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ABSTRACT 

A dynamic s k i n  permeation system was developed aiming t o  e l im ina te  the  

de f i c ienc ies  observed i n  the apparatus c u r r e n t l y  ava i l ab le .  I t  consis ts  o f  

two h a l f - c e l l s  i n  m i r r o r  image, each contains a s t i r r i n g  p l a t f o r m  t o  permi t  

a starhead magnet t o  r o t a t e  a t  a synchronous speed. 

equipped w i t h  a sampling por t ,  which can be t i g h t l y  closed w i t h  glass stopper. 

The design c h a r a c t e r i s t i c s  o f  t h i s  new system was ca l i b ra ted ,  using the  com- 

m e r c i a l l y  ava i l ab le  Franz d i f f u s i o n  c e l l  as the reference. The r e s u l t s  

c l e a r l y  suggested t h a t  t h i s  newly developed s k i n  permeation system shows 

The s o l u t i o n  chamber i s  

cons i s ten t l y  super ior  than the Franz d i f f u s i o n  c e l l  i n  terms of the con t ro l  

o f  s k i n  surface temperature and the e f f i c i e n c y  o f  s o l u t i o n  mixing. 

i nves t i ga te  the p o t e n t i a l  e f f e c t  o f  environment, the temperature on the 

stratum corneum surface was varied, wh i l e  the dermal s o l u t i o n  was maintained 

a t  constant body temperature, and i t s  e f f e c t  on the k i n e t i c s  o f  s k i n  per- 

meation was studied. 

meation were determined. The r e s u l t s  suggested t h a t  the s k i n  permeation 

system developed i n  t h i s  i n v e s t i g a t i o n  can be usefu l  f o r  the mechanist ic 

anal ys i s  o f  1 ong- term s k i n permeation k i net  i cs . 

To 

The energy requirements f o r  various steps o f  s k i n  per-  
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576 CHIEN AND VALIA 

For the direct measurement of skin permeation kinetics, the technique 

commonly employed i s  t o  mount  a suitable size of skin sample i n  between 

two diffusion chambers. The assembly is then themsta ted  a t  a constant 

temperature. A volume of drug solution i s  f i l led into the donor chamber 

and another equal volume of drug-free solution i s  added t o  the receptor 

chamber. Then, the appearance of the drug species i n  the receptor solution 

and/or the disappearance o f  the drug species from the donor solution i s  

monitored, by an appropriate assay method, as a function of time. 

sample could be excised from either humans or animals. 

The skin 

An early model of in v i t r o  diffusion cell was designed by Scheuplein (1) 

in 1965 to  s tudy  the routes of skin penetration, using radiolabeled compounds, 

and the effect  of solubility. 

electrodialysis u n i t  t o  investigate the percutaneous absorption of drugs. 

Michaels e t  a1 (3) fabricated a skin permeation cell which was equipped with 

a pair of Teflon impellers t o  s t i r  the solutions in both donor and receptor 

compartments, through the open sampling ports, a t  a synchronous speed by the 

external motors. 

cel l ,  i n  which donor and receptor compartments had  a volume of only 1.5 m l  each 

and was equipped w i t h  two open ports: 

driven impellers and another for solution f i l l ing  and sampling. Review of these 

skin diffusion cel ls  indicate t h a t  they apparently have the following drawbacks: 

( a )  b o t h  the donor and receptor solutions are maintained a t  the same temperature 

by either immersing the whole cell i n  a temperature regulated waterbath or 

retaining i t  in thermally controlled oven. This setup could not  simulate 

exactly the clinical setting, i n  which the donor compartment i s  exposed t o  

an ambiant environment; a n d ,  ( b )  the solution i n  the donor and receptor 

compartments i s  constantly exposed to the atmosphere through the openings 

f o r  stirring and sampling. The extent of solvent loss could be significant 

and may affect the drug concentration i n  the solutions. These deficiencies 

need to be corrected for the long-term skin permeation studies of transdermal 

therapeutic systems. 

Later, Menczel and Maibach ( 2 )  used a modified 

Recently, Durrheim e t  a1 ( 4 )  developed a miniature diffusion 

one was used to accommodate the externally 

Most recently, an upright-type diffusion cell was designed by Franz (5) 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DYNAMIC SKIN PERMEATION SYSTEM 577 

and a commercial model was marketed. 

compartment, which has a wide opening a t  the top exposing t o  the  a i r  w i thou t  

any temperature con t ro l ,  and a lower ( receptor)  compartment, i n  which the 

s o l u t i o n  i n  the inner  chamber i s  thermostated a t  37OC by c i r c u l a t i n g  water 

i n  the ou te r  j a c k e t  and maintained a t  a constant hydrodynamic cond i t i on  by a 

t i n y  magnetic bar  r o t a t i n g  a t  600 rpm. 

i c a l  condi t ions.  A s k i n  sample i s  a lso sandwiched between the donor and the 

receptor compartments and the sk in  permeation o f  drug i s  fo l lowed by sampling 

the receptor  so lu t i on ,  a l so  v i a  an open sampling po r t ,  a t  a scheduled i n t e r v a l  

f o r  assay. This  laboratory  has u t i l i z e d  t h i s  c e l l  design t o  evaluate and t o  

compare the  long-term sk in  permeation k i n e t i c s  o f  n i t r o g l y c e r i n  de l i ve red  by 

the three ( 3 )  recen t l y  approved n i  t rog l yce r in - re leas ing  transdermal therapeut ic  

systems (6) .  

I t  consis ts  o f  an upper (donor) 

I t  was designed t o  s imulate the  c l i n -  

Our experience w i t h  Franz d i f f u s i o n  c e l l  i nd i ca tes  t h a t  i t  has several 

c r i t i c a l  drawbacks: 

temperature, which could become severe i n  a l abo ra to ry  wi thout  a w e l l  con- 

t r o l  l e a  room temperature o r  due t o  the implementation o f  energy conservation 

p o l i c y  i n  the laboratory ;  and, (b)  i t  i s  no t  s u i t a b l e  f o r  the eva lua t i on  o f  

s o l u t i o n  o r  suspension-formulations o r  v o l a t i l e  drugs due t o  i t s  inherent  

upr ight ,  open donor compartment design, which does n o t  permi t  the use of 

any s t i r r i n g  setup as i n  the receptor  compartment. 

(a) i t  i s  s e n s i t i v e  t o  any v a r i a t i o n s  i n  the  atmospheric 

A f t e r  reviewing a l l  the s k i n  permeation apparatus c u r r e n t l y  avai lab le,  

i t  becomes apparent t o  us t h a t  f o r  accurate assessment o f  long-term s k i n  

permeation k i n e t i c s ,  a new i n  v i t r o  s k i n  permeation system should be developed 

t o  minimize the p o t e n t i a l  de f i c ienc ies  o u t l i n e d  above and, i n  the meantime, 

t o  incorporate a l l  the advantages r e a l i z e d  i n  the  e x i s t i n g  systems. 

these considerations i n  mind, t h i s  laboratory  has developed such a s k i n  

permeation system (Figure 1). 

t h a t  i t  i s  capable o f  s imulat ing a c l i n i c a l  s e t t i n g  by mainta in ing the 

receptor s o l u t i o n  a t  body temperature , wh i le  vary ing the temperature on s k i n  

surface. The ho r i zon ta l  design wi th the s k i n  sandwiched a t  an u p r i g h t  

p o s i t i o n  i n  between two h a l f - c e l l s  appears t o  simulate more c l o s e l y  the p o s i t i o n  

the humans normally take under the c l i n i c a l  condi t ions,  w i t h  the exception o f  

With 

We have a l so  c a l i b r a t e d  the  system and found D
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578 CHIEN AND VALIA 

the l a y  down p o s i t i o n  dur ing the bedtime. I t  i s  a t o t a l l y  closed system w i t h  

a matched p a i r  of magnets r o t a t i n g  i n  a f i xed  p o s i t i o n  a t  a synchronous speed 

i n  the c i r c u l a r ,  depressed p la t forms.  I n  add i t i on ,  i t  permits the s k i n  

permeation study of drugs under e i t h e r  f l n i t e - o r  i n f i n i  te-dosing condi t ion.  

The r e s u l t s  o f  our evaluat ion w i l l  be discussed i n  t h i s  repo r t .  

EXPERIMENTAL 

Mater ia ls  : 

3 4 Estradio12, benzoic acid3, polyethylene g l yco l  (PEG) 400 and a c e t o n i t r i l e  

were used as obtained. HPLC grade water was f r e s h l y  prepared i n  the 

5 laboratory  . 

HPLC Method: 

Instrumentation: 

equipped w i t h  a rec ip roca t ing  pump6, an i n j e c t o r 7 ,  an UV detector  ( w i t h  

a c e l l  volume of 15.6 p l ) ,  a reverse-phase !J Bondapak CI8 column ( w i t h  a 

guard column) 

A h igh performance l i q u i d  chromatographic system 

8 

9 and a c h a r t  recorder'' was used i n  t h i s  i nves t i ga t i on .  

Conditions: A combination o f  a c e t o n i t r i l e  and water (50:50) was used as the 

mobile phase which, a t  ambient cond i t i on  and a f l ow  r a t e  o f  1.5 ml/min, y ie lded  

an operating pressure o f  2,000 p s i .  The UV detector  operated a t  the wavelength 

o f  280 nm and the s e n s i t i v i t y  o f  0.005 AUFS, which had a de tec t i on  l i m i t  of 

0.5 pg/ml (o r ,  equiva lent ly ,  25 ng a t  an i n j e c t i o n  volume o f  50 u l ) .  

volume o f  50 p l  drug s o l u t i o n  o r  sample was in jec ted .  

condi t ion,  a wel l -def ined e s t r a d i o l  peak appeared a t  the r e t e n t i o n  t ime of 

4.9 min. 

v a r i a t i o n  o f  1%. 

A 

Under t h i s  HPLC 

Resul t  of the m u l t i p l e  i n j e c t i o n s  i nd i ca ted  a c o e f f i c i e n t  of 

Determination of e s t r a d i o l  concentrat ion i n  the sample so lu t i ons  was 

ca r r i ed  ou t  by measuring the height  o f  the e s t r a d i o l  peak a t  4.9 minutes 

fo l l ow ing  each i n j e c t i o n  and then c a l c u l a t i n g  the concentrat ion i n  ug/ml 

from the standard curve constructed from a se r ies  o f  standard so lu t i ons  

w i t h  known e s t r a d i o l  concentrat ions. 
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DYNAMIC SKIN PERMEATION SYSTEM 579 

Skin Permeation System: 

The s k i n  permeation system developed i n  t h i s  laboratory  i s  

composed o f  a s k i n  permeation c e l l  and a magnetic d r i v i n g  u n i t  (Figure 1). 

The s k i n  permeation c e l l  cons is ts  o f  two h a l f - c e l l s ,  which are 

fab r i ca ted  from Pyrex glass i n  m i r r o r  image. 

contains a s o l u t i o n  chamber, which measures 0.9 cm i n  diameter and 3.8 

cm i n  l eng th  and can h o l d  a s o l u t i o n  up t o  4.0 m l .  

platform, which measures 10 mm i n  diameter and 4 mn i n  depth, has been 

b u i l t  i n  a t  the center bottom of the s o l u t i o n  chamber t o  permi t  a starhead- 

shaped magnet t o  r o t a t e  a t  a synchronous speed i n  a f i x e d  phys ica l  l oca t i on .  

The s o l u t i o n  chamber i s  equipped w i t h  a sampling po r t ,  which i s  s i t u a t e d  

a t  a l o c a t i o n  d i s t a n t  from the area where s k i n  w i l l  be mounted and can be 

closed t i g h t l y  w i t h  a matched piece o f  glass stopper (S 7/25) .  

u n i t  o f  s o l u t i o n  chamber i s  then completely sealed i n s i d e  a water j a c k e t  
11 and can be regulated a t  a given temperature by a c i r c u l a t i n g  waterbath. 

With the use o f  two u n i t s  o f  c i r c u l a t o r  baths, one h a l f - c e l l  can be main- 

tained a t  a temperature t o  simulate the v a r i a t i o n  i n  atmospheric temperature 

on s k i n  surface, whi le  another h a l f - c e l l  can be thermostated a t  constant 

body temperature maintained by hemoperfusion. 

Each o f  the h a l f - c e l l s  

A depressed, c i r c u l a r  

The whole 

A f t e r  mounting a s k i n  sample i n  between the two h a l f - c e l l s ,  the 

wholly assembled sk in  permeation c e l l  becomes a t o t a l l y  closed c e l l  system, 

which y i e l d s  a s k i n  su r face  of 0.64 cm a v a i l a b l e  f o r  drug permeation. 

The assembly can then be e a s i l y  clamped onto the magnetic d r i v i n g  u n i t ,  

which i s  equipped w i t h  a p a i r  o f  r e v o l v i n g  magnets s i t t i n g  pe rpend icu la r l y  

underneath the  s t i r r i n g  p l a t f o r m  i n  each o f  the h a l f - c e l l s .  

magnets can be d r i v e n  t o  s p i n  a t  600 rpm by a p a i r  o f  synchronous motors, 

which make the  starhead magnets t o  r o t a t e  a t  a synchronous speed i n  both 

h a l f  c e l l s  by magnetic force. 

proper ty  i n  the s o l u t i o n  w i t h  a t h i n  thickness o f  d i f f u s i o n  l a y e r  on the 

sur face o f  both sides o f  t h e  sk in .  

2 

The r e v o l v i n g  

I t  produces a constant  hydrodynamic 

S i x  ( 6 )  u n i t s  of t he  s k i n  permeation system have been success fu l l y  

connected i n  se r ies  and c o n t r o l l e d  a t  the same experimental cond i t i on .  
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580 CHIEN AND VALIA 

Two t r i p l i c a t e  experiments can be e a s i l y  run  simultaneously. 

C a l i b r a t i o n  o f  Sk in Permeation System: 

This  newly designed s k i h  permeation system, which i s  designated as 

the Valia-Chien permeation system f o r  the purpose o f  easy i d e n t i f i c a t i o n ,  

was c a l i b r a t e d  i n  th ree  areas: (a )  dynamics o f  s k i n  sur face temperature, 

(b) e f f i c i e n c y  o f  s o l u t i o n  m ix ing  and ( c )  thickness o f  hydrodynamic d i f f u s i o n  

l aye r .  

a l so  evaluated as the reference system. 

The commercially a v a i l a b l e  model' o f  the Franz d i f f u s i o n  c e l l  was 

a) 

t o  determine the l e n g t h  of t ime requ i red  f o r  an exc ised s k i n  sample i n  

the i n  v i t r o  permeation system t o  reach an e q u i l i b r i u m  temperature and 

the s t a b i l i t y  of the s k i n  surface temperature. 

l i v i n g  body the  s k i n  i s  mainta ined a t  a temperature c lose  t o  the body 

temperature by the m i c r o c i r c u l a t i o n  i n  the dermal t i s s u e .  To do t h i s ,  a 

fu l l - t h i ckness  of s k i n  sample was f r e s h l y  excised from the abdomen 

o f  a 5-7 week o l d  male h a i r l e s s  mouse," us ing the  technique repo r ted  

prev ious ly  (4, 6), and was mounted i n  between the two h a l f  c e l l s  o f  the 

Valia-Chien permeation c e l l  (F igure 1). The h a l f  c e l l ,  t o  which the 

stratum corneum p a r t  o f  t he  s k i n  was exposed, was designated as the 

donor compartment and another h a l f  c e l l ,  t o  which t h e  dermis p a r t  of the 

s k i n  was i n  contact, was c a l l e d  the recep to r  compartment. Dur ing the 

course o f  study, the receptor  compartment was maintained a t  37% by a 

c i r c u l a t i n g  waterbath," w h i l e  the donor compartment was kept  a t  25OC 

byanother c i r c u l a t i n g  ~ a t e r b a t h ! ~  The temperature on the s t ra tum corneum was 

taken by a temperature probe14, which was in t roduced through the  sampling 

p o r t  o f  the donor compartment (conta ins no s o l u t i o n )  and was i n  c lose  

contact, a t  perpendicular pos i t i on ,  w i t h  the  s k i n  surface. 

room-temperature s a l i n e  s o l u t i o n  con ta in ing  20% '/v o f  PEG400 ( t o  achieve 

a s ink cond i t i on  f o r  the drug) was d e l i v e r e d  i n t o  the  receptor  compartment 

and the s k i n  sur face temperature was cont inuously  measured every 30 o r  60 

seconds u n t i l  t h e  e q u i l i  br ium temperature was reached and every 5 minutes 

af terward t o  check the s t a b i l i t y  o f  s k i n  sur face temperature. 

Dynamics o f  Sk in Surface Temperature - Experiments were designed 

I t  i s  known t h a t  on the 

Then, a 
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DYNAMIC SKIN PERMEATION SYSTEM 581 

Same study was a l s o  c a r r i e d  o u t  i n  Franz d i f f u s i o n  c e l l  as the 

reference system. The same experimental procedure as o u t l i n e d  above 

was used, except t h a t  the donor compartment of t h e  Franz d i f f u s i o n  c e l l  

was exposed,due t o  i t s  inherent  design, t o  a l abo ra to ry  w i t h  c o n t r o l l e d  

room temperature ( a t  25OC) and cares were taken t o  minimize any p o t e n t i a l  

d r a f t  dur ing the s k i n  temperature measurements. 

b)  E f f i c i ency  o f  S o l u t i o n  Mix inq - It was designed t o  determine the 

l e n g t h  o f  t ime the  system had t o  take t o  achieve a homogeneity i n  drug 

concentrat ion i n  t h e  so lu t i on .  To do t h i s ,  t h e  Valia-Chien permeation 

c e l l  was assembled by connecting the  h a l f  c e l l s  together  w i t h o u t  a 

s k i n  sample sandwiched; and the whole c e l l  was then f i l l e d  wi th  7.8 m l  

o f  s a l i n e  s o l u t i o n  (which contains 20% ‘/v PEG 400 t o  achieve a s ink  

c o n d i t i o n  f o r  t h e  drug) and maintained a t  37% throughout t h e  s tud ies 

by a c i r c u l a t i n g  waterbath.” Then, a 50 u 1  of methanolic s o l u t i o n  

con ta in ing  10 Irg of e s t r a d i o l  was i n s t i l l e d ,  a t  t ime zero, i n t o  the 

s a l i n e  s o l u t i o n  from the sampling p o r t  i n  the  donor compartment w i t h  

both magnets r o t a t i n g  a t  600 rpm. 

drawn from the sampling p o r t  i n  t h e  receptor  compartment (two sampling 

p o r t s  have a phys i ca l  separat ion o f  6 cm) a t  predetermined i n t e r v a l s  and 

assayed inrmediately f o r  e s t r a d i o l  l e v e l  by t h e  HPLC method o u t l i n e d  

e a r l i e r .  The f i n a l  e s t r a d i o l  concentrat ion i n  the  s o l u t i o n  when 

homogeneity was reached should have a t h e o r e t i c a l  l e v e l  o f  1.28 ug/ml. 

Samples, i n  50 111 each, were w i th -  

I n  t h e  case o f  Franz d i f f u s i o n  c e l l ,  t he  same experimental procedure 

as o u t l i n e d  above was c a r r i e d  out ,  except t h a t  10 m l  o f  t he  same s o l u t i o n  

was r e q u i r e d  t o  f i l l  t h e  receptor  compartment t o  the  r i m  (which a l so  has 

a d is tance o f  6 cm f rom the lower end o f  t he  recep to r  compartment, from 

where samples w i l l  be taken). 

con ta in ing  50 vg o f  e s t r a d i o l  was i n s t i l l e d  a t  t ime  zero f rom the  surface 

o f  the s o l u t i o n  w i t h  t h e  magnet a l s o  r o t a t i n g  a t  600 rpm. 

50 p l  each, were withdrawn from the bottom of t h e  s o l u t i o n  as c lose  t o  the 

r o t a t i n g  magnet as poss ib le .  

the s o l u t i o n  when t h e  homogeneity was reached should have a t h e o r e t i c a l  

I n  a d d i t i o n ,  a 50 p1 o f  methanolic s o l u t i o n  

Samples, i n  

The f i n a l  e s t r a d i o l  concentrat ion i n  
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582 CHIEN AND VALIA 

level of 5 ,,g/rnl. 

c )  

thickness of hydrodynamic diffusion layer on the dermal tissue, which 

i s  imersing i n  the receptor solution d u r i n g  the skin permeation kinetics 

studies, the dissolution of benzoic acid i n  the saline solution containing 

various volume fractions of PEG 400 was conducted. 

preparing a benzoic acid. disc ( I  .8 cm i n  diameter and 0.2 cm i n  thickness) 

i n  a metal mold from a fused knzoic  acid and then mounting i t  i n  between 

the two half c e l l s  of the Valia-Chien permeation ce l l  (secured firmly 

w i t h  parafilm). 

of PEG 400 a t  37OC was introduced in to  the receptor compartment (a l so  

thermostated a t  37OC) w i t h  the magnet rotating a t  600 rpm. 

dissolution of benzoic acid from the disc was determined by monitoring 

the concentration prof i le  of benzoic acid in the receptor solution by 

an UV spec t r~photometer l~  as a function o f  time. 

Determination of Hydrodynamic Diffusion Layer - To determine the 

I t  was done by 

A t  zero time, the sa l ine  solution containing 0-40% '/v 

The ra te  of 

Same experimental procedure was a l so  carried o u t  in Franz diffusion 

ce l l .  

Temperature Dependence of Skin Permeati on Kinetics : 

The ha i r less  mouse skin was mounted i n  between the two half c e l l s  

of the Valia-Chien permeation ce l l  in the same way as described ea r l i e r  

(Figure 1). 

circulating waterbath" t o  simulate the body temperature and the 

temperature i n  the donor compartment was maintained a t  e i ther  15, 

25, 30 or 37OC throughtout the study by another circulating water- 

bathf3 A 3.4 ml of drug-free sa l ine  solution containing 20% of PEG 

400 a t  37OC was f i l l e d  in to  the receptor compartment and another 

3.4 ml of estradiol suspension (3  mg/ml) i n  the same sa l ine  solution 

a t  a specific temperature was added i n t o  the donor compartment. A t  

each of the predetermined intervals (1, 2, 4, 6, 8, 10, 12, 16, 20, 

24, 28, 32, 40 and 48 hours), a 50 l.11 of sample was withdrawn from the 

receptor solution and assayed immediately for  estradiol concentration 

by the HPLC method outlined ea r l i e r .  

The receptor compartment was thermostated a t  37OC by a 

The experiments were carried 
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DYNAMIC SKIN PERMEATION SYSTEM 

o u t  in tr iplicate for  each temperature. A standard curve with a 

correlation coefficient of 0.9999, using the same saline/PEG solution 

and known estradiol concentrations was established during and af ter  

the completion of each run o f  the experiment. 

i n t o  the HPLC column immediately following the sampling and, due to 

the size of the sample (only 50 pl) ,  no internal standard was in- 

corporated. The same syringe was used throughout each of the t r ipl icate  

experiments and the injection-to-injection reproducibility for each 

syringe had been calibrated before use by multiple injections and found 

t o  be within the acceptable limit. 

The sample was injected 

The estradiol concentration ( in  pg/ml) in each sample was determined 

from the standard curve and the amount of estradiol permeating through 

the skin was calculated from the estradiol concentration in the receptor 

solution a t  each sampling time point af ter  correcting for the total volume 

of the solution and the amount of estradiol withdrawn for assay in the 

preceedi ng sample. 

Determination of Estradiol Solubility: 

A t  the end of each 48-hour skin permeation study, the estradiol 

suspension in the donor compartment was quickly f i l tered through a 

swinnex f i l t e r  equipped with a Teflon f i l t e r  membrane16 and the 

estradiol concentration i n  the f i l t r a t e  was also assayed by the 

HPLC method, af ter  proper dilution, t o  determine the equilibrium 

solubility of estradiol in the saline/PEG solution a t  each specific 

temperature. Triplicate determinations were done for each temperature. 

Determination of Skin/Solution Partition Coefficient: 

Skin preparations o f  known weight (100 -., 200 mg each) were 

equilibrated with 3 ml of estradiol solution ( 1 . 5  pg/ml in sal 

solution containing 20% '/v of PEG 400) in a shaking waterbath 

25, 30 and  37OC for a duration of up  to 5 days. The estradiol 

ne 

t 15, 

583 

concentration in the solution was sampled every day and assayed by 

HPLC until the equilibrium state  was reached. The skin/solution 

parti tion coefficient a t  various temperatures was then determined from 
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584 CHIEN AND VALIA 

the concentrat ion o f  e s t r a d i o l  i n  the s k i n  and the e q u i l i b r i u m  concentrat ion 

of e s t r a d i o l  i n  the so lu t i on .  

RESULTS AND DISCUSSION 

Development o f  Sk in Permeation C e l l :  

For the i n v e s t i g a t i o n  o f  s k i n  permeation k i n e t i c s ,  the e f f e c t  o f  

s o l u t i o n  hydrodynamics i n  t h e  v i c i n i t y  o f  s k i n  sur face should be 

minimized as much as poss ib le  and t h e  s o l u t i o n  m ix ing  should be e f f i c i e n t .  

Under these cond i t i ons ,  t he  r e a l  mechanisms involved i n  the  s k i n  

permeation o f  drugs can then be r e a l i z e d  and the i n t r i n s i c  r a t e  o f  

s k i n  permeation, i n  which o n l y  the s k i n  t i s s u e  p lays t h e  r a t e - l i m i t i n g  

r o l e  i n  the whole process of s k i n  permeation (no t  the hydrodynamic 

d i f f u s i o n  l a y e r s  on both s ides o f  the sk in ) ,  can be determined. 

It i s  a l s o  impor tant  t o  study t h e  e f f e c t  o f  temperature v a r i a t i o n  

above the s k i n  su r face  on the r a t e  of s k i n  permeation. 

t h a t  under a normal c l i n i c a l  s i t u a t i o n ,  the s k i n  on t h e  body su r face  i s  

constant ly  regu la ted  by the m i c r o c i r c u l a t i o n  i n  the  den ia l  l a y e r  and, 

i n  the meantime, i t  i s  a l s o  subjected t o  a coo l i ng  e f f e c t  from the atmos- 

phere. 

t o  another, depending on the degree o f  m i  c r o c i  r c u l a t i  on underneath the 

s k i n  and a l so  on the ex ten t  o f  covering on the sur face o f  the sk in ,  and 

may a l so  change w i t h  environmental temperature. This temperature e f f e c t  

should be character ized q u a n t i t a t i v e l y  by sys temat i ca l l y  va ry ing  t h e  

temperature on s k i n  surface, wh i l e  mainta in ing the dermal s o l u t i o n  a t  

body temperature; so, the r a t e  o f  s k i n  permeation o f  drugs from a transdermal 

therapeut ic  system a t  d i f f e r e n t  temperature condi t ions can be pro jected.  

As we a l l  know 

The s k i n  surface temperature may vary from one p a r t  o f  t h e  body 

The s k i n  permeation c e l l  designed should a l so  be a t o t a l l y  c lose  

system, so the p o t e n t i a l  o f  so l ven t  l oss ,  due t o  evaporat ion a t  

e levated temperatures can be minimized. It i s  p a r t i c u l a r l y  c r i t i c a l  i n  

running a long-term s k i n  permeation study, i n  which t h e  so l ven t  l o s s  could 

be s i g n i f i c a n t  and might  p o t e n t i a l l y  a f f e c t  the drug concen t ra t i on  i n  the  

so l  u t i  on. 
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DYNAMIC SKIN PERMEATION SYSTEM 

SKIN PERMEATION S Y S T E M  by VALlA a CHlEN 

I 3 7 ' ~  woter in 

Donor 
comportment 

(4ml)  

Gloss stopper 

Skin (0.64cm2) 

J - Sampling port 

585 

other cellr(in series) 

Water- iocketed (37') 

Receptor comportment (4ml)  

Star- head magnet 
(dia., 8.5 mm; height, 6mm 1 

Revolving magnet Stirring platform 
(600 rpm) (dio.,lOmm.;height 4mm)  

T c h r o n o u r  motorsA I ' Connecting tubing 

on-off 
but ton 

FIGURE 1 

Diagrammatic i l l u s t r a t i o n  o f  t he  s k i n  permeation system developed. 
the t e x t  f o r  d e t a i l s  o f  the design. 

See 

As shown i n  F igure 1, the s k i n  permeation c e l l  developed i n  t h i s  

i n v e s t i g a t i o n  aims t o  incorporate a l l  the aforementioned considerat ions 

i n t o  the  c e l l  design. 

image and i t  becomes a t o t a l l y  c lose c e l l  system a f t e r  assembled. 

sampling p o r t s  can be t i g h t l y  closed w i t h  g lass  stoppers, so t he  

p o t e n t i a l  o f  so l ven t  l o s s  by evaporation d u r i n g  the  course o f  s k i n  

permeation s tud ies can be reduced t o  the minimum. 

c e l l s  i s  const ructed w i t h  a c i r c u l a r  depression a t  the c e n t r a l  bottom 

area o f  the s o l u t i o n  chamber t o  prov ide a p l a t f o r m  f o r  the s tahead-  

shaped magnet t o  s p i n  a t  a constant, synchronous speed i n  a f i x e d  

p o s i t i o n .  

constant  s o l u t i o n  hydrodynamics and a r a p i d  achievement o f  s o l u t i o n  

It cons is t s  o f  a p a i r  o f  h a l f  c e l l s  i n  m i r r o r  

The 

Each of t he  h a l f  

Th is  s t i r r i n g  p l a t f o r m  design pe rm i t s  the  maintenance of a 
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5 86 CHIEN AND VALIA 

- 
9 
+I 
0 

W 
E 
3 c 

Y 

a 

Y r 
c 
W 
0 
2 a 

r 
3 
0 

Y 
UJ 

37 

35 
Valia - Chion System 

Donor Compartment: 26OC 
(air) 

33 

31 

29 

27 

25 

1J min. 

Franz Diffusion Coil 

Recoptor Compartmont: 37OC 
(20 % PEG solution) 

0 4 8 12 18 20 24 28 30 

TIME (MIN.) 

FIGURE 2 

The t ime course fo r  t he  s k i n  surface temperature. 
temperature o f  32.8OC was reached w i t h i n  5 minutes i n  the Valia-Chien 
system and a f t e r  10 minutes i n  the Franz d i f f u s i o n  c e l l .  
represents the range o f  one standard dev ia t i on .  

The e q u i l i b r i u m  

The bar  

homogeneity w i thou t  the r i s k  o f  exposing the  drug s o l u t i o n  t o  the  open 

a i r .  

i n a i v i d u a l l y .  

s o l u t i o n  temperature i n  donor and recep to r  compartments be c o n t r o l l e d  

a t  a same o r  a d i f f e r e n t  temperature, so t h e  s tud ies  can be run  under 

an ' isothermal o r  a noni sothermal condl ti on as des i red.  Therefore, t h e  

e f f e c t  o f  temperature v a r i a t i o n  on the  r a t e  o f  s k i n  permeation can be 

assessed q u a n t i t a t i v e l y .  

Dynamics o f  Sk in  Surface Temperature: 

Each o f  t he  two h a l f  c e l l s  i s  t o t a  l y  sealed i n  a water j a c k e t  

This i n d i v i d u a l i z e d  water j a c k e t  design permi ts  the 

The dynamics o f  s k i n  su r face  temperature was s tud ied  under the  

cand i t f ons  descr ibed e a r l i e r  i n  the "experimental" sec t i on .  The r e s u l t s  

o u t l i n e d  i n  F igure 2 i n d i c a t e d  t h a t  a s k i n  sur face temperature of 32.8OC 

was reached a t  e q u i l i b r i u m  under the  c o n d i t i o n  t h a t  t he  dermis was ba th ing  
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DYNAMIC S K I N  PERMEATION SYSTEM 587 

i n  a 37OC s a l i n e  s o l u t i o n  and the stratum corneum i s  exposed t o  an 

atmosphere c o n t r o l l e d  a t  25OC. I t  was found t h a t  the e q u i l i b r i u m  

s k i n  surface temperature was reached w i t h i n  5 minutes i n  the Val ia-  

Chien s k i n  permeation system, wh i l e  i n  the Franz d i f f u s i o n  c e l l  i t  

took 10-15 minutes t o  reach the same temperature. But, i n  any case, 

a s tab le  s k i n  surface temperature was maintained throughout the course 

o f  study as long as the dermal s o l u t i o n  was c o n t r o l l e d  a t  37OC and the 

environment surrounding the surface of the s k i n  was kept a t  25OC. 

The temperature i n  the bulk  o f  the dermal s o l u t i o n  was a l so  

monitored and found t h a t  an equ i l i b r i um temperature o f  36.8OC was 

reached i n  the Valia-Chien system w i t h i n  3 minutes. I t  was on ly  

0.2OC lower than the ta rge t  body temperature of  37OC. On the  o the r  

hand, there e x i s t s  a temperature gradient  i n  the Franz d i f f u s i o n  c e l l  

between the s k i n  and the reg ion enveloped w i t h i n  a water j acke t .  The 

s o l u t i o n  i n  the water- jacketed reg ion was able t o  mainta in  the  ta rge t  

body temperature throughout the study, wh i l e  t h e  s o l u t i o n  above the 

water- jacketed reg ion b u t  imnediately below the dermal t i s s u e  has an 

equ i l i b r i um temperature t h a t  i s  almost 4% lower than the body 

temperature. 

I f  both the donor and the receptor  compartments (which were 

thermal ly  c o n t r o l l e d  a t  37'C)were f i l l e d  w i t h  a 22OC s a l i n e  so lu t i on ,  

i t  was observed t h a t  i t  takes only  3 minutes f o r  the Valia-Chien system 

t o  reach the e q u i l i b r i u m  temperature o f  36.8OC i n  both compartments; 

i n  the meanwhile, the s k i n  surface (s t ra tum corneum) achieves an 

equ i l i b r i um temperature of 36.7'C, which i s  on ly  0.loC lower than 

the s o l u t i o n  temperature (36.8OC). The r e s u l t  suggested t h a t  the 

s k i n  surface can be c o n t r o l l e d  a t  a temperature t h a t  i s  i n  the v i c i n i t y  

o f  body temperature if the environmental temperature on the s k i n  surface 

i s  a l so  thermally regulated a t  36.8OC as i n  the  dermal s o l u t i o n .  

E f f i c i e n c y  o f  So lu t i on  Mixing: 

E f f i c i e n c y  of s o l u t i o n  mix ing determines the thickness o f  hydro- 

dynamic d i f fus ion l a y e r  on the s k i n  surface as w e l l  as the t ime course 
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588 CHIEN AND VALIA 

of reaching a homogeneous drug concentrat ion i n  the so lu t i on .  

c r i t i c a l l y  important i n  the s k i n  permeation k i n e t i c s  s tud ies t h a t  t he  

permeation of drug molecules should encounter on ly  the b a r r i e r  e f f e c t  

imposed by the s k i n  layers and the drug molecules should be qu ick l y  

d i s t r i b u t e d  throughout the receptor  s o l u t i o n  as soon as they have penetrated 

through the s k i n  layers.  

o f  the s k i n  surface should n o t  p lay  any s i g n i f i c a n t  b a r r i e r  e f f e c t .  

It i s  

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

I n  the Valia-Chien system, the s o l u t i o n  mixing i n  both donor and 

receptor  compartments i s  achieved by a p a i r  o f  star-head magnets r o t a t i n g  

synchronously a t  600 rpms i n  a s p e c i a l l y  designed s t i r r i n g  p la t fo rm 

(Figure 1). 

the v e r t i c a l  design, on ly  the s o l u t i o n  i n  the receptor compartment can be 

s t i r r e d  by a "rod"-shaped magnet, which i s  a lso r o t a t i n g  a t  600 rpms. 

On the other  hand, i n  the Franz d i f f u s i o n  c e l l ,  due t o  

The e f f i c i e n c y  o f  s o l u t i o n  mixing was evaluated by studying the  

t ime required f o r  the s o l u t i o n  t o  achieve an homogeneous d i s t r i b u t i o n  

o f  a drug dose f o l l o w i n g  the i n p u t  o f  t he  drug. Under the  cond i t i ons  

ou t l i ned  e a r l i e r  i n  the Experimental sect ion,  the r e s u l t s  i n d i c a t e d  t h a t  

i t  takes on ly  one (1) minute t o  reach t h e  t h e o r e t i c a l  e s t r a d i o l  l e v e l  

i n  the Valia-Chien system as compared t o  30 minutes requ i red  i n  the  Franz 

d i f f u s i o n  c e l l  (F igure 3 ) .  

between the s i t e  f o r  drug i n p u t  and the s i t e  f o r  sampling i n  both systems 

are very much t h e  same ( 6  un apar t ) .  

demonstrate t h a t  t he  Valia-Chien system has a g rea te r  e f f i c i e n c y  of s o l u t i o n  

mixing than t h e  Franz d i f f u s i o n  c e l l .  The r e s u l t s  may a l s o  suggest t h a t  

the hydrodynamic d i f f u s i o n  l a y e r  underneath the dermal t i s s u e  cou ld  be 

s u b s t a n t i a l l y  sma l le r  i n  th ickness i n  the  Valia-Chien system than i n  the  

Franz d i f f u s i o n  c e l l .  

It should be po in ted  o u t  t h a t  t he  d is tance 

Hence, the data obtained here 

The hydrodynamic d i f f u s i o n  l a y e r  on t h e  immediate sur face of t h e  

s k i n  can be determined by s tudy ing  the  d i s s o l u t i o n  p r o f i l e s  of benzoic 

ac id  under the  same experimental cond i t i ons .  

should be fo l l owed  f o r  the d i s s o l u t i o n  k i n e t i c s  ( 7 ) :  

The f o l l o w i n g  r e l a t i o n s h i p  

C 
I n  - -.v Km A ( t  - tl) (1) 
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- 
E 

VALIA-CHIEN SKIN PERMEATION SYSTEM 
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-I 
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a 
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2 

0 Conc. at site distant 
from drug inletC6cml 

0 Conc. a t  slte of drug 
inlet 

i I I 
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TIME CMIN.1 

G I  Donor solution C 6 cm) I 
a c 
3 0 Receptor solution 

0 '  1 I I 
I 1 
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TIME (MIN.) 

FIGURE 3 

The t ime course f o r  the s o l u t i o n  t o  achieve an homogeneous d i s t r i b u t i o n  
o f  a drug dose f o l l o w i n g  the i n s t i l l a t i o n  o f  the drug. 
sents the range o f  one standard dev iat ion.  

The bar  repre-  

where Cs i s  t he  aqueous s o l u b i l i t y  o f  benzoic a c i d  i n  t h e  s a l i n e  s o l u t i o n  

conta in ing var ious volume f r a c t i o n s  o f  PEG 400, Ct  i s  t h e  benzoic a c i d  

concentrat ion a t  t ime  t, t i  i s  t h e  l a g  t ime ex t rapo la ted  f rom the  steady- 

s t a t e  d i s s o l u t i o n  p r o f i l e ,  A i s  t he  sur face area o f  the benzoic a c i d  d i s c  

ava i l ab le  f o r  d i s s o l u t i o n ,  V i s  t h e  volume o f  the recep to r  s o l u t i o n  used, 

and Km i s  t h e  mass t r a n s f e r  c o e f f i c i e n t  as de f i ned  by: 
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590 CHIEN AND VALIA 

0 100 200  300 400 500 600 700 

+ ( t - t l )  (erc./cm) 

FIGURE 4 

C Linear r e l a t i o n s h i p  between I n  ( s/Cs-Ct) and A ( t - t  )/V as described by 
Equation (1). Key: O V a l i a - C h i e n  permeation system, 0 Franz d i f f u s i o n  
c e l l .  

1 

The bar represents the range o f  one standard dev ia t i on .  

where DS 

thickness of hydrodynamic d i f f u s i o n  l aye r .  From the s lope of the I n  

(CS/Cs - Ct) versus A ( t  - t l ) / V  and the known values o f  CIS i n  the 

so lu t i on ,  t he  thickness o f  hydrodynamic d i f f u s i o n  l a y e r  (haq) can be 

determined . 

i s  t h e  aqueous d i f f u s i v i t y  of benzoic a c i d  and haq i s  the 

The r e s u l t s  i n  F igure 4 i n d i c a t e  t h a t  the d i s s o l u t i o n  p r o f i l e s  

o f  benzoic a c i d  d i s c  i n  the receptor  s o l u t i o n  i n  both Valia-Chien 

permeation system and Franz d i f f u s i o n  c e l l  do f o l l o w  Equation (1) 

f a i r l y  w e l l .  K, values were determined from the s lope o f  the l i n e s  

and then used t o  c a l c u l a t e  haq by Equation ( 2 ) .  

i n  Table 1. 

dynamic d i f f u s i o n  l a y e r  w i t h  thickness ranging from 0.0054 (+ 0.0006) 

Resul ts  a re  tabulated 

The data i n d i c a t e  t h a t  the Valia-Chien system has a hydro- 
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DYNAMIC SKIN PERMEATION SYSTEM 591 

+ cm t o  0.0101(- 

s o l u t i o n  increases from OX t o  40%.'/v. The thickness o f  hydrodynamic 

d i f f u s i o n  l a y e r  maintained i n  the Valia-Chien system was found t o  be 

3-7 times sma l le r  than t h a t  achieved i n  the Franz d i f f u s i o n  c e l l ,  

which ranges f rom 0.0287 (+  0.0027) cm t o  0.0389 (+ 0.0091) cm. 

0.0021) cm as  t he  PEG 400 concentrat ion i n  the 

The r e s u l t s  generated above c l e a r l y  demonstrate t h a t  t he  e f f i c i e n c y  

o f  s o l u t i o n  m ix ing  i n  the Valia-Chien permeation system i s  s i g n i f i c a n t l y  

b e t t e r  than t h a t  i n  the c o m w r c i a l l y  ava i l ab le  Franz d i f f u s i o n  c e l l ;  

a much t h i n n e r  th ickness of  hydrodynamic d i f f u s i o n  l a y e r  i s  maintained 

i n  the Valia-Chien system. I n  o the r  words, the e f f e c t  o f  hydrodynamic 

d i f f u s i o n  l a y e r  on the  s k i n  permeation k i n e t i c s  can be s u b s t a n t i a l l y  

reduced when one uses the Valia-Chien s k i n  permeation system and the 

s k i n  becomes the p r i n c i p a l  b a r r i e r  i n  the s k i n  permeation o f  t he  drugs. 

so ,  

Skin Permeation K i n e t i c s  and Temperature Dependence: 

Q The r a t e  o f  s k i n  permeation ( s / t )  a t  steady s t a t e  can be described 

by the f o l l o w i n g  r e l a t i o n s h i p  (8):  

CR) 
( 3 )  

where Qs i s  the cumulat ive amount o f  drug permeating through a u n i t  sur face 

area o f  the sk in ,  Ps i s  the s k i n  pe rmeab i l i t y  c o e f f i c i e n t  o f  t he  drug, CD 

and CR are the  drug concentrat ions,  respec t i ve l y ,  i n  the  donor and recep to r  

so lut ions.  

p r o f i l e s  o f  e s t r a d i o l  through the s k i n  f o l l o w  f a i r l y  w e l l  t h e  l i n e a r  

The r e s u l t s  i n  F igure 5 i n d i c a t e  t h a t  the s k i n  permeation 

r e l a t i o n s h i p  d e f i n e d  by Equation (3 ) .  The Q s vs. t l i n e a r i t y  was achieved 

a t  a l l  temperatures f o r  a du ra t i on  o f  up t o  48 hours. 

o f  s k i n  permeation ( Q s / t )  was observed t o  increase as i n c r e a s i n g  the  

temperature i n  donor s o l u t i o n .  

However, t h e  r a t e  

I n  t h i s  i n v e s t i g a t i o n ,  the drug concentrat ion i n  the donor s o l u t i o n  

(C,) i s  maintained a t  a s a t u r a t i o n  s o l u b i l i t y  ( C i )  l e v e l  (by i n c o r p o r a t i n g  

an excess amount o f  e s t r a d i o l  i n  the s o l u t i o n ) ,  wh i l e  the  drug concentrat ion 

i n  the receptor  s o l u t i o n  (C,) i s  maintained below a s i n k  c o n d i t i o n  

(C,  < 10% C i ) .  So, Eq. ( 3 )  can be s i m p l i f i e d  t o :  
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592 CHIEN AND VALIA 

Effect of Donor Solution Temperature 
'- I 
lot 
8 .  

n 
d 
d 

37OC 
/ , 

+I 
E 
0 
m a 
* 

W 

0" 

6 

4 

2 

0 
0 10 20 30 40 so ao 

TIME (HOURS) 

FIGURE 5 
Linear Q,-t relationship a t  various temperatures. 
25'; 0 
0.062, 0.114, 0.168, and 0.209 Mcm /hr, respectively. 
sents the range of one standard deviation. 

Key:& 15'; 0 , 
30'; and 0 ,  37OC. The Qs/t of estradiol was calculated to be 

2 The bar repre- 

QS t = Ps c; ( 4 )  

where P,, the permeability coefficient across a skin ba r r i e r ,  i s  determined 

by the skin/solution par t i t ion  coefficient ( K S ) ,  the s k i n  d i f fus iv i ty  a t  

the steady-state (Dss)  and 

by the relationship o f :  

ps = 

The steady-state s k i n  

the thickness of the skin ( h s b )  as expressed 

KSDss 
hsb 

d i f fus iv i ty  (Dss) can be determined from 

Equation (6) i f  P,, hsb and Ks values a re  known o r  predetermined: 

'S hsb  
KS 

Dss - 
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DYNAMIC SKIN PERMEATION SYSTEM 593 

and the  nonsteady-state s k i n  d i f f u s i v i t y  (Dns) can be c a l c u l a t e d  f rom 

s k i n  b a r r i e r  th ickness (hsb) by t h e  f o l l o w i n g  the l a g  time (tl) and the 

re1 a t i  on: 

Dm 

It i s  known t h a t  the 

d i f f u s i v i t y  ( D s s )  and the 

2 
= hsb - 
6tl 

( 7 )  

s a t u r a t i o n  s o l u b i l i t y  (Ci), t he  s teady-state 

nonsteady-state d i f f u s i v i t y  (Dns) are temperature- 

dependent va r iab les  (9 )  as def ined,  respec t i ve l y ,  by the  f o l l o w i n g  r e l a t i o n s :  

AH . 1 ( 8 )  
T l o g  C; = constant  - m' 

1Ed)ss . 1 ( 9 )  
T l o g  Dss = constant - 2.303R 

l o g  D,, = constant  - m~ - +. (10) 

were AH i s  t h e  energy of s o l v a t i o n ,  (Ed)ss and (Ed)ns a r e  the  energies of 

a c t i v a t i o n  f o r  d i f f u s i o n  a t  s teady-state and nonsteady-state, r e s p e c t i v e l y  . 
Taking l oga r i t hm of Equations (4) and (5) and then s u b s t i t u t i n g  

Equations (8) and ( 9 )  f o r  l o g  Ci and l o g  Dss terms give: 

l o g  Ps = l o g  (const. - 5 - ~ s s  . 1. hsb 2.303R T 
(11) 

KS Ed)ss + AH] 1 (12) Q 
2.303R * T  l o g  5 = l o g  (const. - - [( 

hsb 

Equations (11) and (12) can be establ ished on ly  i f  the magnitudes o f  

K,, t he  sk in / so lu t i on  p a r t i t i o n  coe f f i c i en t ,  and hSb, the thickness o f  

sk in  b a r r i e r ,  a re  constant and independent o f  temperature va r ia t i on .  

v e r i f y  t h i s ,  the s k i n  p a r t i t i o n i n g  s tud ies o f  e s t r a d i o l  were conducted 

a t  temperature ranging from 15OC t o  37OC. Results i nd i ca ted  t h a t  the Ks 

value does n o t  vary s i g n i f i c a n t l y  ( i . e .  Ks value i s  9.60 2 0.93, 8.64 5 

1.22, 8.34 2 1.83, and 9.02 5 0.48, respect ive ly ,  a t  15OC, 23OC, 3OoC, and 

37OC). 

i n  t h i s  temperature range studied. 

To 

The observations suggest t h a t  Equations (11) and (12) a re  v a l i d  

According t o  Equations (8) 5 (12), the r a t e  o f  s k i n  permeation 
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594 CHIEN AND VALIA 

5 50 

H 

5 ;  u 

1 2 0  3.25 3.30 3.35 3.40 3.4 5 3.50 

2 
h 

- 
0.5 

I 1 

0.5 

3.20 3.25 3.30 3.35 3.40 9.45 3.50 

lo3/( DONOR s o i u T i o N  TEMPERATURE) ( O K  T' 

FIGURE 6 

Temperature dependency o f  the r a t e  o f  s k i n  permeation ( Q s / t ) ,  drug solu- 

b i l i t y  (Ci), s k i n  permeabi l i ty  (P,)  and d i f f u s i v i t y  a t  steady-state (Dss) 
and a t  nonsteady-state (Dns). 
analys is .  The bar represents the range o f  one standard dev iat ion.  

The l i n e s  were drawn us ing l i n e a r  regress ion 

('s/t), sk in  permeabi l i ty  c o e f f i c i e n t  (P,), sa tu ra t i on  s o l u b i l i t y  (Ci) 

i n  the donor so lut ion,  d i f f u s i v i t i e s  a t  steady-state (Dss) and a t  non- 

steady-state (Dns) should be exponent ia l ly  dependent upon the rec ip roca l  

o f  the absolute temperature (T)-'. 

t h a t  these l i n e a r  re la t i onsh ips  as def ined i n  Equations (8)  % ( 1 2 )  a re  

fo l lowed f a i r l y  wel l  experimental ly. 

As shown i n  Figure 6, the data i n d i c a t e  

From the slope o f  the l i n e a r  re la t i onsh ips  i n  F igure 6, the magnitude 
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596 CHIEN AND VALIA 

TABLE 2 

Energy Requirements i n  Sk in Permeation Process 

Energy term 

Rate o f  Skin Permeation ( % / t )  

Drug Sol ubi 1 i ty (Ci) 

Skin Permeabi l i ty  (PSI  

D i f f u s i v i  t i e s  

Steady-State ( D s s )  

Non-Steady-State (On, ) 

Temperature 

15OC 

25OC 

3OoC 

37OC 

TABLE 3 

E f f e c t  of Donor So lu t i on  Temperature 

on the  Skin D i f f u s i v i t y  o f  Es t rad io l  

Dns 

Skin D i f f u s i v i t y  

(cm /sec x 10 +s.D.) 8 2 

d%-%k 
10.11 

6.78 

3.34 

3.34 

2.87 

1.48 (50.67) 0.54 (tO.10) 2.75 

1.56 (50.16) 0.66 (20.16) 2.36 

1.76 (20.12) 0.68 (k0.04) 2.60 

2.13 (50.64) 0.83 (20.01) 2.56 

i ( tS .D .1  2.57 

( t o .  16) 
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DYNAMIC SKIN PERMEATION SYSTEM 597 

of AH, the energy of solvations, (Ed),,, the energy o f  a c t i v a t i o n  f o r  

d i f f us ion  a t  steady-state, and (Ed),,, the energy o f  a c t i v a t i o n  f o r  

d i f fus ion a t  nonsteady-state can be determined by us ing Equations (8)  - 

(12). The r e s u l t s  a re  tabulated i n  Table 2. The data i n d i c a t e  t h a t  

the energy requi red f o r  the s k i n  permeation o f  e s t r a d i o l  (10.11 Kcal/mole) 

i s  very much equal t o  the summation o f  the energy f o r  s o l v a t i o n  (AH=6.78 

Kcal/mole) and the energy o f  a c t i v a t i o n  f o r  d i f f u s i o n  a t  steady-state 

[(E),,= 3.34 Kcal/molel. The magnitude o f  AH va lue i s  two f o l d s  greater  

than the (E)ss value. The observations suggest t h a t  the s k i n  permeation 

k i n e t i c s  o f  es t rad io l  has a greater  dependency on the s o l u b i l i t y  p r o f i l e  

than on the d i f f u s i o n  proper ty  o f  the drug. 

I t  i s  i n t e r e s t i n g  t o  observe t h a t  the steady-state d i f f u s i o n  of 

es t rad io l  i n  the s k i n  requi res an energy [(E),, = 3.34 Kcal/mle] which 

i s  30% greater  than the energy needed f o r  the d i f f u s i o n  a t  t he  nonsteady- 

s t a t e  [ (E)ns = 2.87 Kcal/molel. 

t r a t e  t h a t  both Dss and Dns values are increased as increas ing the tem- 

perature o f  the donor so lut ion,  t o  which the s k i n  surface i s  exposed. 

I n t e r e s t i n g l y ,  the Dns values are cons is ten t l y  h igher  than the Dss values 

a t  a l l  temperatures and a constant r a t i o  o f  Dns/Dss o f  2.57 (A 0.16) i s  

resul ted.  

I n  addi t ion,  the data i n  Table 3 i l l u s -  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Franz D i f f u s i o n  C e l l s  (FDC-129), Crown Glass Co., Somervi l le. 
New Jersey. 

Roussel -UCLAF , Par i s  , France. 

F isher  S c i e n t i f i c  Company, F a i r  Lawn, New Jersey. 

D i s t i l l e d - i n - g l a s s  HPLC grade. 
Michigan. 

Prepared by Nanopure, Sybron/Barnstead , Boston, Massachusetts. 

Model 6000A. Waters Associates, Mi . l ford,  Massachusetts. 

Model U6K. Waters Associates, M i l f o r d ,  Massachusetts. 

Model 440. Waters Associates, M i l f o r d ,  Massachusetts. 

Contains 37-50 Bondapak C18/Corasi 1 packing m a t e r i a l .  
Waters Associates, M i l f o r d ,  Massachusetts. 

Burd ick & Jackson, Muskegon, 
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10. 

11. 

12. 

13. 

14. 

15. 

16. 

Omniscribe. Houston Instruments , Aust in ,  Texas. 

C i r c u l a t o r  Bath (Model 80), w i t h  a f l o w  r a t e  o f  7-15 l i t e r s / m i n .  
F isher  S c i e n t i f i c  Co., F a i r  Lawn, New Jersey. 

HRS/J S t ra in ,  Jackson Laborator ies , Bar Harbor, Maine. 

Refr igerated C i r c u l a t o r  Bath (Model 90). w i t h  a f l o w  r a t e  of 7-15 
l i t e r s / m i n .  

Thermalert (Model TH-60) equipped w i t h  'a Thermometer sensor 
(Type PT-6) Kapton i nsu la ted  , copper/constantan thermocouple. 
Bai ley Instruments, Inc., Saddle Brook, New Jersey. 

Model 559A U V / V I S  Spectrophotometer, Pe rk in  Elmer Company, 
E l w o o d  Park, New Jersey. 

Type FHLP, M i l l i p o r e  Corporation, Bedford, Massachusetts. 

F i she r  S c i e n t i f i c  Company, F a i r  Lawn, New Jersey. 

ACKNOWLEDGMENT 

The authors wish t o  thank D r .  K. Tojo, M r .  J. A .  Masi and M r .  P. R. 

Keshary f o r  t h e i r  technica l  assistance and t o  Mrs. V .  Ga l l i no  f o r  

manuscript preparation. 

A l l  i n q u i r i e s  should be d i rec ted  t o  Yie W. Chien, Con t ro l l ed  Drug 

Del ivery  Research Center, College o f  Pharmacy, Rutgers Un ive rs i t y ,  Busch 

Campus, P i  sca taway , New Jersey 08854. 

REFERENCES 

1. 

2.  

3. 

4. 

5. 

6. 

7 .  

R .  J. Scheuplein, J. Invest .  Dermatol., 45, 334 (1965). 

E. Menczel and H. I .  Mai bach, J. Invest .  Dermatol., 3, 386 
(1970). 

A. S. Michaels, S. K.  Chandrasekaran, and J. E. Shaw, AICHEJ, 
- 21, 985 (1975). 

H. Durrheim, G. L. Flynn, W. I .  Higuchi, and C .  R. Behl, 
J .  Pharm. Sc i . ,  69, 781 (1980). 

T. J .  Frant, Curr. Probl. Dermatol. , L,  58 (1978). 

Y .  W. Chien, P. R. Keshary, Y .  C. Huang, and P. P .  Sarpotdar, 
J .  Pharm. Sci . , 72, 968 (1983). 

C .  D. Yu, J .  L.  Fox, N. F. H .  Ho and W. I. Higuchi, J. Pharm. 
- Sci., 9, 1347 (1979). 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DYNAMIC SKIN PERMEATION SYSTEM 

8. Y. W. Chien, "Novel Drug Delivery Systems: Fundamentals, 
Developmental Concepts and Biomedical Assessments ," Marcel 
Uekker, New York, N. Y .  (1982), pp. 149-218. 

9. Y. W .  Chien, "Novel Drug Delivery Systems: Fundamentals, 
Developmental concepts and Biomedical Assessments," Marcel 
Dekker, New York, N .  Y., (1982), pp. 465-574. 

10. R. J. Scheuplein and 1. H. Blank, Physiol. Rev., 5l-, 702 
(1971). 

599 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


