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A fluorescence measurement system and methods of data analysis
were developed to measure rapid kinetics of transdermal transport
in vitro. Three variations on the technique were demonstrated,
where the receptor compartment concentration was determined by:
1) fluorescence measurements of aliquots removed at discrete time
points, 2) continuous fluorescence measurements made directly in
the receptor compartment using a custom-made fluorimeter cuvette
as a permeation chamber, and 3) continuous fluorescence measure-
ments made in a flow-through cuvette containing receptor solution
continuously pumped from a flow-through permeation chamber. In
each case, the measured signal was a convolution of the time-
dependent molecular flux (the desired information) and the charac-
teristic response of the measurement system. Algorithms for decon-
volution of the signal were derived theoretically. For the most com-
plicated case, (3), the experimental confirmation is shown here,
proving a time resolution on the order of half a minute.

KEY WORDS: transdermal drug delivery; fluorescence measure-
ments; deconvolution; flow-through system; electroporation; percu-
taneous transport.

INTRODUCTION

Experimental determination of molecular fluxes across
physical and biological barriers is critical to the development
of new drug delivery techniques, including transdermal drug
delivery (1,2). As a result, measurement of transport kinetics
using flow-through, or continuous sampling methods has
been introduced for characterizing release profiles for phar-
maceutical tests (3,4). Moreover, flow-through systems have
been characterized (5-8) and mathematical analysis has
been performed for transdermal drug delivery systems where
the contents of the receptor compartment are flowed contin-
uously to an automated fraction collector (6—8). Mathemat-
ical analysis has also been performed for collection methods
involving removal of aliquots from the receptor compart-
ment (9).

These approaches, which involve the collection of sam-
ples at discrete time points, are limited in time resolution, as
they become cumbersome for large numbers of sample
times. In this study, we describe methods, with accompany-
ing mathematical analysis, for measuring transdermal flux
with time resolution on the order of a half minute. This work
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was motivated largely by the need to more accurately mea-
sure the rapid kinetics of transdermal transport by electro-
poration (10,11). However, the approach can be applied to
many other situations where rapid release kinetics need to be
assessed.

This study has investigated transdermal flux enhance-
ment using ‘‘high voltage’ pulses, which may create tran-
sient aqueous pathways within stratum corneum lipids by a
mechanism involving electroporation (10-13). To partially
characterize these pathways, we chose to study transport of
calcein, a moderately sized (623 g/mol), hydrophilic, charged
(z = 4), fluorescent molecule (14). We have used fluorescent
molecules, because they offer: (a) high sensitivity of fluores-
cence measurements, (b) low toxicity, (¢) broad choice of
water/lipid solubility, and (d) selection of parameters such as
size, charge, and fluorescent properties.

To determine molecular flux across skin, the concentra-
tion in the receptor compartment of a permeation chamber
was measured as a function of time. The flux was then cal-
culated using algorithms presented here. Although the mea-
surement methods and algorithms are general, their specific
application to measurement of rapid transdermal transport
due to electroporation is demonstrated. This approach
yielded average fluxes computed with a time resolution on
the order of a half minute, which is adequate for many trans-
dermal drug delivery studies.

MATERIALS AND METHODS

In this study, three different permeation systems were
used: 1) a side-by-side permeation chamber (Fig. 1; Crown
Glass, Somerville, NJ), from which aliquots were removed
at discrete time points, 2) a custom-made fluorimeter cu-
vette, or micro-chamber (Fig. 2), containing skin as well as
flow-through donor and receptor solutions, and 3) a side-by-
side flow-through permeation chamber from which receptor
solution was continuously pumped through a fluorimeter cu-
vette. Heat-stripped human epidermis (1,2) was placed in a
permeation chamber, where the donor compartment faced
the stratum corneum and the receptor compartment faced
the viable epidermis. The exposed area of skin was 0.7 cm?
(side-by-side permeation chamber) or 0.4 cm?® (micro-
chamber). Both donor and receptor compartments contained
well-stirred phosphate-buffered saline (PBS, pH 7.4; Sigma,
St. Louis, MO). The donor compartment also contained 1
mM calcein (Sigma).

For studies where time resolution was less important,
removal of aliquots from the receptor compartment (volume
= 3.5 ml) of a side-by-side chamber was performed. Fluo-
rescence of aliquots was measured in a spectrofluorimeter
(Fluorolog-2, model F112AI, SPEX Industries, Metuchen,
NJ).

The fastest time resolution was achieved with a micro-
chamber, in which both pulsing and measuring took place
within the fluorimeter (Fig. 2). Both sides of the chamber
were flow-through compartments, where the flow inlet was
located at the bottom of the chamber and the outlet was
located at the top. The receptor compartment was illumi-
nated by an excitation beam (488 nm), while fluorescent
emission (515 nm) was measured by a photomultiplier tube.
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Fig. 1. Side-by-side permeation chamber. This chamber is designed
to hold four electrodes, two of which apply the electrical protocols
and two of which measure skin electrical properties. The receptor
compartment is well mixed and contains an inlet and outlet allowing
flow-through capabilities for continuous measurement of receptor
compartment fluorescence. A) Side view: contacts for electrodes
(a), inner electrodes for measurement of skin electrical properties
(b), outer electrodes for application of electrical protocols (c), flow-
through receptor compartment (d), magnetic stir bar (e), and donor
compartment (f). B) Top view: inlet and outlet for flow-through (a),
ports for water jacket (b), water jacket (c), and skin (d).

To prevent loss of fluorescence intensity in the small donor
compartment (22 pl), fresh donor solution was continuously
provided (~10 pl/s).

A third permeation system was used to simplify the pro-
tocol, while still allowing good time resolution. A side-by-
side flow-through permeation chamber, containing an inlet
and outlet at the receptor chamber (volume = 3.5 ml), per-
mitted continuous sampling (Fig. 3). In this case, the fluo-
rimeter was placed downstream from the chamber to con-
tinuously measure receptor solution fluorescence. A sample
stream flow rate of 50—100 ml/h provided good time resolu-
tion while maintaining a high signal-to-noise ratio. To mini-
mize mixing in the tubing before fluorescence was measured,
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tubing between the permeation chamber and fluorimeter was
short (26 cm), thin (0.6 mm inner diameter), and made of
Teflon, selected because of its low friction and chemical in-
ertness. The flow-through cuvette inside the fluorimeter was
designed with a small volume (200 pl) to reduce error asso-
ciated with subsequent deconvolution.

Tests of the system, involving fast injections, were per-
formed using only the receptor compartment (a piece of latex
was placed between the donor and receptor compartments,
instead of skin). 100 pl of 1 mM calcein was quickly (<1 s)
injected into the receptor compartment and fluorescence
was then measured in the fluorimeter over time.

When pulsing protocols were used, electric field pulses
(exponential-decay time constant, 7,,. = 1.1 ms;
GenePulser, BioRad, Richmond, CA) were applied with Ag/
AgCl electrodes (In Vivo Metrics, Healdsburg, CA), each
located 3 ¢cm from the skin, as described previously (10).
Reported voltages are transdermal values.

THEORETICAL MODELING AND
SIGNAL DECONVOLUTION

The measured fluorescence signal obtained from the

/ g
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Fig. 2. Schematic of a flow-through system using a micro-chamber
(a), with which fluorescence was measured and pulses were applied
directly inside the fluorimeter. Both sides of the chamber were flow-
through compartments, to provide fresh solutions continuously. The
donor stream contained 1 mM calcein fed by gravity from a supply
dish (b), to the donor compartment. Donor solution then emptied
into a holding dish (¢) and was recycled to the supply dish with a
peristaltic pump (d). The receptor stream (containing PBS) was
driven by a peristaltic pump (¢) from a supply dish (f) through a filter
(0.2 wm) (g) and an air-buffered dish (h) to the micro-chamber. Pres-
sure differences across the skin were eliminated by adjusting the
height of the air-buffered dish. Receptor solution leaving the micro-
chamber was emptied into a waste dish (i). The receptor compart-
ment contained a stirrer (j) powered externally by a motor (k). A
polarized excitation beam (1) entered the receptor compartment par-
allel to the skin (m), while fluorescent emission (n) was collected at
90°. The micro-cuvette contained two silver pulsing electrodes with
external contacts (0) and was painted black to reduce noise from
stray light, except for two windows left clear for excitation and
emission beams.
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Fig. 3. Schematic of a flow-through system using a side-by-side
chamber. Receptor solution (containing PBS), driven by a peristaltic
pump (a), was fed from a supply dish (b), into the receptor compart-
ment of the chamber (see Fig. 1), through a flow-through cuvette (c)
in the fluorimeter, and emptied into a waste dish (d). PBS feeding the
receptor compartment was degassed to reduce both formation of air
bubbles and fluorescence bieaching due to oxygen radicals. Because
changes in the level of PBS in the supply dish influenced the recep-
tor stream flow rate, the PBS level was maintained constant by
periodically adding PBS using a small water pump.

fluorimeter is a convolution of (a) the characteristic function
of the system and (b) the transdermal flux. In other words,
the measured fluorescence is a function not only of the rate
of transdermal transport, but also of the mixing and pumping
times of the measurement system. In order to deconvolute
this signal, we needed to know the characteristic function of
the system (i.e., the effects of mixing and pumping). First, a
mass balance was performed on the receptor compartment
and known parameters were independently measured (e.g.,
receptor compartment volume, skin surface area). This
yielded an expression which could be used to deconvolute
the signal to calculate the average transdermal flux. Then,
the validity of this expression was verified by convoluting
the calculated characteristic function of the system and a
known input (e.g., an almost instantaneous injection of a
known amount of fluorescent compound into the receptor
compartment). The predicted and experimental signal versus
time profiles were then compared to establish whether the
system had been correctly characterized.

Fluorescence Measurements of Aliquots Made at Discrete
Time Points

Only one method for taking aliquots was performed in
our experiments and considered here. The entire receptor
compartment solution was removed for analysis and re-
placed with fresh buffer. The fluorescence of each aliquot
represents the amount of fluorescent molecule transported
across the skin between ¢, _, (time of previous aliquot) and
t, (time of current aliquot, Table I provides symbol defini-
tions):

" J(Hdt 1)

tn-t

A
Ty
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To correlate the fluorescence signal obtained from the
fluorimeter with absolute molecule concentration, a calibra-
tion curve must be generated over the linear range of the
fluorimeter, resulting in a proportionality factor, k; = ¢/F,
where concentration can be expressed on a molar, molecu-
lar, or mass basis.

The average flux between ¢, _, and ¢, is

cV  kgFV
A-(ty—ta_1) AAr

J= )

Data for this kind of measurement are shown in Ref. 10.

Continuous Fluorescence Measurements Made Directly in the
Receptor Compartment

Using the microchamber (Fig. 2), fluorescence measure-
ments were made directly in the receptor compartment. Un-
like the case of removing aliquots at discrete time points, the
microchamber receptor solution was continuously removed
and replaced with fresh buffer. Thus, the mass balance on
the receptor compartment is

v IO _
2 A ID — e ) 3)

In this equation, V represents a perfectly mixed receptor
compartment volume, o is the volumetric rate of plug flow
(no mixing) in the tubing, and J(t) is the molecular flux into
the receptor compartment, which, in the specific case of
transdermal delivery, represents efflux from the epidermis.
Under these assumptions, the flux, J(#), can be calculated
from measured values of ¢(r). With this in mind, it is conve-
nient to rewrite Eq. 3 for fluorescence measurements made
at discrete times,

_ 1 [V Ac, -
h=—< +mq) )

where Ac,, = ¢, — ¢,_;, €, = (¢c,_, + ¢,)/2 and T, is the
average flux between ¢, _, and #,,. From Eq. 4 it is possible to

Table I. Definition of Symbols

c average concentration of molecules

proportionality factor between fluorescence signal
and concentration

injection number

aliquot or measurement number

time

time between measurements

area for transport (skin)

fluorescence emission intensity

molecular flux

number of molecules

time between injections

volume

residence time (V/w)

time constant of the applied electrical pulse

time for transport between receptor and
fluorimetercuvette

® volumetric flow rate within tubing

=~
m

s 3

e ZSTE R

Tpulse

pump
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calculate the molecular flux (J_n) for the microchamber as a
function of the concentration in the receptor compartment.

Continuous Fluorescence Measurements Made in a Cuvette
Containing Solution Pumped from the
Receptor Compartment

From hydrodynamic point of view the system, contain-
ing a side-by-side permeation chamber and a flow through
cuvette is an extension of the microchamber system (Fig. 3).
The mass balance on the flow-through fluorimeter cuvette is

w
TR ARl s)
where the subscript 1 is used for the receptor compartment
and 2 for the fluorimeter cuvette. Using Eq. 5 to express ¢,(¢)
as a function of ¢,(r) and known constants and substituting
the resulting expression for ¢(¢) in Eq. 7, the mass balance
for receptor compartment, yields

dex(t)
dt

+ (Vi + V)

1 /ViVs dealt)
J() = a (1—2 dt22 + wCz(t))
(6)

By measuring ¢,(¢) in the fluorimeter, Eq. 6 can be used
to find J(r). For measurements made at discrete times, sep-
arated by a constant interval, At, the flux is

+_ i (Vidc, ofc, +c1,) ;
nTa\Tar 2 0

Here, Ac, = ¢; — ¢; _,, Where
Vies, — ¢y, ) ¢t ®
c, = +
b Atw 2
and
Voo, y = €0 g)  Copmn ™ Copy
i = Bt T2 ©)

This analysis assumes that the transit time from the receptor
compartment to the cuvette (1,,,,,,) is much smaller than the
time between measurements (Af). If this is not the case, the
time-axis should be shifted by 7., Which equals the tubing
volume divided by the volumetric flow rate.

Response of the System to a Known Input. We verified
the model by predicting the system response to a known
input, a 8-function. That is, we measured the fluorescence
injection of a known amount of fluorescent molecule (cal-
cein) into the receptor compartment. This response was then
compared to the prediction made, based on the equations
derived below. Because the system containing the side by
side permeation chamber and the fluorimeter cuvette is an
extension of the microchamber system, and is more compli-
cated, we focus by verifying our data on this system. After
an instantaneous d-function input, the system within the re-
ceptor compartment is described by

dC] w
— 4+t —ca=0

dt Vi (10)
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with ¢, o = N/V, as the initial condition immediately after
injection. The solution yields

L N t
al) =crp-em=17--€em (11)
Vi
where 1, = V,/o, representing the residence time of the

receptor compartment.

Considering multiple injections, numbered from 1 to m
and regularly spaced by an interval, 7, the concentration
between injections is

(m—HT+t
——

l m
emT™ + 0 = ¢ > Ni-e (12)
i=1

where 1 is the time since the previous injection (at mT) and
N, is the number of molecules introduced during the ith in-
jection. To distinguish between conditions immediately be-
fore and after an injection, the respective notations m7T~ and
mT™* are used.

We now consider the case where each injection intro-
duces the same amount of fluorescent molecule. Solution of
Eq. 10 with the boundary condition, ¢,(mT*) = N/V, +
¢,{mT ™), yields an expression for the concentration between
the injections m and m + 1

(13)

N '
camTt + 0 = (7 + cl(mT)>efT
1

A quasi-steady state occurs when the number of mole-
cules which leave the chamber between two injections
equals the number of molecules introduced by each injec-
tion. In this case, ¢,(mT") = c¢;((m + 1)T7) and

® fOT ci(tydt = N (14)
From Eqgs. 13 and 14, we obtain
e T
ci(mT™) = 71 U—_e‘y—ﬂ (15)

Solving Eq. 5, using c(¢) in Eq. 11 for the concentration in
the receptor compartment, c,(¢), yields

N ! t
oty = ——— (e’w_l —e 1
Vi-V;

(16)

where 1, = V,)/w, 7, = VyJu,and N = C, ,V,.

Considering multiple injections, numbered from 1 to m
and spaced by a constant interval, T, the concentration be-
tween injections is

A(m—i)T+t _(m—i)T+t

| m
Cz(mT+ + ) =— 2 N; (e T —e £ )
V2 i=1

vV, -
a7
To solve for the quasi-steady state concentration, Eq. 13 is
substituted into Eq. 5, yielding

de) _ 1

d t iyl

(N _> 1
— + ci(mT7) Je ™™ — — () (18)
Vl T2
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which can be rewritten, using Eq. 15, as

dodt) 1 =N e 19)
dt T ) = Vil — e T (
The solution for this differential equation is
N7y
t 4 f) = —tir2
o (MT ) € [VI(TI — ) - e‘T/ﬂ)
(n—n)
e nm +C (20)

where C is the constant of integration. Substituting Eq. 20
into Eq. 14 gives

C= N @1
TV -Vl - e )
Finally, substituting C into Eq. 20 gives
N e—t/‘n e—l/'rz
+ + — —
CZ(mT t) Vl _ V2 (1 _ e—T/-r; 1 — e—T/‘rz)
(22)

which represents the concentration inside the fluorimeter
cuvette between two injections during the quasi steady state.

RESULTS AND DISCUSSION

Although all three types of fluorescence measurement
were performed, here the side-by-side permeation chamber
was emphasized for the purpose of confirming theoretical
assumptions and evaluating the data. Data for the aliquot
experiments are shown in Ref. 10. The fluorescence vs. time
profiles obtained from the fluorimeter were convolutions of
the transdermal flux and the characteristic response function
of the measurement system (i.e., the effects of mixing and
pumping). Using the equations developed in the previous
section, the fluorescence signal can be deconvoluted to ob-
tain the average transdermal flux.

Figure 4 shows both the fluorescence signal (Fig. 4A)
and the fluorescence signal which has been deconvoluted to
yield the transdermal flux obtained (Fig. 4B). The differ-
ences between the curves indicate the importance of decon-
volution for the correct determination of transdermal flux. In
Figure 4A, the convoluted signal contains information about
transdermal flux as well as other kinds of transport inherent
to the measurement system. In Figure 4B, the data has been
deconvoluted to remove many of the effects of transport
processes inherent to the measurement apparatus (i.e., mix-
ing and pumping times) and averaged over 10 s to reduce
noise. The visible oscillation in the Figure 4B are due to the
pulsing protocol (1 ppm).

To assess the accuracy of the model used for deconvo-
lution, the characteristic function of the system was used to
predict fluorimeter cuvette concentration vs. time profiles,
which were then compared to experimental results. The re-
sponse to a d-function input was modeled and measured ex-
perimentally by rapidly injecting a known amount of calcein
into the receptor compartment (Fig. 5). The side-by-side,
flow-through chamber was used, since its analysis is the
most complex and therefore the most rigorous test.

There is approximate agreement between the predicted
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Fig. 4. (A) Measured fluorescence and (B) deconvoluted transder-
mal flux. Exponential-decay pulses (320 V, 1, = 1.1 ms) were
applied at a rate of 1 pulse per minute, using a side-by-side flow-
through permeation chamber.

concentration and that measured experimentally, indicating
that the general characteristics of the experimental system
were correctly modeled. However, there are discrepancies
between the curves, suggesting that some of the more subtle
characteristics of the system were not adequately repre-
sented. This probably includes imperfect fluorimeter cuvette
mixing, as well as imperfect receptor chamber mixing, small
time variations of tube flow rates, and deviations from plug
flow in the tubing. The error associated with these effects

Calcein concentration (ug/)

Time (min)

Fig. 5. Verification of system charcterization in the side-by-side
flow-through chamber. Measured (solid line) and predicted (dashed
line) concentrations inside the fluorimeter cuvette are shown after
instantaneous injection of 100 pl of 1 pM calcein into the receptor
compartment.
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Calcein concentration (1g/1)

Time (min)
Fig. 6. The two plots compare a completely mathematical result to
an experimental measurement. The dotted line is the purely theo-
retical behavior (theoretical prediction) for a series of evenly spaced
3-function inputs using Eq. 17 and N; = 1.07 x 10'2 (11.03 ng). This
is a good approximation for the periodic transport of calcein across
the skin, because the pulse duration (7,,) is 1 ms, which is much
slower than the about one-half minute time resolution of the system,
and also slower than the interval between pulses (1 min). This allows
a direct comparison with the measurements (solid line) for a multiple
pulse protocol using 1 ms pulses spaced at intervals of one minute.

appears to result in a systematic shift in the time axis on the
order of 10 s.

Given this uncertainty, the deconvolution can only
quantitatively correct for charcteristic times greater than
about one half minute. For example, the steady state lag time
determined from the convoluted data (Fig. 4A) of 13 min was
corrected by deconvolution (Fig. 4B) to 8 min. Moreover,
the occurrence of time-periodic variations in flux at a rate of
1 per minute is also quantitatively correct. However, the
exact time scale of the transient behavior during each oscil-
lation, having characteristic times on the order of 10 s, is not
correctly measured, because of the uncertainty of the time
resolution of the system.

This approach may assist studies of transdermal trans-
port by electroporation. Electroporation-mediated transport
across cell membranes and other lipid bilayers is believed to
occur predominantly by electrically-driven transport (i.c.,
electrophoresis and/or electroosmosis) during pulses (11,12).
If this is also the case in skin, then for millisecond pulses and
fluorescence measurements made every second, transport
by electroporation could be modeled as a $-function input
occurring at the time of each pulse. Using the model devel-
oped for a series of d-function inputs, Figure 6 shows the
predicted and measured time profiles for electroporation
pulses applied to skin once per minute. The approximate
agreement between the two curves suggests that a d-function
can be used to model transdermal transport by electropora-
tion. However, there is significant overprediction of the
amount of calcein transported by each pulse during the first
pulses. Thus, transport by electroporation may occur in skin
mainly by electrically-driven transport during pulses, where
the amount transported by each pulse is a function of time.

The above comparison between measured data and
d-function inputs indicates that transport due to each pulse
occurred over a time scale of seconds or less. In contrast,
the deconvoluted data in Figure 4B suggests that each pulse
caused transport over a characteristic time on the order of 10
s. However, given the 10 s uncertainty associated with the
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system characterization, we are unable to distinguish be-
tween a d-function input and a 10 s input. Thus, Figures 4B
and 6, along with an understanding of electroporation in
other systems, suggest that transport due to each pulse oc-
curred over a time scale on the order of 10 s or less.

Here, theoretical models have been developed for three
versions of our measurement system. If time resolution of
hours or longer is needed, removal of aliquots may be the
simplest approach (analysis governed by Eq. 2). However, if
better time resolution is needed, the aliquot method becomes
cumbersome. Flow-through apparati are useful for faster
measurement, where the microchamber should give better
resolution than the side-by-side, flow-through chamber (re-
spective analyses governed by Eqs. 4 and 7.) However, the
microchamber requires special construction and care during
operation.

A good combination of rapid time resolution and ease of
operation is found in the side-by-side, flow-through cham-
ber. With this chamber, random noise was largely eliminated
by averaging over 10 s. However, systematic error due to
non-idealities of the measurement system resulted in uncer-
tainty in the time axis on the order of 10 s. Better time
resolution was limited largely by imperfect fluorimeter cu-
vette mixing, as well as fluorimeter measurement noise, im-
perfect receptor chamber mixing, small time variations of
tube flow rates, and deviations from plug flow in the tubing.

This study has developed expressions for deconvoluting
transdermal flux from fluorescence signals. However, the
approach is broadly applicable. Although side-by-side cham-
bers have been used, the geometry of the chamber is irrele-
vant. Moreover, no assumptions based on transport across
skin have been made. Instead, the flux of molecules into the
receptor compartment is determined, without regard to the
source of the molecules. The equations are valid for release
of molecules into a receptor bath from any drug source (i.e.,
polymer matrices, hydrogels, liposomes, tissues). Thus,
these methods for measurement of rapid release kinetics
may be useful in transdermal and other types of drug deliv-
ery studies when time resolution on the order of one half
minute is needed.
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