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Summary 

The plasma profile of the drug concentration after transdermal delivery was simulated on the basis of a dynamic mathematical 
model. The skin was assumed to be a bilayer membrane which consists of the stratum corneum and the viable epidermis. A 
conventional multi-compartment model was also assumed to describe the drug elimination/distribution in the body. The effects of 
the skin permeation kinetics as well as the body elimination/distribution on the plasma profile of the drug concentration were 
analyzed under various modes of application for the drug delivery system. 

Introduction 

Drug molecules released f rom a transdermal 
delivery system first partition into the stratum 
corneum, then diffuse into the lower layer of the 
skin and are finally transported away by the blood 
microcirculation. The drug concentration in the 
plasma after transdermal delivery is determined 
by the balance between the permeation rate across 
the skin (input) and the e l iminat ion/dis t r ibut ion 
rate in the body. Since the plasma profile for 
many  drugs is controlled mainly by the skin per- 
meation a n d / o r  the body el iminat ion/dis t r ibut ion 
kinetics, it is important  to understand the quanti- 
tative effect of the physicochemical properties for 

skin permeat ion as well as the pharmacokinetic 
parameters  for the body el iminat ion/dis t r ibut ion 
on the plasma profile after transdermal drug de- 
livery. 

In this communication,  the plasma concentra- 
tion profile after transdermal drug delivery is 
simulated on the basis of the d i f fus ion /compar t -  
ment  model developed recently (Tojo, 1987). The 
effect of various modes of application on the 
plasma concentration profile is also discussed. The 
opt imum design of the delivery system and its 
mode of application can be predicted by analyzing 
the effect of various parameters  on the plasma 
concentration profile. 

Theoretical model 

Correspondence: K. Tojo, Department of Pharmaceutics, Col- 
lege of Pharmacy, Rutgers University, Busch Campus, P.O. 
Box 789, Piscataway, NJ 08854-0789, U.S.A. 

A dynamic mathematical  model of transdermal 
drug delivery was previously proposed (Tojo, 1987) 
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Fig. 1. Bilayer skin diffusion/mult i-compartment body 
elimination model for pharmacokinetics of the transdermal 
drug delivery (two-compartment open model is shown as an 
example), s.c. = stratum corneum; v.s. = viable skin (epider- 
mis); X =  drug concentration in the central compartment; 
Y = drug concentration in the tissue compartment; V = volume 
of distribution; kl2 and k21 = intercompartmental rate 

constants; k e = elimination rate constant. 

and is schematically illustrated in Fig. 1. This 
model consists of a bilayer diffusion barrier (stra- 
tum corneum and viable skin) and a multi-com- 
partment for body distribution or elimination. In 
Fig. 1, a two-compartment open model is il- 
lustrated as an example. 

Most drugs penetrate the skin approximately 
proportionally to the concentration gradient be- 
tween the upper and the lower side of the skin 
(Schaefer et al., 1982). If the binding, metabolism 
and shunt diffusion in the skin are assumed to be 
negligible, the drug concentration in the skin can 
be described by the following Fick's law of diffu- 
sion (Crank, 1975): 

oc o (Dac 
at - OC\ ~ x ]  (1) 

where C is the drug concentration in the skin, t is 
the time, x is the distance from the surface of the 
skin and the drug diffusivity D is given by: 

D (0  N x _< h : s t r a t u m  corneum) 

D = D2 (h < x < H: viable skin) (2) 

The drug diffusivity in the stratum corneum (layer 
1 in Fig. 1) is usually about 1/1000 of that across 
the viable skin (layer 2 in Fig. 1) (Scheuplein and 

Blank, 1971; Tojo et al., 1987). The thickness of 
the human stratum corneum and the distance from 
the skin surface to the microcirculation are 10-20 
/~m and 150-200 tLm, respectively (Schaefer et al., 
1982). The drug molecules crossing the skin are 
efficiently transported away into the capillary layer 
(microcirculation). The sink condition can, there- 
fore, be assumed to be on the front of the capillary 
layer (Fig. 1). The appropriate initial and boundary 
conditions of Eqn. 1 are summarized for various 
modes of applications in Table 1. The rate of drug 
permeation across the unit area of skin is com- 
puted by: 

dQ aC2 
R= dt = - - D 2 ( ~ ) x = H  (3) 

The cumulative amount of drug permeated from 
one delivery system is then given by: 

Q= fo tR dt= fot( ~ t  )dt (4) 

If a two-compartment open model as shown in 
Fig. 1 is assumed for the body elimination/ 
distribution pharmacokinetics, the plasma con- 
centration after the transdermal application of n 
systems is described by: 

d(XV1) L ( ~-~-Qt ) dt = i A i  + k 2 1 Y V 2  - k l 2 X V 1  
i=1 

- k e X V  1 (5) 

for the central compartment, where A is the effec- 
tive surface area and n is the number of the 
transdermal delivery systems applied, and 

d ( X ~ )  
dt = kl2XV1 - -  k 2 1 Y V  2 (6) 

for the tissue (peripheral) compartment. 
Eqns. 1, 5 and 6 were solved simultaneously 

under appropriate boundary and initial conditions 
summarized in Table 1. To solve the partial dif- 
ferential equation, Eqn. 1, the Method of Lines 
procedure (Carver, 1981) was employed. A re- 
sultant set of ordinary differential equations were 



TABLE 1 

Initial and boundary conditions for Eqn. 1 
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Initial Conditions: 
mode of application 

system-on C = 0 (0 < x < H )  

system-off  ( t  > ta) 
after steady-state 

[ ( h - x  x 1 

C = ~ O < x < h  

before steady-state C = f ( x,  ta) 

Boundary Conditions: 

x = 0 (upper  surface of the skin) C = S (0 < t < t a) 

d X / d x  = 0 ( t  > ta, system-off)  

x = h (s t ra tum co rneum/v i ab l e  skin boundary)  

D 1 ( d C 1 / d x )  = D 2 ( d C 2 / d x )  ( n o  accumulat ion)  

C 1 = PC 2 (par t i t ioning)  

x = H ( lower surface of the skin) C = 0 (sink condi t ion)  

(7)  

(8) 

(9) 

(lO) 

(11) 

(12)  

(13)  

(14)  

(15) 

t a = durat ion of system application; f (X, ta)  = concentrat ion profile at t ime t a after system-on;  S = concentrat ion on  the surface of  
s t ra tum corneum; Suffix: 1 = s t ra tum corneum,  and 2 = viable skin. 

numerically solved by Runge-Kutta-Gill or Gear's 
Method (Gear, 1971). All simulations in this study 
were carried out using an IBM Personal Com- 
puter. Microsoft FORTRAN Optimizing Com- 
piler (Version 4.0) was used for solving the com- 
puter programming written by FORTRAN77. 

Results 

Simulated profiles of the skin permeation rate 
and the plasma concentration after transdermal 
delivery are shown in Figs. 2 and 3 as a parameter 
of the duration (h) of application. Figs. 2 and 3 
simulate the transdermal delivery of nitroglycerin 
and clonidine, respectively. The diffusion coeffi- 
cient and the solubility of the drug for skin per- 
meation were determined from an in vitro skin 
permeation experiment based on a bilayer skin 

model (Tojo et al., 1987). The pharmacokinetic 
parameters for body elimination/distribution were 
obtained previously (Tojo, 1987a and b). When 
the drug has a short elimination half-life (1.4 rain) 
or a large elimination rate constant such as 
nitroglycerin in Fig. 2, the dynamic plasma profile 
of the drug concentration is almost identical to the 
rate profile of skin permeation. In this case, the 
plasma concentration profile is wholly controlled 
by the physicochemical properties of skin permea- 
tion. Therefore, it may be possible to control the 
plasma profile of the drug by the system design of 
the delivery system. On the other hand, when the 
drug has a long half-fife (8.4 h) or a small elimina- 
tion rate constant such as clonidine in Fig. 3, the 
plasma concentration profile (solid line) is mainly 
controlled by the pharmacokinetic parameters for 
the body elimination/distribution kinetics. In this 
case, the dynamic plasma profile under system-on 
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Fig. 2. Plasma concentration and skin permeation rate profiles 
after transdermal delivery of the drug with a large elimination 
rate c o n s t a n t  k e. The numbers on the curves are the duration 
(h) of the applications. Key: - - ,  plasma concentration 
profile; . . . . . .  , skin permeation rate profile (almost identical 
to the plasma concentration profiles). Suffix ss = steady-state. 
Dl=l .9x10-1°  cm2/s; /)2= 2.1x10-7cm2/s; P=14.8; h = 
0.0020 cm; H=0.020 cm; I11=2.8×104 ml; II2=1.4×105 
ml; ke=8.2×10 -3 s-];  k12=5.3×10 -3 s - l ;  k21=1.1× 
10-3 s-1. These parameter values were determined previously 

(Tojo, 1987). 

or  sys tem-off  cond i t ions  canno t  be  op t imized  b y  
the sys tem design of  the  t r ansde rma l  d rug  de- 
l ivery, a l though the cons tan t  s t eady-s ta te  or  zero 
level concen t ra t ion  is achieved af ter  a r e m a r k a b l y  
long t ime lag. 

I t  is poss ib le  for  the d rug  wi th  a shor t  p l a s m a  
half-l ife,  such as n i t roglycer in ,  to achieve a da i ly  
pulse  del ivery  b y  app ly ing  ano the r  p a t c h  for  an  
a p p r o p r i a t e  du ra t i on  in add i t i on  to the regular  
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l~ig. 3. Plasma concentration and skin permeation rate profiles 
after transdermal delivery of the drug with a small elimination 
rate constant k e. The numbers on the curves are the duration 
(h) of application. Key: - - ,  plasma concentration profile; 
. . . . . .  , skin permeation rate profile. Suffix ss = steady state. 
D 1=3.9X10 -11 cm2/s; D 2=5.5×10 -8 cm2/s; P=10;  
h = 0.0020 cm; H = 0.020 cm; V 1 = 2.1× 105 ml; 

V 2 = k12  = k21 = 0; k e = 2.3x10 -5 s -a. 
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Fig. 4. Plasma profile of the drug concentration under multiple 
application (A 1 = A2). Parameters are the same as in Fig. 2. 

Key: . . . . . .  ,3 h application; - - ,  12 h application. 

long- te rm ze ro -o rde r  p e r m e a t i o n  sys tem as shown 
in Fig.  4, where  the  d u r a t i o n  of  the second pa tch  
is 3 or  12 h. I t  can  be  seen f rom this f igure that  
the da i ly  pu l sed  concen t r a t i on  supe r imposed  on 
the long- t e rm ze ro -o rde r  concen t ra t ion  is achieved.  
The  p l a s m a  concen t r a t i on  (peak  value)  and  the 
du ra t i on  for  m a i n t a i n i n g  the effective p l a s m a  level 
can  be  con t ro l l ed  b y  the size of  the  del ivery  sys- 
t em and  its d u r a t i o n  for  appl ica t ion .  This  ap-  
p r o a c h  m a y  be  useful  to improve  the eff icacy of  
the t r ansde rma l  de l ivery  for drugs,  whose opt i -  
m u m  p l a s m a  concen t r a t i on  is no t  the  conven t iona l  
ze ro -order  b u t  r a the r  pu l sed  pa t te rn .  

The  p l a s m a  concen t r a t i on  prof i le  of  c lon id ine  
af ter  t r ansde rma l  de l ivery  was s imula ted  and  com- 
p a r e d  with  the  c l in ical  d a t a  r epor t ed  b y  A r n d t s  
and  A r n d t s  (1984) in Fig.  5. I t  can be  seen that  the 
s imula ted  prof i le  agreed  fair ly  well  wi th  the 
expe r imen ta l  prof i le  no t  only  in the ini t ia l  s ta r t -up  
bu t  u n d e r  the  s y s t e m - r e p l a c e d  or  sys tem-removed  
condi t ions ,  as well. 

The  p resen t  m a t h e m a t i c a l  mode l  for t ransder-  
mal  d rug  de l ivery  can  be  used for p red ic t ing  a 
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Fig. 5. Comparison of the plasma profile of clonidine after 
various modes of transdermal delivery, e, human in vivo values 
(Arndts and Arndts, 1984); - - ,  simulated by the present 

model. Parameters are the same as in Fig. 3. 



quantitative effect of various physicochemical and 
pharmacokinetic parameters on the plasma con- 
centration prof i les  af ter  t r ansde rma l  d rug  delivery.  
The  o p t i m u m  design for  the t r ansde rma l  drug  
del ivery  and  its m o d e  of  app l i ca t ion  m a y  be  pre-  
d ic ted  by  solving the ma thema t i ca l  mode l  under  
var ious  ini t ia l  and  b o u n d a r y  condi t ions ,  if the 
phys icochemica l  p roper t i e s  for skin p e r m e a t i o n  
and  the pha rmacok ine t i c  pa rame te r s  are  ava i lab le  
in the l i te ra ture  or  de t e rmined  by  conven t iona l  
exper imenta l  procedures .  

References 

Arndts, D. and Arndts, K., Pharmacokinetics and pharma- 
codynamics of transdermally administered clonidine. Eur. 
J. Clin. Pharmacol., 26 (1984) 79-85. 

Carver, M.B., Method of lines solution of differential equa- 

205 

tions. In S.H. Mah and W.D. Seida (eds.) Foundation of 
Computer Aided Chemical Process Design, Vol. 1, Engineer- 
ing Foundation, New York, 1981, pp. 369-402. 

Crank, J., The Mathematics of Diffusion, 2nd edn., Oxford 
Univ. Press, Oxford, 1975. 

Gear, C.W., Numerical Initial Value Problems in Ordinary 
Differential Equations, Prentice Hall, Englewood Cliffs, N J, 
1971. 

Schaefer, H., Zesch, A. and Stuttgen, G., Skin Permeability, 
Springer, New York, 1982, pp. 545-549. 

Scheuplein, R.J. and Blank, I.H., Permeability of the skin. 
Physiol. Rev.., 51 (1971) 702-747. 

Tojo, K., Mathematical modeling of skin permeation of drugs. 
J. Chem. Eng. Jap., 20 (1987a) 300-308. 

Tojo, K., Controlled transdermal drug delivery: in vitro/in 
vivo relationship, Proceedings of International Symposium 
on Transdermal Drug Delivery Systems, Neu Ulm, F.R.G. 
1987b, in press. 

Tojo, K., Chiang, C.C., and Chien, Y.W., Drug permeation 
across the skin: effect of penetrant hydrophilicity. J. Pharm. 
Sci., 76 (1987) 123-126. 


