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Purpose. The goal of this investigation was to demonstrate whether
the intrinsic flux of a drug diffusing across a membrane mounted in
a flow-through diffusion cell may be accurately and easily deter-
mined by accounting for the accumulation in the receiver chamber.
Methods. Mathematical modeling, applied to transdermal diffusion,
was used to calculate receiver concentration data for single layer
and bilayer membranes. The data were interpreted using two appar-
ent flux values, J,,,y and J.,,». J,,s has been used extensively in the
literature, but did not account for accumulation in the receiver. J
did take the accumulation into consideration.

Results. The results confirm that, generally, J,,;, values were not
accurate estimates of the intrinsic flux. J,,;, values were signifi-
cantly more accurate, especially prior to the maximum in receiver
concentration.

Conclusions. J,,,, was an accurate measurement of intrinsic flux
over the entire experimental time period, except at time zero. It was
more accurate because it accounted for solute accumulation in the
receiver compartment. The accuracy of the J ., approximation was
practically independent of receiver volume, flow rate and donor
volume. For very slowly permeating drugs, or a very small receiver
volume combined with a high flow rate, the J,,,, estimate accurately
reflected the intrinsic flux. Early time data were required to properly
account for accumulation in the receiver cell. If such data were not
available, the inverse Laplace method of determining intrinsic flux
was preferable to the J,,,, calculation.
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INTRODUCTION

Flow-through type diffusion cells have been used to
measure drug flux across skin and other membranes of in-
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Notation: A, diffusion area; C;, concentration in membrane layer i;
Cgon» donor cell concentration; Cgg,,, initial donor concentration;
C,cc, receiver cell concentration; C,,;, average receiver concentra-
tion over time interval i; D,;, effective diffusivity of membrane layer
i; F..., volumetric flow rate through receiver cell; h, thickness of
first layer, stratum corneum; h,, thickness of second layer, viable
skin; H, total membrane thickness; J, drug flux; J,;, first apparent
drug flux, Equation 2; J,.,);, average apparent flux over time inter-
val i; J,;,,, second apparent drug flux, Equation 4; J;,..;,,, intrinsic
drug flux; J.., maximum flux of drug; K;, partition coefficient,
membrane layer i; k,,, permeability coefficient; m, number of node
points in second layer; n, number of C,,. data points; t, time; t;p,x,
time of maximum flux; V4., donor cell volume; V., receiver
chamber volume; x, spatial coordinate; AQ;, total amount sampled
over time interval i; At, sampling duration for time interval.
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terest. These cells have the advantage that the experimental
apparatus may be automated, allowing for a rapid accumu-
lation of diffusion data. In a typical system, the permeant
dissolved in the donor solution was added to the donor cell
to initiate the experiment. The drug diffused across the skin
and entered the receiver chamber. With proper mixing, the
receiver behaved as a well mixed vessel and therefore the
concentration of the drug entering the outflow tubing was the
same as the concentration in the receiver chamber. In an
automated system, the tubing transferred the liquid to a sam-
pling vial or test tube for a specified time interval (the sam-
pling interval). A good analysis of the flow-through receiver
cell has been given by Sclafani et al. 1993 (1).

Flow-through diffusion cells have been extensively used
to measure skin flux in vitro (2-15). Many of these studies
used automated systems for data collection. The drugs that
were tested varied substantially in molecular weight and in
physical properties, from highly lipophilic to very hydro-
philic. All of the studies used the J,,,, approximation to
estimate drug flux, regardless of the magnitude of the flux.
None of the studies derived the apparent flux equation.

The objective of the transdermal permeation experiment
has been to determine the drug flux through the skin, but the
experiment provided receiver cell concentration data as a
function of time. Consequently, some authors did not deter-
mine flux values from their permeation data. Cooper (2) pre-
sented his results strictly in terms of cumulative amount en-
tering the sample vials versus time. Knepp et al. (3) and Kai
et al. (4) did not determine the flux of drug, but instead
reported a release rate in terms of (%odose/hr). This was es-
timated from the total amount of drug collected over each
sampling interval. Addicks et al. (5) estimated an apparent
steady-state permeability coefficient from regression analy-
sis of the cumulative amount permeated versus time. They
found that the permeability coefficients calculated from
flow-through cell data compared well with those determined
using a non-flow Franz-type cell, where the entire receiver
volume was replaced each time a sample was taken. In a
subsequent investigation, Addicks and coworkers (6) com-
pared the fractional dose permeated to predicted values,
without determining drug flux.

Reifenrath and colleagues (7) compared skin penetration
using three types of diffusion cells: a flow-through cell with
a low volume receiver (0.3 ml), a second flow-through cell
with a high receiver volume (4.3 ml) and a static Franz-type
cell with the largest receiver volume (7.5 ml). Using benzoic
acid and estradiol, these investigators found that the output
from the low volume flow-through cell tracked the flux from
the static cell, but that the output from the high volume cell
lagged behind the other output values. When the accumula-
tion of drug within the high volume cell was taken into ac-
count, however, the flux values agreed quite well with the
fluxes from the other cells. Bronaugh and Stewart (8) also
reported good agreement between drug fluxes measured in a
low volume flow-through cell and those measured in a static
diffusion cell.

Since the flux must be calculated from the concentration
versus time data, proper analysis of the flow-through diffu-
sion cell is critically important in the accuracy of the calcu-
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lation. The general mass balance on the receiver chamber of
a flow-through diffusion cell is:

dCrec
dt

Viee =J A = FrecCrec (D
where V. is the volume of the receiver chamber, C,.. the
receiver concentration, J the flux of drug out of the skin into
the receiver compartment, A the area of skin available for
diffusion and F,_ the liquid flow rate through the receiver
chamber. The term (dC,../dt) is the accumulation of drug in
the receiver cell. This mass balance assumes that the re-
ceiver is well mixed and that the incoming flow is drug free.

In order to simplify the mass balance, it is often as-
sumed that the accumulation in the receiver chamber is so
small that it is negligible. Initially this assumption seems
reasonable, since the flow of liquid through the receiver
chamber removes the drug, physically limiting accumula-
tion. In this case the equation becomes:

_ FTCCCYCC

Japp 1= A (2)

The apparent flux calculated from Equation 2 is designated
as J,,p1, Which is the same as J, in the Sclafani et al. paper
(1). Equation 2 is typically employed to estimate the average
flux over each sampling interval (i) by utilizing the average
(i.e. experimentally measured) receiver concentration (C,..;)
for that interval. J,,,; is directly related to the total amount
leaving the cell in that time period (AQ,):

1 AQ;

J _ Freccreci - aXi
AAt

appli A (3)
Equation 3 has often been used to estimate the flux out of the
skin from the experimental receiver concentration values.
Akhter and coworkers (9), Goodman and Barry (10) and
Williams and Barry (11) have used the same experimental
setup for studying skin permeation. Akhter et al. (9) and
Williams and Barry (11) estimated transdermal flux from the
apparent steady-state values of cumulative amount pene-
trated versus time. Goodman and Barry (10) used Equation
3 to evaluate the flux since their results did not show a
steady-state. Friend and colleagues (12) presented graphs of
drug flux versus time, but did not specify how the flux was
determined. Later, Friend et al. (13) and Catz and Friend (14)
calculated the apparent simultaneous fluxes of drug and en-
hancer components using Equation 3.

Accounting for accumulation in the mass balance equa-
tion is a more general approach to the problem of determin-
ing the flux. When the accumulation term is included, Equa-
tion 1 may be rearranged to give a second apparent flux
(Jappz):

dCrec

Viee dt + FrecCrec
JappZ = A (4)

in the case of no flow, Equation 4 reduces to:

_ Vl‘CC dCl’CC
Japr2 = T3~ ¢

%)
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which has been used in the literature to analyze transdermal
flux data from side-by-side diffusion cells without flow
through the receiver chamber (16-18).

The principal goal of this investigation was to demon-
strate that J,,, more accurately estimated the intrinsic flux
out of the skin (J;,) than J,,,, from the same set of re-
ceiver concentration data, as well as that J,, may be effi-
ciently and simply determined.

Sclafani and his colleagues (1) previously demonstrated
that the apparent flux J,,,, gives an inaccurate estimate of
the intrinsic flux maximum, J ., as well as the time of that
maximum, ;... [t was shown that the intrinsic flux could be
obtained by a numerical Laplace inversion of the apparent
flux divided by a transfer function. They demonstrated their
method using experimental data for ethanol diffusing across
human skin. A second goal of this investigation was to show
that in the all-too-common case of sparse data, the inverse
Laplace approach yielded a more accurate intrinsic flux than
did J, 00

A numerical model of diffusion through a single or bi-
layer membrane was used to generate receiver cell concen-
tration data under the same conditions presented by Sclafani
et al. (1). From the receiver cell concentration data, the dif-
fusion area, the receiver flow rate and the volume of the
receiver chamber, J, ., and J, , values were calculated.
The intrinsic flux of the skin was calculated directly from the
concentration profile of the skin/receiver interface. Plots of
the two apparent flux values and the intrinsic flux as a func-
tion of time were then compared for various experimental
configurations.

METHODS
Theoretical Model Development

Diffusion Modeling

A transdermal diffusion model based on a bilayer mem-
brane in a diffusion cell was used to calculate transient dif-
fusion data. Each layer was treated as homogeneous, where
a constant effective diffusivity represented all transport
pathways and an apparent partition coefficient represented
the total uptake of the drug into all regions within each skin
layer.

Transient diffusion was described by:

aCi 9°C;
o - Pz (6)
where C; represented the concentration of drug in layer i.

Two boundary conditions and one initial condition must
be specified for each layer. Boundary conditions at the upper
and lower surfaces were determined by partitioning from the
donor and receiver cells, respectively:

atx =0, C, =K, Cyon
atx =H, C, =K,C, @)

K, was the apparent partition coefficient of the first layer
(stratum corneum) and K, the apparent partition coefficient
of the second layer (viable epidermis-dermis).

No additional boundary conditions were needed for a
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single layer membrane. For a bilayer membrane, however,
two additional boundary conditions had to be specified.
These conditions were specified at the boundary between
the two layers, where the flux leaving the first layer (the
stratum corneum) must be balanced by the flux entering the
second (the viable epidermis-dermis) and a local equilibrium
between the two layers was assumed to be:

. C_K .
at x = h, G K, 8
dC, dc,
and Dei % = De¢y I
Initial conditions were:
at t =20, C,=GC, =0 )

Mass balances on the donor and the receiver chambers
completed the set of equations required. The mass balance
on the donor cell was:

dCdon _ A
dt Vaon ¢ ax

(10)

And the mass balance on the receiver cell was expressed as:

dCrec A 8C2 Frec
dt - Vrec e2 ax x=H — Vrec Crec (11)
With initial conditions:
at t =0, Cion = Cuonos Cec =0 (12)

The set of equations 6 - 12 constituted the bilayer diffusion
model applied to an in vitro experimental arrangement.
These equations were numerically solved using the method-
of-lines (19), which reduced the partial differential equations
to a set of ordinary differential equations (ODEs). This cou-
pled set of ODEs was then solved using ODEPACK (20). A
grid of 41 nodal points for each layer was adequate.

The intrinsic flux into the receiver chamber was deter-
mined from:

G,
— Dey —

ox (13)

Jintrin = x=H
Numerically, the concentration gradient at the skin/receiver
chamber boundary was calculated with a second order equa-

tion:

o2
0x

_ C2,m—2 -4 C2,m—1 +3 C2,m
2Ax

<=H (14)

where m was the number of nodal points.

The model should generate receiver cell concentration
and intrinsic flux data which agree with one’s intuition about
the physical realities of a flow-through cell with a finite do-
nor. Initially the receiver concentration and the flux should
be zero, but both should increase rapidly since the driving
force for diffusion is greatest at the beginning of the exper-
iment. There should be a short delay in the increase in re-
ceiver concentration until detectable quantities of drug have
diffused across the skin membrane. However the receiver
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concentration cannot continue to increase indefinitely be-
cause the drug is being removed from the chamber in pro-
portion to its concentration. In addition, the flux cannot con-
tinue to increase because of two factors: the donor cell is
being depleted and the receiver cell concentration is increas-
ing. Thus, both the receiver concentration and the flux
should reach maximums and then decrease. The timing of
the maximums is not necessarily the same. The flux should
continue to drop as the donor cell is depleted. As the input to
the receiver decreases, the receiver concentration should
also further decrease. If the experiment is allowed to pro-
ceed to completion, the flux and the receiver concentration
should fall to zero as the amount of drug in the donor is
totally exhausted.

Analytical solutions to the transient diffusion equation
(Equation 6) exist for simplified boundary conditions. Choi
and Angello (21) assumed perfect source and sink conditions
across a single layer membrane and used the analytical so-
lution to obtain an expression for the drug flux leaving the
skin in a flow-through cell. They then substituted that ex-
pression into the mass balance for the receiver cell (Equation
1) to obtain an equation for the receiver concentration as a
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Fig. 1. Upper panel: Effect of receiver volume on calculated re-
ceiver concentrations. Same conditions as Figure 3 in Sclafani et al.
). F.. = 4ml/r, Vg, = 0.5ml, A = 5Scm?, Cyono = 395 mg/mi;
single layer miembrane with D, = 2.0 x 107 cm%sec, K = 1, h =
20 pm. Lower panel: Effect of receiver volume on the accumulation
term. Values calculated from C,.. versus time data presented in
upper panel.
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Table I. Tabulated Values of Donor and Receiver Concentration Versus Time for Vg, = 0.5ml, V ..

=4ml, A =5cm?andF,

rec = 4 ml/hr as Shown in Figures 1 and 2¢

Time Cdon Crec dCrec/dt Jin!rin Jappl JappZ
(hr) (mg/ml) (mg/mi) (mg/mi hr) (mg/cm? hr) (mg/cm? hr) (mg/cm? hr)
0.00 395.00 0.00 1.10E + 00 0.000 0.000 0.883
0.33 387.73 0.37 1.14E + 00 1.391 0.299 1.211
0.67 383.14 0.76 9.84E — 01 1.380 0.608 1.395
1.00 378.61 1.03 6.88E — 01 1.363 0.824 1.374
1.33 374.14 1.22 4.75E — 01 1.347 0.975 1.355
1.67 369.72 1.35 3.23E - 01 1.330 1.078 1.336
2.00 365.35 1.43 2.14E - 01 1.314 1.147 1.318
2.33 361.04 1.49 1.37E — 01 1.299 1.192 1.301
2.67 356.78 1.52 8.17E — 02 1.283 1.220 1.285
3.00 352.57 1.54 4.23E — 02 1.268 1.235 1.269
3.33 348.41 1.55 1.43E — 02 1.253 1.242 1.254
3.67 34430 1.55 —5.49E — 03 1.238 1.243 1.239
4.00 340.24 1.55 —1.95E — 02 1.223 1.239 1.224
4.33 336.23 1.54 —-2.93E - 02 1.209 1.233 1.209
4.67 332.26 1.53 —-3.62E — 02 1.195 1.224 1.195
5.00 328.34 1.52 —4.09E - 02 1.181 1.213 1.181
19.50 195.97 0.91 —3.25E — 02 0.705 0.731 0.704

21.00 185.78 0.87 —3.08E — 02 0.668 0.693 0.668

22.50 176.12 0.82 —2.92E - 02 0.633 0.657 0.633

24.00 166.96 0.78 —2.77E - 02 0.600 0.622 0.600

? Cgyon and C,.. were calculated from the model. The apparent fluxes were based on the C_ values:
J.pp1 Were calculated from Equation 3 and J,,,, from Equation 4. The accumulation term was
determined from Equations 15-18. Intrinsic flux values were calculated from Equation 13.

function of time. The equation was valid if depletion of the
donor is negligible and the receiver concentration is close to
zero. Under these conditions, there would be no maximums
in the receiver concentration or the flux. Rather, steady state
values would be attained. The analytical solution presented
by Choi and Angello (21) for the receiver concentration and
flux as a function of time served as a limiting test case for the
present numerical model. When the donor concentration
was held constant, the numerical model calculations were in
excellent agreement with the analytical solution.

In order to determine the intrinsic flux from experimen-
tal data using the equations from Choi and Angello, the
membrane thickness and the effective diffusivity must be
determined.

Apparent Flux Estimates

Given the effective diffusivities and the partition coeffi-
cients of the two layers, the model calculated the receiver
cell concentration and intrinsic flux as a function of time.
The apparent flux estimates J,,,, and J,,,,, were determined
from the receiver concentration values as follows: I, was
calculated from the receiver concentrations directly using
Equation 3, while J ., required a value for the accumulation
term (dCrec / dt). This was determined numerically from the

C,.c versus time data. For all but the first and last C. val-
ues, the accumulation term was estimated by:
dCrec,i - Crec,i+l - Crec,ifl (15)
dt 2At

for equal time intervals. If the intervals were unequal, then
the following equation was used:
Creci = Crecii-
Tec,i TeC,i l) (16)

IN?

Crec,i

dCrec,i _ l Crec,i+l -

dt 2 Aty
The accumulation terms for the first (1) and last (n) time
points were estimated by the following second order approx-
imations:

dCrec,l _ _3Crec,l + 4Crec,2 - Crec,3 (17)
dt 2At
dCrec,n _ Crec,n72 - 4Crec,n7l + 3Crec,n (18)

dt 2At

Given the estimates of the accumulation term, J ., was then
calculated from Equation 4.

It has been previously shown how increasing the sam-
pling duration decreases the apparent flux peak height and
skews the peak to longer times (1). Therefore, all the calcu-
lations in this investigation assumed very short (instanta-
neous) sampling durations.

RESULTS AND DISCUSSION

Most of the results shown here are from single layer
membrane calculations. This allowed replication of the con-
ditions presented by Sclafani et al. (1). The receiver volumes
employed in the calculations cover the upper range of com-
mercially available flow-through cells, 0.3 - 12 ml (1). As



Accurate Flux Determination from Flow-Through Cells

15 N IR T N o )
=
=
o~
E
o
o
E
= L4
‘° Jintrinsic, Vrec = 0
5 a Japp1, Vrec = 4 ml
.0 * Japp1, Vrec = 6 mi
, ° Jappt, Vrec = 12 ml
0.0 v T T T AL B
J
—~ 1.0 R
)
=
o~
£
X
o
£ 3
5 05 |
Jintrinsic
a Japp2, Vrec = 4 mi
° Japp2, Vrec = 12 ml
0-0 T H g T T T
0 4 8 12 16 20 24

Time (hr)

Fig. 2. Influence of receiver volume on apparent flux approxima-
tions to the intrinsic flux. The line represents the intrinsic flux and
the discreet points the apparent flux values. F,.. = 4 ml/hr, V4, =
0.5ml, A = 5cm?, Cyono = 395 mg/ml; single layer membrane with
D, = 2.0 x 107° cm¥sec, K = 1, h = 20 pm. Upper panel: J,,,
calculated from C,.. data in Figure 1. Lower panel: J,,,, approxi-
mations based on the same data.

discussed below, this was the region where the J,,,, analysis
was the most appropriate.

Figure 1 presents a graph of the receiver concentration
values as a function of receiver volume, calculated from the
single layer model using the same conditions as Figure 3 in
the Sclafani et al. paper. The C,.. curves in the two figures
are virtually identical. Accumulation values (dC,._ / dt) were
numerically calculated from the C,.. values using Equations
15-18 and are shown in the lower panel of Figure 1. For the
V... €quals 4 ml case, the values are tabulated in Table I. It
is apparent that accumulation was highest during the earliest
phase of the diffusion experiment, prior to the maximum in
the C,.. curve. After the maximum, the accumulation term
became negative and remained so for durations exceeding 24
hr. Thus, it may be anticipated that the assumption of neg-
ligible accumulation in the receiver was not valid at the ear-
liest times and therefore that the I, ,, estimate of intrinsic
flux would be the least accurate prior to the maximum con-
centration. In addition, at the longer time periods when the
accumulation term was negative, the J_,, estimate should
be higher than the intrinsic flux.

Flux values, determined from the C,.. values in Figure
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1, are presented in Figure 2, with the intrinsic flux plotted as
a solid line and the apparent values plotted as discrete
points. For the 4 ml case, Table I lists the apparent fluxes
calculated from the C,.. values as well as the intrinsic flux.
The J;,in @and J,,,; curves are shown in the upper panel of
Figure 2 and, as expected, are the same as in Figure 3 of
Sclafani et al. (1). It is clear that the J,,,, calculation sub-
stantially underestimated the early intrinsic flux, with highly
erroneous J, . and t;.. values. The size of this error de-
creased as the receiver chamber volume decreased. For very
small receiver volumes, such as 0.4 mi (8), the J,,,, and
Jiin values were practically identical. The J,,,, curve
crossed the J; ... curve at the maximum in the apparent flux.
This was the point where the accumulation term equaled
zero and the C,__ curve attained its maximum. Beyond this
point, the apparent flux overestimated the intrinsic flux.

The lower panel of Figure 2 shows the J,,.;, and J .,
curves. For the sake of clarity, only a limited number of
points from the 4 and 12 ml calculations are plotted. In sharp
contrast to the J,,, results, all of the J,,,, values yielded
highly accurate values of the intrinsic flux for all times ex-
cept time zero. In addition, the J,,, accuracy did not de-
pend on the receiver volume. In other words, highly accu-
rate intrinsic flux values may be calculated even as the re-
ceiver volume becomes relatively large.

The increased accuracy of the apparent flux estimates
when accounting for the accumulation of drug in the receiver
compartment became apparent by further examination of
Equation 4. The numerator in the equation is the sum of two
terms, V. dC,../dtand C F .. Clearly, if V... dC ./ dt
were much smaller than C,__ F,.., then Equation 4 would
reduce to Equation 3, the relationship for Jappl. Indeed, this
would be the case when a very small receiver volume and a
very high flow rate were used. However, assuming only that
the accumulation term dC_. / dt was small was not a suffi-
cient reason to eliminate the (V... dC,.. / dt) term. The rel-
ative contribution of the (V.. dC... / dt) term compared to
the (C... F,..) term was the important consideration. Since
the experimental design not only minimized accumulation
but also maintained receiver concentrations near zero (i.e.
sink conditions), both the concentration and the accumula-
tion were normally small. Therefore, the (C... F,..) term and
the (V.. dC,.. / dt) term may each significantly contribute to
the flux.

The dimensionless ratio

dCl'eC
accumulation ¢ dt (19)
OUt CrecFreC

is a measure of the relative contributions of the two terms. It
was examined for conditions presented in Figure 1: a flow
rate of 4 mi/hr and a receiver volume of 6 ml. At the maxi-
mum in accumulation (at 20 min), the ratio was 4.8. The ratio
decreased with time, dropping to 0.5 by 100 min and to 0.05
around 225 min. Thus, the concentration term would not be
expect to dominate the accumulation term until almost 4 hr
after the experiment had begun.

The rate of accumulation in the receiver compartment is
directly related to the permeability of the drug through the
skin. Therefore, as the permeability decreased, the ratio ex-
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Fig. 3. Effect of drug permeability on the accuracy of the J,, es-
timate. Solid and dashed lines are the intrinsic flux and the points
are the I, values. Same conditions as those in Figure 2. Perme-
ability decreased by reducing the effective diffusivity.

pressed in Equation 19 would be expected to decrease and
the J, ., approximation would become more accurate. This
was demonstrated in Figure 3, where a normalized flux is
plotted for various permeabilities. The flux was normalized
by the maximum flux for each case so that the curves may be
plotted on the same scale. Again, the lines represent the
intrinsic flux and the points represent the apparent flux,
J.pp1- Using the same conditions as Figure 2 and a receiver
volume of 4 ml, the effective diffusivity was decreased twice
by a factor of 10 to calculate the influence of a decreased
permeability. It is apparent that as the drug permeability
decreased from 1 x 107° to 1 x 10~% cm/sec, the Jappi
approximation increased in accuracy. In all three cases,
however, the apparent flux continued to underestimate the
true flux prior to the C, .. maximum.

The results from Figure 2 can be qualitatively compared
with apparent flux data obtained by Goodman and Barry
(10). In their control experiments, the drug flux attained a
maximum very soon after diffusion was initiated and de-
creased for the duration of the experiment, the same type of
behavior shown in Figure 2 for the intrinsic flux. Because
Goodman and Barry used a very small receiver volume
(0.0364 cm®) and a relatively high flow rate, the mean resi-
dence time in the receiver cell was quite short, 1.1 min.
Therefore, the J,,,; approximation should be quite accurate
under these conditions. Goodman and Barry theorized that
the initial flux maximum was due to significant shunt diffu-
sion through the skin. However, the mathematical model
suggested that an early maximum may have actually been
the result of depletion of the donor. In Goodman and Barry’s
investigation, the drug initially deposited on the uppermost
skin layers may have been depleted.

As the number of early data points increased, the accu-
racy of the J, ., approximation also increased. The need for
more early time data to increase accuracy did not necessarily
require a greater total number of C, .. samples. The addi-
tional early time samples could be offset by fewer long term
samples, which would not be needed to maintain J,,,, accu-
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racy. This could be accomplished by lengthening the sam-
pling interval after the early time samples have been taken,
usually after the first 3-4 hrs, depending on the permeability
of the drug.

The effect of the receiver flow rate, F_.., on flux is
examined in Figure 4. For the same general conditions as
Figure 2, the flow rate was varied from 0 to 4 ml/hr. The
Jintrin @and J ., curves are shown in the upper panel for the
same conditions as Figure 4 in Sclafani et al. (1). As the flow
rate was reduced, the J,,,, and t; ., values from J,,,, be-
came increasingly inaccurate. However, the J,,,, values,
presented in the lower panel, were excellent measures of the
intrinsic flux, even as the flow rate was reduced to 1 ml/hr.
The higher flow rate results fall on the intrinsic flux curve
(data not shown).

Also included in the lower panel of Figure 4 are the
results for zero flow through the receiver. Under such con-
ditions, the expression for J,,., simplified to Equation 5
while the J,,,,, expression reduced to zero. As can be seen in
this panel, the J,,,, estimates under no flow conditions were
slightly below the intrinsic flux values. However, the error in
the J, ., estimate at zero flow is smaller than the error in the
J.pp1 €stimate at a flow rate of 4 ml/hr. Therefore, neither
high flow rates nor a flow-through type diffusion cell would
be required to obtain high accuracy in the measurements of
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Fig. 4. Effect of receiver flow rate on apparent fluxes. V4, = 0.5
ml, V... = 6 ml. Transport properties same as those in Figure 2.
Upper panel: J,,,, approximations. Lower panel: J,,,, approxima-
tions.
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skin fluxes. However, a large number of C,.. samples would
be required.

An important implication of that finding was that much
higher concentrations in the sample vials could be tolerated.
In other words, accurate flux values may be obtained even if
strict sink conditions were not maintained during the exper-
iment. This would be particularly desirable whenever in-
creased C,.. values raised the accuracy of drug detection and
concentration measurements. In addition, this would
broaden the range of acceptable flow rates.

Figure 5 shows the influence of the donor volume on the
apparent and intrinsic flux. In this figure, J;., curves were
plotted as solid lines. In the upper panel, J,,,, values were
plotted as discrete points and it is obvious that the apparent

Jinax and g, values were incorrect. The error in J,, in-
creased and the errorin t; decreased as the donor volume

“jmax

decreased. In the lower panel, J,,, values again plotted as
points produced accurate estimates of the intrinsic flux, ex-
cept at zero time.

Based on the results in Figures 2, 4 and 3, the accuracy
of the J,,,,, approximation was practically independent of the
receiver volume, receiver flow rate and donor voiume.
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Fig. 5. Effect of donor volume on apparent and intrinsic fluxes.
Same conditions as Figure 2 with V.. = 6 ml, F .. = 4 ml/hr. Lines
represent the intrinsic fluxes and the discrete points represent the
apparent fluxes. Upper panel: J,,,, values. Lower panel: J,,,, ap-
proximations. V,,, values as listed.
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Table II shows apparent and intrinsic flux data taken
from Sclafani et al. (1) for ethanol diffusing through human
skin. Using the stated values of diffusion area (5.0 cm?) and
receiver flow rate (4.74 ml/hr), the receiver concentrations
were back calculated from the given flux data. From these
concentrations and the receiver volume (6.5 ml), J ., values
were estimated from Equation 4 and are listed in the table.
The accumulation term was numerically determined utilizing
Equations 15-18. The maximum intrinsic flux Sclafani et al.
(1) determined was 1.47 mg/cm? hr.

Comparison of the apparent flux values with the intrin-
sic flux in Table II revealed that both the J,,,,, and the ¢,
values estimated from J,,,, are more accurate than those
based on J,,,,. The J,, calculation gave a good estimate of
the intrinsic flux from the first data point (at 1.5 hr) onward.
The J.x value determined from the J,, calculation was
approximately 3% too high. However, t;,,, shifted in time
from the earliest minutes of the experiment to 1.5 hr. In
addition, the J, estimate at time zero was 1.2 (mg Jem? hr),
substantially above a reasonable, near zero value. The very
inaccurate J,,, value at time zero was due to a lack of early
time data, when the intrinsic flux and receiver concentration
were changing most rapidly.

In such circumstances, when there are very few early
data points, the more accurate method for estimation of J
and t;,,., is the inverse Laplace method of Sclafani et al (1).

The applicability of the I, ., approximation to a bilayer
membrane was then tested. The bilayer diffusion model gen-
erated receiver concentration values for various second
layer effective diffusivity (D,,) values. By only altering D,
the resistance of the first layer remained constant while the
resistance of the second layer changed. Thus, the overall
resistance of the membrane and the relative resistances of
the individual layers were affected.

In Figure 6, the intrinsic flux and the apparent flux I,
are plotted for various effective diffusivities (D.,). The trans-
port properties of the first layer were the same as those used
in Figures 1 - 5. For these calculations h, = 305 pm and K,
= 1.0. The D,, value was varied from 3.05 x 10~ 8 to 1.0 x

Table I1. Intrinsic and Apparent (J,,,,) Flux Data from Sclafani et
al. (1) for Ethanol Diffusing Through Human Skin®

Time Jintrin Jappl Crec Japp2
(hr) (mg/cm? hr) (mg/cm? hr) (mg/ml) (mg/cm?® hr)
0.00 0.00 0.00 0.00 1.20
1.50 1.42 0.97 1.02 1.51
3.50 1.32 1.26 1.33 1.36
5.50 1.21 1.26 1.33 1.23
7.50 1.12 1.17 1.23 1.11
9.50 1.03 1.09 1.15 1.04

11.50 0.95 1.01 1.07 0.97

13.50 0.87 0.96 1.01 0.90

15.50 0.81 0.84 0.89 0.79

17.50 0.74 0.81 0.85 0.77

19.50 0.68 0.72 0.76 0.67

21.50 0.63 0.65 0.69 0.61

23.50 0.58 0.60 0.63 0.57

? C,ec values calculated using Equation 3 and J,,,, values from
Equation 4. The maximum intrinsic flux was 1.47 mg/cm? hr and
occurred within 5—10 min.
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Fig. 6. Effect of D, on the intrinsic flux and apparent flux I, for
a bilayer membrane. V4, = 0.5 ml, V.. = 6 ml, F.. = 4 ml/hr.
Transport properties of the first layer same as those given in Figure
2. K, = 1.0and H = 325 pm. D, values as listed.

10~ (cm?/sec), thus altering the relative resistance of the
first layer from 50% to 99.7%, respectively.

As seen in Figure 6, the I, values provided excellent
approximations to the intrinsic fluxes over the range of D,,
values. As the overall membrane resistance increased, the
timax values also increased. With the constant sampling in-
terval of 20 min shown in Figure 6, there was an effective
increase in the number of early time data points with increas-
ing membrane resistance. Therefore the accuracy of the I,
calculation improved. It was clear that the J_, values pro-
vided a good estimate of the flux out of the second layer of
the skin when >99% of the overall resistance resided in the
first layer. When the resistance of one layer becomes signif-
icantly greater than the resistance of the other, the bilayer
membrane model and the single layer membrane model yield
the same result.

CONCLUSIONS

The results confirmed that, in general, the I, approx-
imation was not an accurate estimate of the intrinsic flux,
particularly in the earliest phases of the diffusion experiment
prior to the peak in the receiver cell concentration. In addi-
tion, the J,, estimate did not produce accurate values of
Jnax OF t.o. The J,,», approximation was an accurate esti-
mate of the intrinsic flux over the entire course of the ex-
periment, except at time zero. The I, and t, .. values
determined from J,,,, were also quite accurate. The J_,,
expression was significantly better because it accounted for
accumulation of drug within the receiver compartment,
which the J,,,, expression did not. However, for very slowly
permeating drugs, or very small receiver volumes combined
with high flow rates, the effect of accumulation would be
small and the J, , estimation would become reasonably ac-
curate.

Larger receiver volumes and lower flow rates could be
used experimentally to obtain reliable estimates of intrinsic
flux, since I, was essentially independent of V., F,.. and
Vgon- Therefore, significantly higher drug concentrations

app

Harrison and Knutson

would be permissible in the receiver chamber and the accu-
racy of the concentration measurement may be substantially
increased.

In order to properly account for accumulation of drug in
the receiver cell, concentration data at the earliest times
were required. If early time data were not available, a pre-
viously published inverse Laplace method was more accu-

rate than the J, ., approach.
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