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Summary

Equations derived previously for penetration (C, ., and J,,, vs t), flux and permeation (A vs ¢) profiles were evaluated
numerically to study the process of development of steady-state diffusion across the membrane. The concentration and flux profiles
of the diffusant within the membrane indicated that at least three lag times were required to achieve a linear concentration
gradient and a steady-state flux across the membrane. The permeation profile becomes truly linear at time greater than three lag
times implying that the permeation experiment should be conducted for at least three lag times to achieve steady state which may
not be possible with biological membranes. Also, if the experiments were conducted for a duration less than three lag times, the
estimated J; and T,, may be in error. To determine the error introduced, the simulated permeation profile was broken down into
data subsets as if the experiments had been conducted for time equal to one to six lag times. The data subsets were then analyzed
by the lag time method to estimate the parameters. The error in estimates of J and lag time increased significantly as the total
experimental time was reduced from six to one lag time. The J, and T,,, were highly underestimated, and for the experiment
conducted for one lag time, the percentage errors in J and T,, were —60 and —54% from the theoretical values, respectively.
The errors in derived values of D, the diffusion coefficient and K, the membrane /water partition coefficient were significantly
higher (116 and —82%) than the errors in J and T),,. These results demonstrated the limitations of the lag time method for
analysis of permeation data with particular reference to the duration of the experiment, which should be at least three lag times to
achieve steady-state diffusion.

Introduction Abbreviations / symbols: D, diffusion coefficient (cm? /h); K,
membrane /donor phase partition coefficient; C,, saturation
solubility of diffusant in the donor phase (mmol/ml); A,
thickness of the barrier (um); C,,,,, concentration of the
diffusant in the membrane at a distance of x cm from the
donor side at time ¢ (mmol/mi); ¢, time (h); Jix.» flux of the
diffusant in the membrane at a distance of x c¢cm from the
donor side at time ¢ (mmol cm~2 h™1); J, flux of diffusant
Correspondence to: J.C. Shah, Dept of Pharmaceutical at steady state (mmol cm ™2 h~1); T\, lag time of diffusion
Sciences, Medical University of South Carolina, 171 Ashley (h); A, cumulative amount of diffusant permeated through
Avenue, Charleston, SC 29425, U.S.A. the membrane until time ¢ (mmol /cm?).

Drug permeation through biological barriers
such as skin, gastrointestinal mucosa, nasal mu-
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cosa and buccal mucosa is considered to be a
passive diffusion process in general. The mathe-
matical analysis based on diffusion theory serves
to correlate drug movement and transport with
its physicochemical properties. The simplest
model being a homogencous membrane sepa-
rated by an infinite reservoir of drug on the
donor side and a perfect sink as receptor. Diffu-
sion equations can be derived for this model
based on Fick’s first and second laws of diffusion
(Crank, 1975; Barry, 1983; Durgard, 1983). The
most commonly used method for analysis of per-
meation data from an in vitro experiment with an
infinite dose technique is the lag time method
(Barry, 1983). The lag time method utilizes the
data post-steady state. The data points in the
steady-state region are linear and one can deter-
mine steady-state flux from the slope of the linear
permeation profile, and the x-intercept is the lag
time of diffusion. Then one can determine the
diffusion coefficient and partition coefficient of a
diffusant from lag time and steady-state flux,
knowing the donor phase concentration and
thickness of the barrier.

This approach has a few problems. First, it is
difficult to objectively determine when the per-
meation profile actually becomes linear, and that
steady state is attained (Foreman, 1976; Okamoto,
1986). Secondly, for a new entity with a given
biological barrier, it is difficult to predict, a pri-
ori, when the steady state will be attained, and
hence the duration for which the experiments
should be conducted. For a drug with low diffu-
sivity, and for a membrane which may not be
viable for a prolonged period of time, the com-
monly employed duration of experiment may be
insufficient to achieve steady state. Besides, the
estimation of D and K, from lag time and
steady-state flux are further affected by the inher-
ent difficulty in measuring barrier thickness,
which approximates the average diffusional path
length of the diffusants. In addition, lag time
depends on diffusion coefficient, which is as-
sumed to be constant throughout the entire mem-
brane and independent of diffusant concentra-
tion. In some cases, the above assumption is
invalid making the lag time approach inappropri-
ate (Frisch, 1957).

Various approaches have been tried to allevi-
ate the above-mentioned problems with the lag
time method (Foreman et al., 1976; Okamoto et
al., 1986, 1988, 1989; Parry et al., 1990). One of
the approaches was to fit the entire permeation
data to the analytical solution with an iterative
nonlinear least square regression program to ob-
tain parameters from the complete permeation
profile (pre- and post-steady states) (Foreman et
al., 1976; Okamoto et al., 1986, 1988, 1989). An-
other approach was to independently determine
partition coefficients and then optimize the val-
ues of the diffusion coefficient and the effective
thickness which gave the best fit of the experi-
mental data to the mathematical description of
steady-state and non steady-state equations (Parry
et al., 1990).

In the present study, simulations using estab-
lished equations for diffusion were conducted to
study the process of development of steady-state
diffusion of a species from an infinite reservoir
through a homogeneous membrane into a perfect
sink based on Fick’s first and second laws of
diffusion. These simulations were also used to
understand the functional significance of lag time
as it relates to development of steady state of
diffusion. To determine the effect of the duration
of the experiment on estimated J, and T,
simulated permeation data were broken down
into data subsets and evaluated by the lag time
method, and various parameters compared to the
theoretical values used to generate the perme-
ation profile.

Theory

Diffusion of a species through a simple homo-
geneous membrane can be treated with Fick’s
first and second laws of diffusion (Crank, 1975).
In-depth discussion of the process of diffusion
and derivation of equations can be found in the
literature (Crank, 1975; Barry, 1983; Durgard,
1983). However, for the purpose of clarity, the
process is briefly described in this section. The
concentration of diffusant is assumed to be con-
stant on the donor side of the membrane (infinite
reservoir assumption) and zero on the receptor
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Fig. 1. Schematic model used for derivation of diffusion
equations.

side of the membrane (perfect sink), while there
is no diffusant present in the membrane initially
(Fig. 1). The membrane is the principal barrier
with no binding or degradation of diffusant oc-
curring in the membrane. The model also as-
sumes instantaneous equilibrium at the mem-
brane-solution interface. Mathematically, the
problem of diffusion in one dimension for the
above model can be described by Fick’s second
law of diffusion as:

8C 82C
5 P (1)

with boundary conditions, Cy,, = CK,, at t >0,
and C,, ,, =0 and an initial condition of C, 3, =0
for 0 <x <h. Applying the above-mentioned
boundary conditions to the differential, Eqn 1,
and using the Laplace transform technique, the
analytical solution to Eqn 1 is:

X
Coon= KmCS(l - Z)

2K, C, =1 nwx
- Y - sin( P

)e(-Dnzwzt/hz)
n=1

(2)

where C,, ,, is the concentration of the diffusant
at a distance of x cm from the donor /membrane
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interface at time ¢. The flux of the diffusant at
any distance within the membrane can be deter-
mined from the following equation, which is ob-
tained by differentiating Eqn 2 with respect to x:

8C

Y= "DE

= % 1+2Y (_1)”e(*Dn2ﬂ'21/x2)
X

(3

Simulations were conducted using Eqns 2 and 3,
with the following values of parameters to de-
velop the penetration profile of the diffusing
species in the membrane of unit cross-sectional
area, as a function of time: C;=1 mmol/ml;
K,=1;h=10 um; and D=1x10"% ¢cm?/h.
The above parameters result in an effective
steady-state flux of J,=1X10"° mmol cm™?
h~' and lag time (T,,,) for diffusion of 16.66 h.
The results of simulations have been plotted in
Figs 2 and 3. The overall diffusant flux into the

Concentration of Diffusant (mmol/ml)
1

6 1 2 3 4 5 6 7 8 9 10
Distance in the Membrane (um)

—— t=1 Tilag . t=2 Tlag t t=3 Tlag
t*4 Tlag — t=5 Tlag — t=6 Tlag
Fig. 2. Simulated concentration gradient in the membrane as
a function of time, using Eqn 2 (D =1x10"% cm?/h, h =10
pm, K =1, C;=1mmol/ml, J,=1x10"> mmol cm~2 h~!
and T, = 16.66 h).
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Fig. 3. Simulated flux of the diffusant within the membrane as

steady state was attained, using Eqn 3 (D =1x10"% cm? /h,

h=10 pm, K =1, C;=1 mmol/ml, J,=1x10"5 mmol
em 2 h™! and T),, = 16.66 h).

receptor compartment was calculated using Eqn
3 at A =1 at the receptor side of the membrane
(Fig, 4).

The total amount of diffusant which passes
through the membrane in time ¢, i.e., the cumula-
tive amount of drug (A) permeated into the
receptor compartment is obtained by integrating
flux (Eqn 3) with respect to time, as shown in
Eqgn 4:

t___
h 6D

DKmCS( hZ)
20K, C, =

2

(_l)n —Dn2w2t /h2
- 5 e( Dnem<t /h*) (4)

n

n=1

Eqgn 4 was used to generate a permeation profile
for 100 h (6 X T\,,), as shown in Fig. 5.
Equations similar to Eqns 2-4 have been de-
rived in the past (Crank, 1975; Barry, 1983; Dur-
gard, 1983), but they have been re-derived here in
order to demonstrate, using simulations, the rela-
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Fig. 4. Diffusant flux across the membrane as steady state was
attained, evaluated using Eqn 3 (J,=1Xx10" mmol cm~?

h~"and T,, = 16.66 h).
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Fig. 5. Simulated permeation profile generated using Eqn 4
(Jo=1x10"° mmol cm =2 h~! and T\, = 16.66 h).



tionship between time to achieve steady state and
lag time. Eqn 4 can be rewritten as follows:

A=J(t-T,,)

_(12/772)JssTlag i (_i) e[_(nzﬂz/ﬁ)(’/riag)]
n=1 n
(5)
where
h2

Tlag = EB (6)
and

DK _C
o= (7

At longer times (¢ > 3—4 X T_,), the second term
of Eqn 5 becomes negligible and the equation
simplifies to:

A =Jss(t - Tlag) (8)

Traditionally, the data from the membrane per-
meation experiments are analyzed using Eqn 8
above, and D and K are calculated from the
values of 7,,, and J, knowing C, and h using

TABLE 1
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Egns 6 and 7. However, the accuracy of this
analysis will depend upon how accurately Eqn 8
approximates Eqn 5. This will depend upon how
fast the exponential terms become insignificant
and the rate of convergence of the series in Eqn
5. The convergence and elimination of the second
term in Eqn 5 will depend upon the ratio, £ /7),,.
At relatively short times, Eqn 5 cannot be approx-
imated to Eqn 8, but at larger values of ¢/T,
Eqn 5 will degenerate into Eqn 8.

lag>

Effect of the duration of the experiment on param-
eter estimation by the lag time method

The meaningful data obtained from a perme-
ation experiment are usually the cumulative
amount of diffusing species permeated into the
receptor side, i.e., the permeation profile. The
permeation profile is used to obtain J and 7,
subsequently, D and K, are obtained using Egns
6 and 7 knowing the membrane thickness, A.
Implicit in this method of data analysis are the
assumptions that steady state has been achieved
and only post-steady-state data are used. A simu-
lated permeation profile was generated using the
parameters listed above. The data were broken
down into data subsets as if the experiments were
conducted for 16 h (=T,,,), 32 h 2 X T,,), and
up to 100 h (6 X T,,,). The terminal apparent
linear region of the permeation profile was used

Parameters obtained by analysis of the simulated permeation data by the lag time method after breaking the data into subsets, each

representing an experiment with a decreasing duration of time

Duration of T/Tie Apparent J, Apparent T,,, (h) R? Apparent D (cm?/h)  Apparent K|,
experiment (h) (mmolcm~? h™") (x107%)
(x107%)
%Error %Error %Error Y% Error
100 6.00 1 0 16.61 0] 1 1.00 0 0.99 -1
62 3.72 0.97 -3 15.55 -7 1 1.07 7 0.91 -9
50 3.00 0.90 -10 13.38 -20 1 1.25 25 0.72 —28
38 2.28 0.85 —-15 12.78 -23 0.999 1.30 30 0.65 —-35
32 1.92 0.77 —-23 11.54 —-31 0.998 1.44 44 0.54 —47
26 1.56 0.68 —-32 10.43 -37 0.997 1.60 60 0.43 —-57
20 1.20 0.54 - 46 9.09 —45 0.996 1.83 83 0.29 —71
16 0.96 0.40 —60 7.73 —-54 0.993 2.16 116 0.19 -82

The simulated data were generated with J, = 1X 107> mmol cm ™2 h™! and T},, = 16.667 h (D = 1 X 10~ * cm?/h, K, =1, C, =1

mmol/ml, 4 =10 xm),
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to calculate Jg and T\, by fitting it to Eqn 8. The
results of these analyses are depicted in Fig.
6a—e. D and K, were calculated from J and

Cumulative Amount Permeated
(XE-3 mmol-/cm?)

T,,, using Eqns 6 and 7. The percentage errors in
the estimated values of the parameters were cal-
culated and have been listed in Table 1.
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Fig. 6. Analysis of the permeation profile by the lag time method, when the experiments were conducted for (a) 6 X Tags (b)
4X Tiyg0 (€) 3 X Ty, (d) 2 X Ty, and () 1 X Ty, (The simulated permeation profiles were generated using values of J,=1x 107"

mmolem~2h~land T,

=16.66 h.)

lag



Results

As seen from the penetration profile (C,, ,, vs
x, Fig. 2), at time equal to 1-3 X T, the concen-
tration gradient across the membrane was nonlin-
ear. At times greater than 3 X T, the concen-
tration gradient of the diffusant approached lin-
earity and was superimposable subsequently, in-
dicating the achievement of steady-state diffu-
sion.

The flux (J, ) of the diffusant at various
planes in the membrane perpendicular to the
direction of diffusion at various time intervals
decreases along the concentration gradient at
early times as expected (Fig. 3). However, as
more diffusant diffuses into the membrane, the
flux tends to plateau throughout the entire mem-
brane. At the end of 4 X T}, the flux is constant
throughout the membrane and is equal to the
steady-state value, J =1xX10"° mmol cm™?
h™!, indicating the attainment of steady state.
This is also seen in Fig. 4, which shows the
overall flux of diffusant into the receptor reach-
ing almost 100% of steady-state flux at the end of
4-5 X T,,,. However, at one lag time only 61.7%
steady state was achieved but if the experiment
was carried out for 3 X T},,, almost 90% steady
state was achieved by then. The overall flux in-
creases in a sigmoidal manner in the earlier time
period (Fig. 4).

The permeation profile calculated using Eqn 4
is demonstrated in Fig. 5. Although the profile
appears to be linear at times shorter than 3 X Ty
the profile was truly linear only at times beyond
3 X T\, Since Eqn 4 describes the complete per-
meation profile, fitting the permeation data to
Eqn 4 or 5 would yield the most accurate esti-
mates of the parameters; J, Tp,,, D and K.
However, Eqn 4 is a series with an exponential
function which converges very slowly at very small
values of time. Thus, use of a nonlinear regres-
sion program to obtain optimized values of the
parameter is very slow and difficult. Hence, tradi-
tionally, the lag time method which is mathemati-
cally very simple is used for data analysis. The
validity of the T,, method was tested by breaking
the simulated permeation profile into data sub-
sets as if the experiments were conducted for
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1-6 X T),,. The data subsets were then analyzed
by the T,,, method as shown in Fig. 6a—e, the
parameters obtained being listed in Table 1. Al-
though there were fewer data points in the shorter
duration experiments, the R? for regression was
greater than 0.99 for all the data subsets. The
percentage errors in J and T, increased dra-
matically as the overall experimental time was
reduced from 100 h (6 X ) to 16 h (1 X T},). If
the experiment was conducted for only one lag
time, although the permeation profile may ap-
pear to have achieved linearity (R? = 0.993), the
percentage errors in J, and T, values were
—60 and —54%, respectively. Thus, J and T,
were highly underestimated and strongly subject
to error depending on the total experimental
time. However, more alarming was the percent-
age error in the values of D and K, calculated
from T),, and J using Eqns 6 and 7. The per-
centage error for D ranged from 0.32 to 115%,
depending on the duration of the experiment.

Discussion

In the literature (Flynn et al., 1988), the lag
time of diffusion has been defined as a measure
of the time it takes for the permeant’s concentra-
tion gradient to become stabilized across the
membrane. In another article (Walters, 1986), the
lag time of diffusion was defined as the period
required for a permeant to establish a linear
concentration gradient across the membrane; the
time of onset of maximal flux. However, as seen
from Figs 2 and 3, a duration equal to at least
three lag times was required to achieve a linear
concentration gradient and a uniform steady-state
flux across the membrane, i.e., achieving J. The
permeation profile (Fig. 5) also demonstrated that
linearity was achieved only after three lag times.
These results suggest that to use the lag time
method, the permeation experiment should be
carried out for at least 3—-4 X T),,, to achieve
steady state and accurately estimate J and T,
Although this fact is known (Crank, 1975; Barry,
1983; Durgard, 1983), the vast literature on per-
cutaneous permeation has never addressed this
problem.
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The diffusion coefficients of some drugs across
biological membranes are very low yielding very
long lag times of diffusion. The diffusion coeffi-
cients of commonly used drugs across skin range
from 10~¢ to 10~ ' cm? /s (Barry, 1983; Martin et
al., 1983). The lag times of diffusion across skin
thus range from a few minutes to several days
(Durgard, 1983). However, the structural integrity
and viability of biological barriers such as human
cadaver skin in vitro after such prolonged periods
of time is questionable (Foreman et al., 1976).
Thus, permeation studies across biological mem-
branes for such prolonged periods of time are
often impossible. The lag times of diffusion of
sulfanilic acid, indomethacin, and butylparaben
across male guinea pig skin were in the range of
12-42 h (Okamoto et al., 1986). Steady state was
not achieved because the experiments were con-
ducted for 30 h. Hence, nonlinear regression was
used to estimate D and K, from the fit of the
complete profile to the analytical solution of the
permeation equation, rather than using the lag
time method.

Another disadvantage of the lag time method
to estimate D and K, is the requirement to
know the thickness of the barrier, which can be
difficult to estimate for a biological barrier. Sec-
ondly, if skin were the barrier, the thickness
would vary significantly depending on the
anatomical site, the degree of hydration, and
various physiological and pathological factors
(Durgard, 1983). The errors in the values of J
and T,,, when combined with the inaccurate esti-
mates of barrier thickness may result in very
significant errors in estimates of D and K. In
this paper, using simulations, the significant ef-
fect of the duration of the experiment was
demonstrated on values of DD and K, calculated
by the lag time method (Table 1). As the duration
of the experiment decreased, the percentage er-
ror in D increased significantly and up to 115%,
was significantly greater than the errors in the
values of J, and T,. Thus, the D and K,
estimates were more sensitive to the duration of
experiment than J and 7),,. In addition, the lag
time method is subjective due to the required
judgement of a researcher on linearity of the
permeation profile. Based upon the judgement,

some data points are selected to calculate J, and
T),q- the rest that appear to fall in the pre-steady
state are discarded. In fact, most membranes of
biological origin such as skin are non-homoge-
neous, -multi-phasic and hence complex. Parame-
ters like D and K are only effective or observed
parameters and not very realistic and should not
be used for interpretation of structure of mem-
brane or the mechanism of diffusion. A mass
transfer coefficient such as the permeability coef-
ficient is more meaningful and useful.

The best approach would be to fit the com-
plete permeation profile to Eqn 4 or 5 to yield
the most accurate estimates of the parameters.
Recently, several articles have demonstrated the
use of different nonlinear regression methods to
analyze the complete percutaneous permeation
profiles (Foreman et al., 1976; Okamoto et al.,
1986, 1988, 1989; Parry et al., 1990). An analytical
solution for a model involving non-steady-state
diffusion for a finite dose across skin has also
been used to estimate D and K, (Bhatt et al.,
1989). In the study by Okamoto et al. (1986),
reliable estimates of D and K, were obtained
despite the fact that in certain experiments steady
state was not attained in the duration of the
experiment.

In this paper, only the case where the mem-
brane is at initial zero concentration of diffusant
was considered. Detailed mathematical analysis
and equations have been developed for the more
general case of membrane diffusion where either
the membrane was presaturated with diffusant or
the receptor was not under sink conditions or
both (Crank, 1957; Jenkins, et al., 1970). Even in
the above-mentioned situations, in a more gen-
eral case, a finite amount of time is required to
achieve steady state and develop a linear concen-
tration gradient across the membrane (Crank,
1975). However, in the most commonly used per-
meation experiment protocol to measure drug
transport characteristics, the membrane is not
presaturated with drug. Thus, the results dis-
cussed in this paper are more relevant and appli-
cable to permeation studies designed to estimate
drug absorption across biological barriers in which
scenario, the membrane is always at zero initial
drug concentration.
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