
DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY, 9 ( 4 ) ,  691-706 (1983)  

TRANSDERMAL DELIVERY OF PRODRUGS 
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I n t r o d u c t i o n  

I t shou ld  be t i m e l y  t o  cons ide r  t h e  prodrug approach i n  c o n t r o l l e d  t r a n s -  

dermal d rug  d e l i v e r y .  

f o r  an a c c e l e r a t i o n  toward adop t ing  t h e  more " r a t i o n a l "  approach t o  d r u g  d i s -  

covery  and development. 

approach t o  f i n d i n g  new l e a d  compounds and t h e  c o n s i d e r a t i o n  o f  s o p h i s t i c a t e d  

d r u g  d e l i v e r y  systems i n  d r u g  development. 

i s  an example o f  t h e  l a t t e r .  

shou ld  be examining and we igh ing  a l l  o p t i o n s  i n  t h e  area  o f  d rug  d e l i v e r y  

and, i f  necessary,  e v a l u a t i n g  them i n  t h e  l i g h t  o f  newly deve lop ing  concepts 

and t h e  improv ing  s t a t e - o f - t h e - a r t .  

Among many drug  research  o rgan iza t i ons  t h e r e  i s  evidence 

The m r e  n o t i c e a b l e  examples a r e  the  "b iochemica l  " 

The Alza-Ci ba transdermal system 

As p a r t  o f  t h i s  r e c e n t  e v o l u t i o n ,  s c i e n t i s t s  

T. H iguch i  r e c e n t l y  p o i n t e d  o u t  ( 1 )  t h a t  t h e  convent iona l  p rod rug  

approach i n  d rug  d e l i v e r y  i s  beset  w i t h  t h e  problem o f  what the  drug  

r e g u l a t o r y  agencies would r e q u i r e  w i t h  rega rd  t o  t o x i c i t y  t e s t i n g .  

expressed t h e  thought ,  however, t h a t  t h e  prodrug approach c o u l d  be more f r u i t -  

f u l l y  employed i n  new d rug  d i scove ry  o r  i n  p r imary  d e l i v e r y  system des ign  

r a t h e r  than i n  t h e  development o f  second genera t i on  drugs .  

He a l s o  
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692 HIGUCHI ET AL. 

Background 

During the past  10-15 years ,  the term " p r o d r u g "  has become ra ther  

famil iar  t o  the d r u g  design and development people and the scope and 

l imi ta t ions  o f  the prodrug approach have become more and  more understood 

a n d  i t s  usefulness recognized. 

which i s  converted to  the d r u g  i n  vivo and i s  ab le  t o ,  i n  one or more o f  

various possible ways, enhance the  d r u g  del ivery or e f f icacy  c h a r a c t e r i s t i c s  

a n d ,  thereby, the therapeut ic  value o f  a d r u g .  The d e f i n i t i o n  may a l so  in-  

clude b e t t e r  pa t ien t  acceptance a n d  compliance by minimizing t a s t e  and odor 

problems, pain on i n j e c t i o n ,  GI i r r i t a t i o n ,  e t c .  

the d r u g  may be chemical or enzymatic, 

the prodrug  i t s e l f  should not be pharmacologically a c t i v e ;  i t s  a c t i v i t y  i s  

d i r e c t l y  re la ted t o  i t s  a b i l i t y  t o  l i b e r a t e  the parent drug. 

i t s e l f  i s  a c t i v e ,  i t  may be considered an analog d r u g .  

tional appl icat ions % the  prodrug approach has been used to  improve sol ubil i t y ,  

l i p o p h i l i c i t y  ( f o r  absorp t ion) ,  s t a b i l i t y  ( b o t h  chemical and enzymatic), 

t a s t e  or  odor (of ten  by reducing s o l u b i l i t y ) ,  and  improve i r r i t a t i o n  problems 

(pa in  on in jec t ion ,  g a s t r i c  i r r i t a t i o n ) .  

A p r o d r u g  may be defined a s  a d r u g  der iva t ive  

The conversion back t o  

As p a r t  of  the prodrug concept, 

I f  the  prodrug 

In the more conven- 

Some recent p r o d r u g  ra t iona les  have become more sophis t ica ted  with the 

prodrug enzymatically converting t o  the ac t ive  d r u g  i n  the t a r g e t  area 

y ie ld ing  an improved therapeut ic  index. 

i s  the  prodrug  of Z-PAM-Cl (N-methyl p y r i d i n i u m - 2 - c a r b a l d o x i n e  chlor ide)  ( 2 ) .  

2 - P A M . C 1  does not penetrate  the blood-brain b a r r i e r .  

t e r t i a r y  amine (pK, = 6.3) o f  moderate l i p o p h i l i c i t y  and may e a s i l y  cross  

the blood brain b a r r i e r  where i t  i s  oxidized t o  2-PAM chlor ide which does 

n o t  e a s i l y  cross the blood brain b a r r i e r  and therefore  s e l e c t i v e l y  bui lds  

u p  i n  brain t i s s u e .  

An example o f  organ s p e c i f i c i t y  

The prodrug i s  a 

Dipivalyl epinephrine (Allergan) i s  another good example. Epinephrine 

i t s e l f  would have d i f f i c u l t y  crossing the corneal membrane b a r r i e r .  Dipivalyl 

epinephrine, which i s  much more l i p o p h i l i c ,  crosses  the b a r r i e r  more r e a d i l y ,  

i s  conveniently enzymatically converted during o r  a f t e r  t r a n s i t  t o  the t a r g e t  

area or chamber of  the eye and epinephrine i s  believed t o  be slowly released 
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TRANSDERMAL DELIVERY OF PRODRUGS 693 

to  systemic c i r c u l a t i o n .  Because epinephrine i s  rapidly metabol ical ly  

disposed a f t e r  systemic en t ry ,  there  v i r t u a l l y  a r e  no systemic cardiovascular  

e f f e c t s .  

Present Considerations and Contributions 

The purpose of  t h i s  presentation i s  t o  descr ibe a methodology which 

combines i n  v i t r o  d i f fus ion  c e l l  experiments with f resh ly  excised animal 

skin a n d  theore t ica l  techniques for  descr ibing and quant i fying t h e  t ranspor t  

and metabolism of  prodrugs in t h i s  membrane. A q u a n t i t a t i v e  model has been 

developed which t r e a t s  the  skin as a three- layer  membrane (stratum corneum, 

epidermis a n d  dermis) .  

d r u g  and the metabolite f o r  each l a y e r .  

for  each l a y e r .  

been shown t o  be i n  very good agreement with experimental data  on the 

t ransport  and metabolism of  the e s t e r  prodrugs of ara-A i n  excised ha i r -  

l e s s  mouse sk in .  Final ly ,  the model parameters ( the d i f f u s i v i t i e s  and the 

enzyme parameters) have been validated by independent experiments. 

Di f fus iv i ty  values a r e  assigned t o  the prodrug, 

Enzyme parameters a r e  a l s o  assigned 

The model with a s i n g l e  s e t  of  these parameter values has 

This approach should prove to  be valuable i n  evaluat ing t h e  performance 

of a n d ,  more importantly, in  the  ra t iona l  design of  prodrugs in  dermal drug 

del ivery problems as  drug f luxes,  species  concentration prof i les  and where 

in  the  skin the relevant  biochemical events occur can e a s i l y  be predicted 

o r  mapped o u t  from the r e s u l t s  of  the ana lys i s .  

The Model and Equations f o r  the  Transport/Metabolism of  the 

5'-Monoesters o f  ara-A i n  the Hairless Mouse Skin 

Figure 1 schematically i l l u s t r a t e s  the h a i r l e s s  mouse skin which i s  

comprised o f  the stratum corneum ( h  1 40 t o  50 p ) ,  the  epidermis ( h  2 10 t o  

20 11) and the  dermis ( h  =- 250 p ) .  In the skin we have the following scheme 

f o r  the enzymatic reac t ions :  

es t e r a s e  deami nase 
A (prodrug) - B  ( d r u g )  (metabol i te)  
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694 H I G U C H I  ET AL. 

Blood 1 Sink 

Stratum Epi- 
Corneum dermis 

Dermis 

F igure  1 The mu1 t i l a y e r  model f o r  s imultaneous d i f f u s i o n  and metabol ism 

o f  d rug  i n  the  s k i n .  

I n  the  quas i - s teady -s ta te ,  we may w r i t e  t h e  f o l l o w i n g  equat ions  wh ich  

desc r ibe  the  (one-d imens iona l )  s imultaneous enzymatic r e a c t i o n s  and d i f f u s i o n :  

The D ’ s  a r e  t h e  d i f f u s i v i t i e s .  

species and i r e f e r s  t o  t h e  i t h  component, o r  s t ra tum,  o f  t h e  membrane. 

coo rd ina te  X i s  t h e  pe rpend icu la r  depth i n  t h e  membrane. Vm and Km a r e  

t h e  Michael is-Menten k i n e t i c s  parameters f o r  t h e  es te rase  and VI(1 and KI(1 

a r e  those f o r  t h e  deaminase. 

The s u b s c r i p t s  A ,  B and C r e f e r  t o  t h e  t h r e e  

The 

kI i s  t h e  deaminase i n h i b i t i o n  cons tan t  f o r  
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TRANSDERMAL DELIVERY OF PRODRUGS 695 

t he  prodrug ( 3 ) .  

a l l  be f u n c t i o n s  o f  X .  I t  i s  however shown t h a t ,  a l t hough  t h e  parameter 

values may be d i f f e r e n t  f o r  t h e  d i f f e r e n t  components o f  a membrane (e.g. ,  

epidermis,  dermis and s t r a t u m  corneum) they  may be assumed t o  be cons tan t  

For t h e  general case, t h e  D 's ,  Km's, V,'s and t h e  kI's may 

w i t h i n  a p a r t i c u l a r  membrane component. 

A t  l ow  concen t ra t i ons  o f  t h e  prodrug,  Eqs 

- ki [A] DA,i x2 

DB,i d2 [B + ki [A ]  - k {  [B] = 0 
d X  

+ k !  [B ]  = O  
D C , i  x2 1 

1-3  reduce t o :  

(Eq. 4) 

Much o f  t h e  model development s tud ies  and model v a l i d a t i o n  s t u d i e s  were con- 

duc ted  u s i n g  t r a c e r  l e v e l s  o f  subs t ra tes  and Eqs. 4-6.  

Ana lys i s  o f  Model w i t h  Exper imental  Data 

D i f f u s i o n  c e l l  exper iments (4,5) u s i n g  f u l l  t h i ckness  h a i r l e s s  mouse 

s k i n ,  s t r i p p e d  (ScotchR tape removal o f  s t r a t u m  corneum) and dermis s k i n  

y i e l d e d  p e r m e a b i l i t y  c o e f f i c i e n t s .  Tab le  1 shows t h e  p e r m e a b i l i t y  c o e f f i -  

c i e n t s  o f  ara-A and i t s  t h r e e  monoesters fo r  f u l l  t h i ckness  s k i n .  Moderate 

inc reases  i n  p e r m e a b i l i t y  c o e f f i c i e n t s  a re  seen w i t h  inc reases  i n  l i p o p h i l i c i t y  

o f  t he  prodrug.  

m e a b i l i t y  c o e f f i c i e n t s  a r e  around 100 t imes l a r g e r  when t h e  s t r a t u m  corneum 

i s  removed. 

c o e f f i c i e n t  i s  s t i l l  p resen t  when t h e  s t r a t u m  corneum i s  removed. 

d i f f u s i v i t y  (D) va lues  may be  c a l c u l a t e d  from t h e  r e l a t i o n  D = P-h ,  where P 

i s  t he  p e r m e a b i l i t y  c o e f f i c i e n t  and h i s  t he  th i ckness  f o r  t h e  membrane 

component i n  ques t i on .  

S t r i p p e d  s k i n  p e r m e a b i l i t i e s  a r e  l i s t e d  i n  Tab le  2 .  Per- 

The moderate i n f l uence  o f  l i p o p h i l i c i t y  upon t h e  p e r m e a b i l i t y  

The 

Model v a l i d a t i o n  s t u d i e s  were conducted f o r  t r a c e r  l e v e l s  o f  a l l  t h r e e  

e s t e r  prodrugs. Equat ions 4-6 were so l ved  n u m e r i c a l l y  u s i n g  exper imenta l  D 
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696 HIGUCHI ET AL. 

Table  1 .  Permeabi l i ty  C o e f f i c i e n t s  o f  ara-A, A-ara-A, V-ara-A and 0-ara-A 
Through Whole Skin .  

Pe rmeab i l i t y  C o e f f i c i e n t  x l o 8 ,  cm/sec Mouse 
Number ara-A A-ara-A V-ara-A 0-ara-A Es t e r / a ra -A  

0621 797 0.74 0.90 -- -- 1 .21 

0621 798 0 .93  1 .18 -- -- 1 .26 

071 4802 0.81 0.97 -- -- 1 .20  

071 4803 0.65 0.84 -- -- 1 .30 

0621 797 0.74 -- 1.39  - -  1 .87 

0621 798 0 . 9 3  -- 1 .92 - -  2.06 
071 4802 0.81 -- 1.47 -- 1 .81 
0714803 0.65 -- 1 .34  -- 2.07 

0621 797 0.74 -- -- 3.22 4.33 
0621 798 0.93 -- -- 3.37 3.61 
071 4802 0.81 -- -- 3.42 4.22 
071 4803 0 .65  - -  -- 3.01 4 .65  

Table 2 .  Permeabi l i ty  C o e f f i c i e n t s  o f  ara-A, A-ara-A, V-ara-A and 0-ara-A 
i n  S t r ipped  Skin .  

6 Permeab i l i t y  C o e f f i c i e n t  x 1 0  cm/sec Mouse 
Number ara-A A-ara-A V-ara-A 0-ara-A Es t e r / a r a -A  

0405802 1 .25  1 .90  -- - -  1 .52 

-- 1.53  041 7802 1.19 0.82 -- 

04 05 80 2 1 .25 -- 3.78 -- 3.02 
041 7802 1 .19  -- 3.67 -- 3 -08 

0405802 1 .25  -- -_  8.11 6.49 
041 7802 1 . 1 9  -- -- 7.98  6.71 
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TRANSDERMAL DELIVERY OF PRODRUGS 697 

Table 3. Observed Fluxes i n  Go-Through Exper iment w i t h  A-ara-A -+ V-ara-A -+ 0-ara-A 

Using S t r i p p e d  S k i n  from a 12-Week-Old Mouse (#0417804A, S k i n  was Soaked 

and Rinsed f o r  2 Hours Before  t h e  F i r s t  Run). 

Order 
o f  

F l u x / I n i t i a l  Donor Conc. x 10’ (cm/sec) 

Donor Rece iver  

Runa D i r e c t i o n b  Prod r u g Prodrug ara-A Prodrug ara-A 

1 ep idermis  + dermis A-ara-A -- 1.12 1.37 0.77 

2 ep idermis  -+ dermis V-ara-A --  3.64 1.24 2.26 

3 ep idermis  -+ dermis 0-ara-A -- 16.70 1.55 6 .G6 

a I n d i c a t e s  the  l s t ,  Znd, o r  3 r d  r u n  w i t h  t h e  g iven s k i n  p repara t i on .  

b Ind i ca tes  t h e  permeat ion d i r e c t i o n ,  i .e.,  t h e  donor s i d e  t o  the  r e c e i v e r  s i d e  

Tab le  4. Observed Fluxes i n  Go-Through Exper iment w i t h  A-ara-A -+ V-ara-A -+ 0-ara-A 

Using S t r i p p e d  Skin from a 12-Week-Old Mouse (#0417804B, S k i n  was Soaked 

and Rinsed f o r  2 Hours Before  t h e  F i r s t  Run). 

6 F l u x / I n i t i a l  Donor Conc. x 10 (cm/sec) 

Donor Rece iver  __ Order 
o f  
Runa D i r e c t i o n  Prodrug Prodrug ara-A Prodrug ara-A b 

1 dermis -+ epidermis A-ara-A 7.05 1 .17 0.69 

2 dermis -+ ep idermis  V-ara-A -- 22.30 1 .16 2.15 

3 dermis -+ ep idermis  0-ara-A -- 59 .oo 1 .14 5.03 

a I n d i c a t e s  the  l s t ,  2nd, o r  3 rd  r u n  w i t h  t h e  g iven s k i n  p repara t i on .  

b I n d i c a t e s  t h e  permeat ion d i r e c t i o n ,  i .e., t h e  donor s i d e  t o  the  r e c e i v e r  s i d e .  

values and th icknesses  f o r  each o f  t h e  membrane components. 

t a i n e d  i n  a two-chamber d i f f u s i o n  c e l l  f o r  t h e  s imultaneous t r a n s p o r t  and 

b ioconvers ion  as desc r ibed  p r e v i o u s l y  (4 ,5 ) .  Tables 3 and 4 g i v e  t h e  back 

d i f f u s i o n  f l u x e s  and fo rward  f l u x e s  o f  p rodrug and d rug  f o r  ara-A-acetate,  

a ra -A-va le ra te  and ara-A-octanoate.  Tables 5, 6 and 7 show the  b e s t  f i t  o f  

Data were ob- 
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Table 5. Leas t  Squares F i t t i n g  o f  t he  Ca lcu la ted  Fluxes t o  the  Exper imental  Data 

f o r  t he  Determinat ion  o f  t h e  Esterase Rate Constants (Based on Data i n  

Tab1 es 3 and 4 ) .  

6 F l u x / I n i t i a l  Donor Conc. x 10  (cm/sec) 

Epidermis -+ Dermisa ( 1 s t  Run) Dermis -+ Epidermisa (2nd Run) 

Donor Receiver Donor Recei ver  

A-ara-A ara-A A-ara-A ara-A A-ara-A ara-A A-ara-A ara-A 

Expt.  da ta  -- 1.12 1.37 0.77 -- 7.05 1 .17 0.69 

Bes t  f i  tb -- 0.98 1.39 0.67 -- 6.95 1 .27 0.68 

a Ind i ca tes  t h e  permeat ion d i r e c t i o n ,  i . e . ,  t he  donor s i d e  t o  t h e  r e c e i v e r  s i d e  

b I t e r a t i o n  parameters : 

= 2.96 x sec-' 

= 2.61 x 10'' cm /sec 

kdermi s 

'Depi 

hdermis 

k . = 2.52 x sec-' 
2 D~~~~~ = 3.22 x I O - ~  cm /sec 

hepi = 1 .O x 

Ddermi s 

eP1 
2 

= 2.5 x cm cm 
2 = 5.3 x cm /sec 

Table 6.  Leas t  Squares F i t t i n g  o f  t he  Ca lcu la ted  Fluxes t o  t h e  Exper imental  Data f o r  

t h e  Determinat ion  o f  t h e  Es terase Rate Constants (Based on t h e  Data i n  
Tables 3 and 4 ) .  

6 F l u x / I n i t i a l  Donor Conc. x 10 (cm/sec) 

Epidermis Dermisa ( 1 s t  Run) Dermis Ep idermisa  (2nd Run) 

V-ara-A ara-A V-ara-A ara-A V-ara-A ara-A V-ara-A ara-A 
Donor Rece iver  Donor Rece iver  

Expt .  data -- 3.64 1 .24 2.26 -- 22.3 1.16 2.15 

3.96 1.18 2.63 --  23.7 1.18 2.21 8es t fi tb -- 

a 

b I t e r a t i o n  parameters : 

I n d i c a t e s  t h e  permeat ion d i r e c t i o n ,  i .e. ,  t h e  donor s i d e  t o  the  r e c e i v e r  s i d e .  

kepi = 1 .21 x l o - '  sec- l  

'PDepi 

hepi = 1 .O x 

Ddermis 

= 4.90 x 10'' cm 2 /sec 

= 5.3 x cm /sec 

cm 
2 

-3  -1 

2 DDepi = 3.10 x l o - '  cm /sec 

= 2.5 x lo- '  cm hdermi s 

kdermis = 1.63 X 10 SeC 
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Tab le  7. Leas t  Squares F i t t i n g  o f  t h e  Ca lcu la ted  Fluxes t o  the  Exper imental  Data f o r  

t h e  Determinat ion  o f  t h e  Esterase Rate Constants (Based on t h e  Data i n  

Tables 3 and 4 ) .  

6 F l u x / I n i t i a l  Donor Conc. x 10 (cm/sec) 

Epidermis -+ Dermisa ( 1 s t  Run) Dermis + Epidermisa (2nd Run) 

Donor Rece iver  Donor Rece iver  

0-ara-A ara-A 0-ara-A ara-A 0-ara-A ara-A 0-ara-A ara-A 

Expt .  da ta  -- 16.7 1.55 6.86 -- 59.0 1 .14 5.03 

-- 14.8 1.43 8.02 --  49.8 1 .16 5.18 Bes t  f i t  b 

a I n d i c a t e s  the  permeat ion d i r e c t i o n ,  i .e., t h e  donor s i d e  t o  t h e  r e c e i v e r  s i d e .  

b I t e r a t i o n  parameters:  

= 4.87 x sec-’ kdermi s = 5.03 x sec-’ 

2 
kepi  

DPDepi 

hepi = 1.0 x 10- 

Ddermi s = 5.3 x 

D~~~~ = 3.79 x o - ~  cm 2 /sec = 1 .61 x cm /sec 
2 = 2.5 x 10- cm 3 

hdermi s cm 

cm2/sec 

the  c a l c u l a t e d  da ta  t o  t h e  exper imental  f l u x e s  f o r  ara-A-acetate,  ara-A- 

v a l e r a t e  and ara-A-octanoate,  r e s p e c t i v e l y .  

t h e  bes t  s e t  o f  ki and k; va lues .  

The f i t t i n g  i n v o l v e d  deduc ing  

D i r e c t  exper imenta l  va lues  f o r  ki and k; i n  t h e  ep idermis  and dermis 

were ob ta ined  by t h e  use o f  t r y p s i n  t o  separa te  t h e  dermis f rom t h e  ep idermis  

Tissue homogenizat ion o f  t h e  separated components y i e l d e d  ki and k i  i n  t h e  

epidermis and dermis f o r  ara-A and i t s  t h r e e  monoesters (Tab le  8 ) .  

Table 9, i t  can be seen t h a t  f o r  a l l  t h r e e  monoesters t h e  r a t e  cons tan ts  

i n  t h e  ep idermis  a r e  8-10 t imes h ighe r  than  i n  t h e  dermis.  

ment w i t h  t h e  r e s u l t s  p r e v i o u s l y  ob ta ined  ( 4 )  f o r  a ra -A-va le ra te .  

Examining 

Th is  i s  i n  agree- 

The good agreement between t h e  d i r e c t l y  ob ta ined  exper imental  homogenate 

values and t h e  model deduced values i n  t h e  epidermis i s  seen i n  Tab le  9. 

Table 10  shows t h e  good agreement between exper imenta l  and model-deduced 

enzyme cons tan ts  i n  t h e  dermis .  
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Table  8. Comparison o f  E s t e r a s e  and Adenosine Deaminase A c t i v i t i e s  i n  the  
Epidermis and Dermis o f  the H a i r l e s s  Mouse Skin .  

~ ~ 

3 S p e c i f i c  Enzymatic A c t i v i t y  x 1 0  
s e c  /gm o f  T i s sue  -1 

Deami nase Es t e r a s e  Mouse F rac t ion  o f  
Number Membrane ara-A A-ara-A V-ara-A 0-ara-A 

Epidermis 9.62 2.33 13.30 43.10 

Dermis 1.54 0.25 1 .41 5.20 
1027806 

Epidermis 7.75 2.60 1 1 . 2 0  47 .OO 

Dermis 1 .20  0.32 1 .51 5.90 
1201 aoz 

Epi dermis 7.62 2.71 15 .50  56.60 

Dermis 1 .41 0.31 1.77 4.15 
1201 804 

Table  9. Comparison o f  Epidermis Es t e ra se  Rate Cons tan t  Obtained from 
Model F i t t i n g  t o  Those Obtained from Tryps in  Treatment.  

Tryps in  x 10  
Ksec-’ /gm o f  ‘sec-’/gm 

Model x l o 3  
o f  Ktryps  i n Kmodel 

Prodrug Tissue T i s sue  Ke a c e t a t e  Ke  a c e t a t e  

A-ara-A 2 . 3  - 2.7 2.5 - 3.5 1 1 

V-ara-A 11 .2  - 15.5  10 .6  - 13.5  4 .3  - 5.7 3 .8  - 4 . 3  

0-ara-A 43.1 - 56.6 46 .3  - 56.8 17.1 - 20.8 16.1 - 18.6  

ara-A 7 .6  - 9.6* 6.5 - 9.3* -- -- 

*Deaminase c o n s t a n t s  

Af t e r  comple t ing  t h e  model v a l i d a t i o n  s t u d i e s  f o r  t r a c e r  l e v e l s  (Eqs .  

4 -6) ,  t h e  v a l i d i t y  o f  the model when prodrug l e v e l s  were nea r  s a t u r a t e d  

s o l u t i o n  concen t r a t ions  (Eqs.  1-3) was e s t a b l i s h e d .  The results o f  s a t u r a t e d  

go-through exper iments  a r e  presented  i n  Tables  1 1 ,  12 and 1 3  f o r  a r a -A-ace ta t e ,  

a ra -A-valera te  and ara-A-octanoate ,  r e s p e c t i v e l y .  I n  t h e s e  exper iments  
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TRANSDERMAL DELIVERY OF PRODRUGS 701 

Table 10. Comparison o f  Dermis Es terase Rate Constant Obtained from 

Model F i t t i n g  t o  Those Obtained from T r y p s i n  Treatment.  

4 T r w s i n  x 1 0  Model x 10 
model - .  ‘ t r y p s i n  K 

Ksec-l /gm o f  ‘sec-’/gm o f  
Prodrug T issue Tissue ‘d a c e t a t e  Kd a c e t a t e  

A-ara-A 2.5 - 3.1 2.8 - 3.1 1 1 

V-ara-A 14.1 - 17.7 11.3 - 15.2 4.5 - 7.0 4.8 - 5.4 

0-ara-A 41.5 - 59.0 41.9 - 45.7 13.2 - 23.4 13.3 - 16.4 

ara-A 1.2 - 1.5* 1 .4 - 1 .6* -- -- 

*Oeaminase cons tan ts .  

Table 11. Go-Through Experiment w i t h  Sa tu ra ted  A-ara-A S o l u t i o n  (#0418811).  

6 F l u x / I n i t i a l  Donor Conc. x 10 (cm/sec) 

Do nor  Rece iver  Order 
o f  
Runsa A-ara-A ara-A ara-H A-ara-A ara-A ara-H 

l s t b  -- 0.82 0.24 1 ,72 0.19 0.57 

2ndc -- 0.59 o .oa 1.55 0.37 0.23 

3rdb  -- 0.82 0.25 1.77 0.19 0.58 

a A l l  runs  were conducted w i t h  ep idermis  f a c i n g  t h e  donor chamber. 

bOnly t r a c e  amounts o f  H-A-ara-A were used i n  these two runs .  

‘Saturated A-ara-A s o l u t i o n  (2.69 x 10- M) sp iked  w i t h  t r a c e  amount o f  

3 

2 

3H-A-ara-A was used i n  t h i s  run .  

t he  f i r s t  and t h i r d  runs  were always t r a c e r  l e v e l s  w i t h  the  second r u n  hav ing  

sa tu ra ted  or  near s a t u r a t e d  d rug  concen t ra t i ons .  The above sequence o f  runs  

a l lowed f o r  d i r e c t  comparison o f  t h e  e f f e c t ,  if any, o f  u s i n g  s a t u r a t e d  d rug  

concen t ra t i ons .  

Model v a l i d a t i o n  s t u d i e s  w i t h  h i g h  concen t ra t i ons  o f  t h e  prodrugs en- 

t a i l e d  de te rm in ing  t h e  Km, k; and kI v laues fo r  a l l  t h r e e  prodrugs w i t h  the  
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Tab le  12. Go-Through Exper iment w i t h  Sa tu ra ted  V-ara-A S o l u t i o n  (#0418812).  

F l u x / I n i t i a l  Donor Conc. x l o b  (cm/sec) 

Donor Rece iver  Order 
o f  
Runsa V-ara-A ara-A a r a  -H V-ara-A ara-A ara-H 

l s t b  --  2.28 0.87 1 .13 0.54 1 .62 

2ndc -- 0.84 0.21 1.19 0.59 0.83 

3rdb  --  2.31 0.87 1.12 0.55 1 .66 

a A l l  runs were conducted w i t h  ep idermis  f a c i n g  the  donor chamber. 

bDnly t r a c e  amounts o f  H-V-ara-A were used i n  these two runs .  3 

Sa tu ra ted  V-ara-A s o l u t i o n  (2 .39  x lO-'M) sp i ked  w i t h  t r a c e  amount o f  

3H-V-ara-A was used i n  t h i s  run .  

C 

Table 13. Go-Through Exper iment w i t h  Sa tu ra ted  0-ara-A S o l u t i o n  (#0418813).  

6 F l u x / I n i t i a l  Donor Conc. x 10 (cm/sec) 

Donor Rece iver  Order 
o f  
Runsa 0-ara-A ara-A ara-H 0-ara-A ara-A ara-H 

l s t b  -- 6.68 10.20 1 .08 1 .15 4.65 

2ndc -- 10.20 5.88 1 .18 1.77 3.37 

3rdb -- 6.70 10.20 1 .13 1 .17 4.71 

A l l  runs  were conducted w i t h  ep idermis  f a c i n g  the  donor chamber. a 

bOnly t r a c e  amounts o f  H-0-ara-A were used i n  these two runs .  

'Saturated 0-ara-A s o l u t i o n  (5.85 x 10- M) sp i ked  w i t h  t r a c e  amount o f  

3 

4 

3H-0-ara-A was used i n  t h i s  run .  
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Table 14. F i t t i n g  o f  Exper imental  Fluxes from Go-Through Exper iment Us ing  

the  M o d i f i e d  Phys ica l  Model (#0418811) 

6 F l u x / I n i t i a l  Donor Conc. x 10 (cm/sec) 

Rece iver  Do nor  

ara-A ara-A 
+ + 

A-ara-A ara-H ara-A ara-H A-ara-A ara-H ara-A ara-H 

Expt .  da ta  -- 0.67 0.59 0.08 1.55 0.60 0.37 0.23 

Calc.  dataa -- 0.71 0.62 0.09 1.54 0.63 0.39 0.24 

aParameters used i n  t h e  c a l c u l a t i o n s :  

D~~~ = 1 .I x cm2/sec 

v ~ , ~ ~ ~  (es te rase )  = 3.5 x 

'm,dermi s (es te rase )  = 5.0 x 

hepi = 1 .O x 

K~ (es te rase )  = 3.3 x I O - ~ M  

kI = 2.3 x 10-4M 

D~~~~~~ = 5.0 x 

VA,epi (deaminase) = 1 .O x 

'A ,dermi s 

hdermis = 2.5 x cm 

Kf (deaminase) = 3.3 x 10- M 

mole/sec 

mole/sec 

cm 

2 cm /sec 

mole/sec 

(deaminase) = 1 .5  x l o m 6  rnole/sec 

4 

homogenates. 

and (VA,i/Kf) = k i .  

f l u x e s  were n u m e r i c a l l y  c a l c u l a t e d  f o r  t h e  two-chamber d i f f u s i o n  c e l l  e x p e r i -  

ments. 

determined independent ly ,  t h e  d i f f u s i v i t i e s  be ing  ob ta ined  d i r e c t l y  f rom 

p e r m e a b i l i t y  exper iments.  Tables 14, 15  and 16 show t h e  reasonab ly  good 

V 
m, l  m,1 

. and V '  . values were then  c a l c u l a t e d  from (Vm,i/Km) = ki 

These parameter va lues  were then used i n  Eqs. 1-3  and 

I t  shou ld  be no ted  t h a t  a l l  v a r i a b l e s  except  d i f f u s i v i t i e s  were 
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Table 1 5 .  F i t t i n g  o f  Experimental Fluxes from Go-Through Experiment Using 
the Modi f i  ed Physical Model (#0418812).  

6 F l u x / I n i t i a l  Donor Conc. x 10  (cm/sec) 
Donor Receiver 

ara-A a r a  -A 
t + 

V-ara-A ara-H ara-A ara-H V-ara-A ara-H ara-A ara-H 

Expt. da t a  -- 1 .05 0.84 0.21 1 .19  1 .42 0.59 0.83 

Calc.  da taa  -- 1 .02 0.83 0.19 1 .16 1 .37  0 .57  0.79 
- - 

Parameters used i n  t h e  c a l c u l a t i o n s :  a 

2 D~~~ = 2 . 2  x cm / sec  

V m , e p i  ( e s t e r a s e )  = 2.9 x 

'm,derrnis ( e s  t e r a s e )  = 2.6 x 1 0-6 mole/sec 

hepi  = 1 .O x 

Km ( e s t e r a s e )  = 1 .08 x 10-3M 

kI = 1 .2  x 10-5M 

Ddermi s 

'm,epi 

';,dermis (deaminase) = 1 .5  x 

hdermis  = 2.5  x lo-' cm 

KI;, (deaminase) = 3.3  x 10- M 

mole/sec 

cm 

2 = 5.0 x cm /sec 

' (deaminase) = 1 . 0  x mole/sec 

mole/sec 

4 

agreement ob ta ined  between the c a l c u l a t e d  and expe r imen ta l ly  determined 

f l  uxes f o r  a r a -A-ace ta t e ,  ara-A-Val e r a t e  and ara-A-octanoate .  

I t  can be concluded t h a t  both e s t e r a s e  and deaminase enzymes a r e  q u a n t i -  

t a t i v e l y  accounted f o r  by t h e  model w i t h  t h e  d i f f u s i v i t i e s  ob ta ined  i n  t h e  

pe rmeab i l i t y  exper iments .  

Summary - 

A q u a n t i t a t i v e  methodology has been p resen ted  f o r  ana lyz ing  the t r a n s -  

p o r t  and metabolism o f  prodrugs i n  s k i n .  The example presented  he re  i s  
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Table 16. F i t t i n g  o f  Experimental Fluxes from Go-Through Experiment Using 
the Modified Physical Model (#0418813). 

6 Flux/Ini t ia l  Donor Conc. x 10 (cm/sec) 
Donor Receiver 

ara-A ara-A 
t t 

0-ara-A ara-H ara-A ara-H 0-ara-A ara-H ara-A ara-H 

E x p t .  data -- 16.0 10.2 5.88 1 .18 5.14 1.77 3.37 

Calc. dataa -- 16.1 10.1 6.03 1.15 5.05 1.72 3.33 

aParameters used in  t h e  ca lcu la t ions :  

Depi  = 5.8 x lo-' cm /sec 

v ~ , ~ ~ ~  ( e s t e r a s e )  = 1 . 3  x 

'm,dermi s 
hepi  = 1 .O x 10- 

Km ( e s t e r a s e )  = 1.51 x 10- M 

2 

mole/sec 

( e s t e r a s e )  = 1.0 x mole/sec 
3 cm 

4 

k I  = 8.8 x 10-'M 

Ddermi s 
V A , e p i  (deaminase) = 1 .O x 

Vr; l ,dermis  (deaminase) = 1 .5 x 10 

hdermis = 2.5  x lo-' cm 

Kr;l (deaminase) = 3.3 x 10- M 

2 = 5.0 x cm /sec 

mole/sec 
-6 mole/sec 

4 

t h a t  f o r  the t ranspor t ,  deacylation and  deact ivat ion o f  the  e s t e r  prodrugs 

o f  ara-A i n  h a i r l e s s  m u s e  sk in .  

experimental r e s u l t s  a n d  a proposed model demonstrate t h a t  t h i s  approach 

should be considered par t  o f  the  armamentaria in  dermal d r u g  del ivery research 

The quant i ta t ive  sel  f-consistency between 
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