of stearic acid where the spin label has been 

placed on carbon 1 2  as a 2,2,5,5-N-oxyl-oxazol1di.ne. More exact and 

other trivial names for I11 and IV are not necessary and can be 

found under varying names in the literature. 

Fig. 3 shows a special series where the same spin label 

is increased in concentration from 3a to 3e. The spectrum 

showing 3e is 5mM. Fig. 3d is a molar concentration, 

Fig. 3c at 2 x molar, Fig. 31j at 4 x molar, and 
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POLYMER MATRIX CONSIDERATIONS 615 

F i g .  2 .  A Motion S e r i e s  f o r  t h e  Spin Label Probe I 

Th i s  motion series w a s  done i n  g l y c e r o l  and was c a r r i e d  through 

t h e  t e m p e r a t u r e  series from -5O'C t o  52OC. A t  -50" t h e  g l y c e r o l  

i s  i n  a g l a s s  s t a t e  where ve ry  l i t t l e  i f  any c r y s t a l l i n e  s t r u c t u r e  

i s  shown y e t  t h e  bu lk  m a t e r i a l  i s  i n f l e x i b l e  and w i l l  f r a c t u r e  i f  

b e n t .  A ,  i s  t y p i c a l  of s p i n  l a b e l  motion t h a t  i s  i n  t h e  r ange  

where no r o t a t i o n a l  motion can b e  d e t e c t e d .  I t  i s  e s s e n t i a l l y  

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

h a s  been ground i n t o  a powder and randomized and then  had i t s  

spectrum t a k e n .  B ,  warming t h e  sample t o  7OC s u b s t a n t i a l l y  

i n c r e a s e s  t h e  molecu la r  motion and t h a t  i s  r e v e a l e d  i n  t h e  accom- 

panying s p e c t r a  of s p i n  l a b e l  probe I .  By i n c r e a s i n g  t h e  tempera- 

t u r e  from 7 t o  12" it can  be s e e n  i n  C t h a t  t h e  motion h a s  f u r t h e r  

i n c r e a s e d .  The numbers t h a t  a r e  shown by each l i n e  B and C a r e  

i n t e g r a t e d  numerical  v a l u e s  f o r  each of t h e  f i r s t  d e r i v a t i v e  

s p e c t r a l  l i n e s  and f o r  purposes  o f  q u a n t i f y i n g  r o t a t i o n a l  motion 

on ly  have r e l evancy  when a l l  t h r e e  l i n e s  a r e  approx.  100. D ,  by 

t h e  t i m e  t h e  t e m p e r a t u r e  h a s  been e l e v a t e d  t o  23OCthe motion o f  

a l l  t h r e e  l i n e s  r e v e a l s  a spectrum wi th  an i n t e g r a t e d  i n t e n s i t y  

f o r  each l i n e  t h a t  i s  approx. 1 0 0 .  The s m a l l  (e )  i s  meant t o  

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

t h e  mid and h i g h - f i e l d  l i n e s  i n  t h i s  spectrum. E ,  by t h e  t i m e  

t h e  spectrum h a s  r eached  35OC each of t h e  l i n e s  h a s  c o n t i n u e d  t o  

narrow and a l l o w s  f o r  q u i t e  a c c u r a t e  measurements t o  b e  t a k e n  

f o r  pu rposes  o f  Ri v a l u e s .  

narrow and a t  G ,  t h e  s p e c t r a l  l i n e s  have now narrowed t o  t h e  

p o i n t  where t h e  n a t u r a l  abundance of carbon 13 h y p e r f i n e  s p l i t -  

t i n g s  can  be s e e n  and are shown i n  t h e  spectrum. That  i s  o n l y  

an i n d i c a t i o n  t h a t  t h e  l i n e  w i d t h s  a r e  s t i l l  narrowing and 

t h e  s o l u t i o n  v i s c o s i t y  is c o n t i n u i n g  t o  d e c r e a s e  wi th  c o n t i n u e d  

t empera tu re  e l e v a t i o n .  

F ,  a t  3 9 O  t h e  spectrum c o n t i n u e s  t o  
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F i g .  3.  Sp in  Labe l  P robe  I i s  Used t o  Revea l  t h e  E f f e c t s  o f  a 

Range of C o n c e n t r a t i o n s  t o  I l l u s t r a t e  D i f f e r e n c e  i n  C o l l i s i o n a l  

Frequency  Between S p i n  Label Molecu le s .  

Sp in  l a b e l  p robe  I w a s  d i s s o l v e d  i n  a m i x t u r e  1:l g l y c e r o 1 : w a t e r  

a t  an i n i t i a l  c o n c e n t r a t i o n  o f  0.1M. Spec t rum A w a s  t a k e n  a t  

0 . 1 M  and  r e v e a l s  a n e a r  s a t u r a t e d  s p i n  l a b e l  c o n c e n t r a t i o n  where  

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

s p e c t r a l  l i n e s  h a v e  f u s e d  i n t o  a s i n g l e  c o n t r i b u t i o n .  Spec t rum €3, 

h a s  a c o n c e n t r a t i o n  t o  0.05M and shows t h a t  now e a c h  of t h e  

t h r e e  o v e r l a p p i n g  s p e c t r a l  l i n e s  can  be s e e n .  Spec t rum C r e d u c e s  

t h e  s p i n  l a b e l  c o n c e n t r a t i o n  t o  25mM and shows t h a t  now each  

o f  t h e  t h r e e  s p e c t r a l  l i n e s  are  f a i r l y  w e l l  s e p a r a t e d .  Spec t rum 
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POLYMER MATRIX CONSIDERATIONS 617 

Fig.  3a a t  0 . 1  molar .  F ig .  3a i s  used t o  show a c a s e  where 

s p i n  l a b e l  c o n c e n t r a t i o n  h a s  r eached  a l i m i t i n g  c a s e  f o r  low 

v i s c o s i t y  c o n d i t i o n s  where t h e  t h r e e  l i n e s  have now f u s e d  i n t o  

one s i n g l e  s p e c t r a l  c o n t r i b u t i o n  and t h e  s a t u r a b l e  c o n c e n t r a -  

t i o n  i s  n e a r  0.1M. The n e a r  encoun te r  o r  c o l l i s i o n  f r equency  

of s p i n  l a b e l  mo lecu le s  i s  dependent  upon s o l v e n t  v i s c o s i t y ,  

s p i n  l a b e l  c o n c e n t r a t i o n ,  s p i n  l a b e l  s i z e ,  t e m p e r a t u r e  and 

s t r u c t u r a l  f e a t u r e s  imposed by t h e  s o l v e n t  or m a t r i x  env i ron -  

ment. The e f f e c t  of Dc c o e f f i c i e n t  known a s  c o l l i s i o n -  

determined d i f f u s i o n  c o e f f i c i e n t  d e s c r i b e d  i n  t h i s  way i s  bo th  

p r o p o r t i o n a t e  t o  n e a r  encoun te r  f r equency  ( w e x )  and i n v e r s e  t o  

m o l a r i t y  ( M I .  uex/M norma l i zes  f o r  probe c o n c e n t r a t i o n  and i n  

i s o t r o p i c  media i s  independent  of probe c o n c e n t r a t i o n .  

w 
D~ a 2 2 5  

M (7) 

The t e r m  uex i s  d i r e c t l y  measurable  from o t h e r  l i n e  shape 

measurements.  The u s u a l  measurement t aken  i s  t h e  f i r s t  d e r i v a -  

t i v e  peak t o  peak l i n e  width.  The l i n e  w i d t h  ( A H )  a t  a known 

c o n c e n t r a t i o n  i s  s u b t r a c t e d  from t h e  minimal l i n e  wid th  (AH,) 

f o r  t h a t  p r e p a r a t i o n  and t h e  d i f f e r e n c e  i s  t h e  l i n e  broaden- 

i n g  caused by concen t r a t ion -dependen t  c o l l i s i o n a l  e f f e c t s ,  

AHc = A H  - AHM. 

S ince  on ly  h a l f  of t h e  a c t u a l  c o l l i s i o n s  a r e  r e f l e c t e d  i n  t h e  

l i n e  wid th  t h e  r e l a t i o n ,  

Figure 3 (cont.) : 

D f u r t h e r  r educes  t h e  s p i n  l a b e l  c o n c e n t r a t i o n  t o  12mM and shows 

t h a t  t h e  l i n e s  have now become c o n s i d e r a b l y  more narrow. Spectrum 

E r educes  t h e  s p i n  l a b e l  c o n c e n t r a t i o n  t o  6mM and shows t h a t  t h e  

l i n e s  a r e  now q u i t e  narrow. The t e x t  d e a l s  i n  a p p r o p r i a t e  s p i n  

l a b e l  measurements t h a t  can  be  t a k e n  from such a series of 

s p e c t r a  a s  t h i s  t o  de t e rmine  Dc v a l u e s .  
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C f  = 2AHc, ( 9 )  

KEITH 

h o l d s  where AHc i s  i n  c o l l i s i o n s  p e r  u n i t  t i m e ,  u s u a l l y  i n  t h e  

megahertz r ange .  T h i s  a l l o w s  f o r  a u s e f u l  e q u a t i o n  t o  be  

c o n s t r u c t e d ,  

where K i s  a p r o p o r t i o n a l l y  c o n s t a n t  and Dc i s  expres sed  i n  

c m  /sec.  The d i f f u s i o n  c o e f f i c i e n t  c a l c u l a t e d  i n  t h i s  manner 

h a s  a c o n c e n t r a t i o n  dependency because o f  t h e  r e l a t i o n  between 

s o l u t e  cub ic  l a t t i c e  spac ing  and t h e  polymer m a t r i x  b a r r i e r s  

t o  long  range d i f f u s i o n .  Equat ion ( 1 0 )  can  be used  t o  c a l c u l a t e  

D v a l u e s  and polymer d i f f u s i o n  m a t r i c e s  f o r  ave rage  probe c u b i c  

l a t t i c e  s p a c i n g s  r ang ing  from abou t  2 5 A  to  2 5 0 A .  S p e c t r a  t aken  

a t  t h e  more d i l u t e  probe c o n c e n t r a t i o n s  can be  used t o  measure 

2 

0 0 

R .  v a l u e s .  Both sets of v a l u e s ,  Dc and R i ,  h e l p  t o  e v a l u a t e  

t h e  p o t e n t i a l  u s e f u l n e s s  o f  a g iven  polymer m a t r i x  environment .  

F i g .  1 shows f o u r  examples of probe molecu le s .  O the r s  can 

be s y n t h e s i z e d  t o  c l o s e l y  m i m i c  most d r u g s .  U s e  of such a 

probe drug-analogs i n  t h e  p rope r  manner immediately t e l l s  t h e  

i n v e s t i g a t o r  i f  t h e  probe i s  f r e e  t o  r o t a t e  and move abou t  i n  

a g iven  ma t r ix  environment.  Such d a t a  a c q u i s i t i o n  a l l o w s  t h e  

i n v e s t i g a t o r  t o  modify and improve m a t r i c e s  w i t h o u t  l a b o r o u s  

conven t iona l  expe r imen t s .  

Polymer Matr ix  Cond i t ions  

Two p r i n c i p a l  t e r m s  t h a t  l i m i t  b u l k  d i f f u s i o n  of molecu le s  

t r apped  i n  a he t e rogeneous  polymer c o n t a i n i n g  d i f f u s i o n  m a t r i x  

a r e  s o l u b i l i t y  of t h e  s o l u t e  i n  t h e  f l u i d  phase and weak 

molecu la r  i n t e r a c t i o n s  t h a t  may o c c u r  between t h e  s o l u t e  and 

t h e  s t a t i o n a r y  phase.  These i n t e r a c t i o n s  g i v e  r i s e  t o  m a s s  

a c t i o n  e q u i l i b r i a  c o n d i t i o n s  which c a n  be  r ega rded  a s  t h e  
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POLYMER MATRIX CONSIDERATIONS 619 

b a s i s  f o r  c o n t r o l l e d  r a t e  r e l e a s e  from t h e  s u r f a c e  of a 

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

For t h e  c o n s i d e r a t i o n  of a s o l u t e  ( D ,  or  drug o r  p r o b e )  

under  such c o n d i t i o n s  where t h e r e  i s  c o m p e t i t i o n  between t h e  

s o l u t e  b e i n g  d i s s o l v e d  i n  t h e  f l u i d  phase and being bound t o  

a s t a t i o n a r y  phase (Sb, b i n d i n g  s i t e )  a mass a c t i o n  e q u a t i o n  

d e s c r i b e s  t h e  e q u i l i b r i u m ,  

D:Sb kl, D + S b  
k-l 

having a forward ( k l )  and r e v e r s e  r a t e  ( k - l ) .  The e q u a t i o n  

is shown i n  t h i s  form because  t h e  complex D:Sb t a k e s  p l a c e  

b e f o r e  polymer m a t r i x  c o n s t r u c t i o n  t a k e s  p l a c e .  

F o r  Key Pha rmaceu t i ca l  n i t r o g l y c e r i n  d i f f u s i o n  m a t r i x  

(Nitro-DurTM) t h e  r e v e r s e  r a t e  c o n s t a n t  ( k - l )  i s  n e g l i g i b l e .  

T h i s  c o n d i t i o n  keeps  n i t r o g l y c e r i n  i n  a s a t u r a t e d  s t a t e  i n  

t h e  f l u i d  phase  u n t i l  D:Sb becomes l i m i t i n g .  

Nitro-Dur ze ro -o rde r  r e l e a s e  o c c u r s  u n t i l  abou t  6 5 7 5 %  of 

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

For  t h e  case of 

The method and approaches  d i s c u s s e d  so f a r  do n o t  r e q u i r e  

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

measurements. I n  f a c t ,  t h e  t r a n s l a t i o n a l  motion c h a r a c t e r i z e d  

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

whether t h e  d i f f u s i n g  s p e c i e s  h a s  come to  s p a c i a l  randomness o r  

n o t .  The g e n e r a l  d i f f u s i o n  c o n d i t i o n  f o r  D i s  expres sed  i n  

c m  /second and s t a t e s  c o n s t a n t  u n i t  s u r f a c e  a r e a  p e r  u n i t  t i m e .  

With a l i m i t e d  q u a n t i t y  of d i f f u s i n g  molecu le s  from a p o i n t  

s o u r c e  t h i s  c o n d i t i o n  a l s o  s t a t e s  a d e c l i n i n g  c l o s e  encoun te r  

f requency as t h e  d i f f u s i n g  molecu le s  g e t  f u r t h e r  a p a r t .  I n  

t h r e e  d imens iona l  i s o t r o p i c  media t h e  r e l a t i o n  C f / M  is a 

c o n s t a n t .  The mean f r e e  p a t h  ( L )  a l s o  i n c r e a s e s  wi th  concen t r a -  

t i o n  lowering.  

2 
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620 KEITH 

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

been deve loped  by t h e  u s e  o f  c o n c e n t r a t i o n  g r a d i e n t s .  

l a w s  d e s c r i b e  t h e s e  c o n d i t i o n s  and a l l o w  ene rgy  and  f l u x  t e r m s  

t o  be combined w i t h  d i f f u s i o n  t e r m s .  

F i c k ' s  

I n  t h e  c o n s i d e r a t i o n  o f  a p o i n t  d i f f u s i o n  s o u r c e ,  a M / a t ,  

where M d e c l i n e s  w i t h  t i m e ,  t h e  s o l u t e  i n v a d e s  new s p a c e  a t  

some r a t e  D ( u s u a l l y  a -D t o  show t h a t  t h e  c o n c e n t r a t i o n  a t  

t h e  p o i n t  s o u r c e  d e c l i n e s ) .  F i c k ' s  e q u a t i o n s  were n o t  meant  t o  
d e s c r i b e  s p a c e  i n  g e n e r a l  b u t  s p a c e  t h a t  c o n t a i n s  a membrane 

where  d i f f u s i o n  becomes a smaller  v a l u e  i n  t h e  v i c i n i t y  of t h e  

membrane. So a second  t e r m ,  a C / a X  i s  imposed t o  d e s c r i b e  a 

c o n c e n t r a t i o n  g r a d i e n t  where  ( C )  i s  c o n c e n t r a t i o n  and ( X )  i s  

t h e  t h i c k n e s s  of t h e  membrane, a l l  over a d e f i n e d  s u r f a c e  a r e a ,  

( A ) .  A common e q u a t i o n  u s e d  t o  d e s c r i b e  f l u x  (J)  i s  s ta ted  

i n  a s i m i l a r  manner;  however,  a l l o w s  v a l u e s  t o  b e  o b t a i n e d  

from e x p e r i m e n t a l  c o n d i t i o n s .  

A 'M' s s / M  
6 J =  ( 1 2 )  

(J) i s  a lways  d e s c r i b e d  i n  u n i t s  o f  q u a n t i t y / s u r f a c e  a r ea /  

2 u n i t  t i m e  and f o r  t r a n s d e r m a l  s t u d i e s  u s u a l l y  i n  ug/cm / h r .  

C o n d i t i o n s  may b e  set  u p  where  (J) c a n  be d i r e c t l y  measured b u t  

c e r t a i n  of t h e  o t h e r  t e r m s  may s t i l l  b e  unknown o r  e x t r e m e l y  

d i f f i c u l t  t o  q u a n t i f y .  

Fo r  a t r a n s d e r m a l  d e l i v e r y  sys t em t h e r e  are two sets  o f  

d i f f u s i o n a l  e v e n t s ,  t h o s e  t h a t  o c c u r  i n  t h e  m a t r i x  and  t h o s e  

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

a t i o n  a r e  d i f f u s i o n  (D) and c o n c e n t r a t i o n  ( C ) .  D i f f u s i o n  i s  a 

r a t e  t e r m  and c o n c e n t r a t i o n  i s  

D i f f e r e n t i a l  c o n c e n t r a t i o n  (AC 

how c o n c e n t r a t i o n  changes  from 

p r o d u c t  D t i m e s  C l i m i t s  J and  

( p r e f e r a b l y  b o t h )  i n c r e a s e s  J 

a q u a n t i t y  p e r  u n i t  volume t e r m .  

c o n c e n t r a t i o n  g r a d i e n t  shows 

one  zone  t o  a n o t h e r ) .  The 

i n c r e a s i n g  e i t h e r  D or C 

d e a l l y  t o  a l i m i t i n g  v a l u e .  I n  
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POLYMER MATRIX CONSIDERATIONS 62 I 

e q u a t i o n  ( 1 2 )  t h e  t e r m ,  KsIM is p a r t i t i o n  c o e f f i c i e n t  between 

t h e  s o l u t e  d i s s o l v e d  i n  t h e  s k i n  and t h e  s o l u t e  d i s s o l v e d  i n  

t h e  m a t r i x ,  Ks,M = C / D  

t e r m  f o r  t h e  above c o n s i d e r a t i o n  of t h e  p r o d u c t  of D t i m e s  C .  

The i m p o r t a n t  D t e r m  is t h e  d i f f u s i o n  c o e f f i c i e n t  i n  s k i n ,  D S ;  

t h e r e f o r e ,  DS t imes Cs l i m i t s  t h e  r e a l  t r a n s d e r m a l  f l u x  r a t e .  

and i s  t h e  e f f e c t i v e  c o n c e n t r a t i o n  S M  

C o n d i t i o n s  f o r  z e r o  o r d e r  d e l i v e r y  of a drug t r a n s d e r m a l l y  

h a s  some a d d i t i o n a l  r equ i r emen t s .  S i n c e  t h e  s o l u t e  must 

t r a n s f e r  o u t  of t h e  m a t r i x  a t  a nonchanging r a t e  t h e  sys t em 

i s  b e t t e r  d e f i n e d  i f  t h e  s o l u t e  i s  ma in ta ined  a t  a c o n s t a n t  

( i d e a l l y  s a t u r a t e d )  c o n c e n t r a t i o n  i n  t h e  f l u i d  phase of t h e  

m a t r i x .  

g r e a t e r  t h a n  DS and as  a r e s u l t  t h e  r e l a t i v e  c o n c e n t r a t i o n  

of s o l u t e  between s k i n  and m a t r i x  i s  un impor t an t ;  t h a t  i s ,  

Dm >>  Ds a s  long a s  o t h e r  r equ i r emen t s  a r e  m e t .  

Fo r  t h e s e  c o n d i t i o n s  t o  be  m e t  Dm must be much 

Nitro-Dur 

The Key Pha rmaceu t i ca l s  d i f f u s i o n  m a t r i x  f o r  n i t r o g l y c e r i n  

is composed o f  a s imple  m i x t u r e  of s o l v e n t s  and polymers .  Poly- 

v i n y l  a l c o h o l  (PVA)  and p o l y v i n y l  p y r r o l i d o n e  (PVP)  form t h e  

l a t t i c e  s t r u c t u r e .  While both PVA and PVP a r e  h i g h l y  w a t e r  

s o l u b l e  t h e  water s o l u b i l i t y  of t h e  m i x t u r e  i s  reduced due  

t o  c o o p e r a t i v i t y  i n  hydrogen bonding between t h e  PVA hydrogen 

donor and t h e  PVA hydrogen a c c e p t o r .  A l a c t o s e  t r i t u r a t e  o f  

n i t r o g l y c e r i n  i s  d i r e c t l y  mixed wi th  t h e  s o l v e n t  polymer 

m i x t u r e  w h i l e  i n  t h e  l i q u i d  s ta te .  Upon c o o l i n g  t h e  n i t r o g l y -  

c e r i n  i s  p a r t i t i o n e d  between b ind ing  s i tes  on l a c t o s e ,  t h e  

two polymers and t h e  f l u i d  phase  and is  d e s c r i b e d  by t h e  s i m p l e  

mass a c t i o n  e q u a t i o n  shown e a r l i e r  

k 
Sb:D sb ' 5 

Sb i s  t h e  sum o f  a l l  s o l i d  s t a t e  b 

where 

D (11 

nding s i t e s ,  D is  n i t r o g  Y -  
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6 2 2  KEITH 

cerin (a drug), kl is the dissociation rate constant and k-l is 

the association rate constant. For nitroglycerin the dissocia- 

tion rate keeps the liquid phase saturated until the undissoci- 

ated reservoir becomes limiting. 

Fig. 4 shows average data taken from cadaver skin 

permeability studies over some 48 hours. The skin permeability 

rate (J) remains constant and is described as zero-order kinetics. 

Similar data to the in vitro data has been obtained from 

volunteers and patients. These data are obtained by taking 

blood samples from subjects wearing Nitro-Dur. The blood 

levels remain constant for a 2 4  hour period. It is somewhat 

difficult to relate these blood levels to in vitro flux rates 

since not all the pharmacodynamic parameters and, extraction 

of nitroglycerin from skin parameters, are well defined. 

The order of kinetics, however, seems to be zero-order just as 

the in vitro data shows. 

Placing an active Nitro-Dur on the surface of a Nitro-Dur 
2 placebo matrix reveals a flux rate of 40-45 pg/cm /hr. That 

flux rate appears to be the diffusion limiting maximum obtain- 

able from Nitro-Dur. 

One characterization of Nitro-Dur as a diffusion matrix 

employed the EPR techniques described earlier. Table 1 shows 

data obtained by using probe I in Nitro-Dur at varying concen- 
trations. Probe I has a molecular weight of 170 and a free 

nitroxide group. It is chemically about the same size as nitro- 

glycerin and is similar in that both have a high thermodynamic 

activity coefficient. 

Table 1 shows the Ri and Dc values for probe I in water 

and indicates that the calculated Dc value using equation ( 4 )  

(Dc*) from Ri measurements are similar. Probe I in Nitro-Dur 

has slightly restricted rotational motion compared to water 
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T 

Fig .  4 .  I n  V i t r o  D a t a  Taken from t h e  U s e  o f  Nitro-Dur on Human 

Cadaver S k i n  t o  Measure t h e  F l u x  o f  N i t r o g l y c e r i n  P a s s i n g  Through 

Cadaver Sk in .  

The o r d i n a t e  of F i g .  4 r e v e a l s  t h e  r a t e  measurement as  pg/cm / h r  2 

and t h e  a b s c i s s a  r e v e a l s  t h e  t i m e  sequence ove r  which t h e  measure- 

ments took p l a c e .  T h i s  f i g u r e  r e v e a l s  a r e l a t i v e l y  z e r o  o r d e r  

release of n i t r o g l y c e r i n  f o r  an ave rage  o f  t h r e e  samples .  T h i s  

i s  a t y p i c a l  t y p e  measurement which i s  f r e q u e n t l y  t aken  i n  t h e  

Key Pha rmaceu t i ca l s  l a b o r a t o r i e s  on an i n  v i t r o  p r e p a r a t i o n .  

and a somewhat more r e s t r i c t e d  D t h a n  i s  expec ted  from t h e  

u s e  of e q u a t i o n  ( 4 ) .  The added r e s t r i c t i o n  t o  t r a n s l a t i o n a l  

motion a t  a probe c o n c e n t r a t i o n  o f  0.01M is  undoubtedly due 

t o  polymer i n t e r f e r e n c e  wi th  d i f f u s i o n a l  p r o c e s s e s .  A s  

C 
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624 KEITH 

Table 1. Probe I Comparative Motion. 

Table 1 shows comparative Ri values for spin label probe I 

in water and in Nitro-Dur. 

values measured in water and Nitro-Dur. 

calculated balues to give perfect agreement with the Ri 

values. It can be seen in the isotropic aqueous medium 

that the two values are the same while in a polymer matrix 

system they are different by a factor of 2 .7 .  

It also shows comparative Dc 

The Dc* values are 

Medi urn 5 - OC D,* ___ Probe 

5 x 1o1O 6 x 6 x I "20 
Nitro-Dur 2 x lo1' 1 2 .7  I 

expected in the polymer lattice and heterogeneous environment 

of Nitro-Dur translational diffusion is somewhat more 

hindered than rotational motion. Other more regular or tighter 

polymer gels may have a considerably greater interference with 

long range molecular movement. 
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