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Abstract

During the application of high-voltage pulses across the skin, transport of two negatively charged fluorescent molecules
through the stratum comeum is highly localized. The apparent size of these localized transport regions (LTR’s) is initially 10
pm in diameter for both calcein and sulforhodamine. Appearance of LTR's occurred at or above transdermal voltages of 75
V. In the range of 75 to 160 V, the number of LLTR’s increases with voltage, but their initial size is the same at all voltages;
with additional pulses LTR’s increase in size, reaching diameters of approximately 40—-80 wm. Small ion currents across the
skin are also localized and include the LTR’s; however, the areas of current flux appeared to be larger. There was no visible
damage to the structure of the skin seen at 100 X magnification for any of the voltages used (< 170 V across the skin).

Significantly, LTR’s are not sweat ducts or hair follicles.

Kevwords: Transdermal transport; Fluorescence microscopy; Electroporation

1. Introduction

Recently, it has been shown that the transport of
small molecules such as calcein through human skin
can be enhanced up to four orders of magnitude with
the application of high-voltage electrical pulses [1,2].
Transport of other, considerably larger molecules,
such as DNA fragments [3] and peptides [4,5] using
high-field pulsing (approximately 30-500 V across
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the skin) has been demonstrated as well. Potential
applications of this method include systemic drug
delivery (e.g., pulsatile delivery of hypothalamic re-
leasing hormones) [5], localized drug delivery (e.g.,
anti-sense oncogene oligonucleotides for skin tumor
treatment) [3], and non-invasive sensing. The general
mechanism of transport is hypothesized to be elec-
troporation [1,6] of the outer epidermal layer, the
stratum corneum, to create aqueous pathways and
subsequent local transport of molecules through these
pathways. In order to theoretically describe [7-9,4]
and therefore predict the extent of molecular trans-
port across the electroporated skin, knowleidge of the
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density, distribution, fractional area and transport For example, it has been demonstrated in vivo for
behavior of these pathways is expected to be essen- dry, human skin that the distribution of small ion
tial. transport is localized when an electric current is

Imaging of small ion transport through the stra- applied over the surface of the skin [10]. This author
tum corneum has previously been reported by others. hypothesized that these localized ionic paths corre-
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Fig. 1. Side and top view schematics of the real-time imaging apparatus. Transport of fluorescent molecules through the epidermis (stratum
corneum facing down) was imaged through an Nikon stereo microscope while being pulsed in the custom chamber shown. To disperse
transported molecules in the receptor compartment, and evolved gas and electrode byproducts in both compartments, continuous flow (0.5
ml/min) was maintained through the ports for both the donor and receptor compartments by a two channel peristaltic pump. During each
experiment the donor solution was recycled while solution from the receptor compartment was continuously replaced with fresh saline.
Fractions of the receptor solution were collected automatically and subsequently analyzed by calibrated spectrofluorimetry.
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sponded to sweat ducts. In separate studies, ion-
tophoresis through stratum corneum was shown to be
localized. Specifically, discreet precipitations of
prussian blue were detected by scanning electro-
chemical microscopy during the electrically driven
transport of ferricyanide and ferrocyanide through
hydrated, hairless mouse skin [11]. The most likely
site of transport was identified as hair follicles.
Localization of percutaneous ionic penetration was
also observed in experiments in which no electrical
current was applied. In that study mercuric chloride
was allowed to diffuse into dermatomed human skin.
When the skin was subsequently treated with ammo-
nium sulfide, precipitated mercury was visualized
with electron microscopy. For times less than one
hour, it was observed that the predominant site of
mercury precipitation (probable path of mercurate
diffusion) was between the keratinocytes of the stra-
tum corneum [12]. Finally, localized areas of calcein
staining have been visualized by confocal mi-
croscopy in the stratum corneum after high-voltage
pulses had been applied [13]. Although the results of
these previous studies are important, they did not
directly visualize organic molecule transport through
the stratum corneum on a subsecond timescale.

Therefore, we have constructed an apparatus (Fig.
1) which allows us to image regions of molecular
transport through the stratum corneum during the
application of electrical pulses. In our experiments
we detected negatively charged fluorescent molecules
(realistic models of therapeutic agents) with a tempo-
ral resolution of approximately 0.5 s and a spatial
resolution of about 2 pm. These fluorescent
molecules are highly water-soluble, and do not bind
significantly to the stratum comeum. Further, the
experimental conditions employed were very similar
to those of normal physiology (e.g., ion type, ion
concentration, and pH.) We also report experiments
wherein we imaged the transport of small, inorganic
ions {(which are responsible for almost all of the
current) through the stratum corneum during electri-
cal pulsing. With different experimental apparatuses,
we detected the spatial distribution of fluorescent
molecules that have been transported through the
skin, correlating these areas with fluorescent areas of
fluorescence in the skin; and we imaged ion trans-
port through the skin by iontophoresis after high-
voltage pulses had been applied.

2. Methods
2.1. Skin preparation

Heat-stripped stratum corneum [14] was used in
all experiments, and the area of skin exposed to the
electrical field was 0.7 cm?. The skin was obtained
from either the abdomen, arm, or back of adult
human cadavers. Prior to heat-stripping the skin was
stored at —70°C for one to six months. After heat-
stripping, the skin was stored at 4°C in a 95%
humidity environment. A small number of experi-
ments with fresh skin gave similar results to thosc
obtained with heat-stripped skin.

2.2. Fluorescent molecules

Two different water-soluble molecules were used:
calcein (Molecular Probes, Eugene, OR, charge of
— 4, molecular weight of 623, and excitation coeffi-
cient of 0.08). which has an excitation maximum at
488 nm and an emission peak at 515 nm, and
sulforhodamine (molecular weight of 607, charge of
—1, excitation coefficient of 0.107) which has an
excitation maximum at 586 nm and an emission
maximum 607 nm. The difference in the emission
spectra of the two fluorescent molecules allowed us
to easily distinguish them.
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Fig. 2. Trace of voltage across the skin (U, ,,} during application
of exponential pulses (at the pulser output, U, ... ) of 250, 500.
1000, 1500 V (from bottom to top trace).
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2.3. Fluorescence imaging apparatus (Fig. 1) mM sulforhodamine. The upper part (the receptor
compartment) was filled with PBS. The donor com-

The chamber was fabricated from acrylic. The partment contained PBS, 3-5 mM methylene blue,
lower part of the chamber (donor compartment) was and 1 mM of sulforhodamine and calcein. The meth-
filled with pH 7.4 phosphate-buffered saline (PBS) ylene blue was added to absorb emitted light from
(Sigma, St. Louis, MO), and 1 mM calcein and /or 1 the fluorescent molecules in the donor compartment
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Fig. 3. (A) Schematic used for the imaging of the ionic pathways after pulsing was completed. (B) Image of the ionic pathways (Cl -ions)
as dark region at the silver plate.
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Fig. 4. (A) Composition of the gel-sandwich used for the imaging of molecules crossing the stratum corneum. (B) Retained red stuorescence
in the agarose gel. This result provided evidence that the LTR’s are the site of transport, not just internal skin staining. (We do not show
data for calcein as it diffuses through the agarose gel much more quickly and the mesh shows a week but visible autofluor¢scence in the

green range).
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solution. The skin preparation is only 50 um thick
and thus transmits visible light. Such background
light obscures visualization of fluorescent molecules
that have passed through the stratum corneum. Black
filter paper (mixed cellulose ester, 0.45 um pore,
Millipore) placed on the donor side next to the
stratum corneum further diminished background flu-
orescence. A positive pressure of 100 mm H,O in
the receptor compartment relative to the donor com-
partment was maintained so that the skin was pressed
flush against the filter paper.

For the application of the electric field one elec-
trode was provided in each compartment. The top
electrode was a stainless steel sheet located 3 mm
away from the skin and with an optical window of
0.35 cm? for the observation of the skin. The bottom
electrode was a silver disc, also 3 mm from the skin.
The donor compartment was at the negative and the
receptor compartment at the positive side of the
pulser. This ‘forward direction’ polarity provided an
electrophoretic driving force through the skin for the
negatively charged fluorescent molecules. However,
methylene blue is positively charged so that the
driving force for its transport was away from the
skin. Thus, this specialized apparatus provided both
pulsing and optical conditions compatible with real
time imaging of fluorescent molecule and small ion
transport.

2.4. Pulse application and electrical measurements

High-voltage pulses were delivered using an ex-
ponential pulser (GenePulser, BioRad, Richmond,
CA) modified for computer control. To fix the time
constant an external voltage divider (10 £2:40 (2,
noninductive, SO0 W) was used, with the chamber
connected across the 40 (2-resistor. The pulse time
constants were 7, = 1.0 + 0.1 ms.

For current (/) measurements an additional 5 {2

resistor was placed in series to the chamber, and
voltage trace across it was stored in an digital
oscilloscope (Hewlett Packard-54601) for subsequent
calculation. The inlets of the donor and the receptor
compartments were fabricated from an 18 gauge
stainless steel needle so that these ports could also be
used as electrodes over which an ‘inner voltage’
(Uppner) drop was recorded. The distance between
these electrodes was 2.4 mm, and the resistance of
the solution (R ) between them was 20.6 (2. This
inner voltage drop across these electrodes was also
stored in the digital oscilloscope (other channel), so
that the transdermal voltage (U,;,) could be calcu-
lated from

U,

skin Uinner

- IR .

In the figures and text we generally refer to U,
rather than the voltage applied at the electrodes, as
this is relevant to the transport mechanism. The

results of such calculations are displayed in Fig. 2.

2.5. Image acquisition

A fluorescence microscope (Nikon Labophot-2
with Planapo Optics) was used, together with a video
imaging system, based on a Nikon FX-35DX camera
and a Macintosh Quadra 950 computer. For general
image storage we used a video reorder (Toshiba
M-448). Otherwise, images were gathered directly
using the IPLab Spectrum program (Signal Analytics
Co.), and the data were transferred to a Sun Sparc 10
workstation as TIFF files for subsequent computa-
tion. When photographic images were recorded,
shutter times between 1/4 and 3 s were used. For
advanced image acquisition, such as shown in Fig. 8,
a Sony X-1744 video camera was used with an
integration time of 1/2 s which allowed a pre-
processing of the frame.

Fig. 5. Fluorescence images of local transport regions (LTR’s) for (A) calcein based on green fluorescence, and (B) sulforhodamine based
on red fluorescence. These images were obtained following completion of a multiple phase protocol (see methods section). These images
were directly taken by IPLab through the optics described. The bright nearly circular areas of fluorescence are LTR’s (see text). These green
and red fluorescence images were obtained simultaneously; but the green and red fluorescence from calcein and sulforhodamine are
processed separately. Note the general coincidence of green and red fluorescence. The calcein fluorescence highlights the structure of the
skin more. The long dark lines in (A) correspond to the Rete pegs (valleys) of the skin. One can also see the outlines of some polygonal
keratinocytes with diameters of approximately 40 um. The LTR’s appear to involve one or a few keratinocytes. Throughout the pixel size is

2X2 um.
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2.6. Imaging of small ion transport regions

Because ions are not typically visible by fluores-
cence, we used a chemical reaction, the reaction of
chloride anion with the silver cation created at the
anode surface, to visualize the sites of current due to
these ions. A transparent polystyrene plate was coated
with silver using Tollen’s reagent [15]. The surface
resistivity of this electrode was found to be substan-
tially smaller than the other components in the sys-
tem. This electrode was placed directly in contact
with the skin surface. Sites of current through the
skin corresponded to areas of corrosion (silver chlo-
ride formation and solubilization) of the thin silver
electrode. Light transmitted through these areas could
then be recorded in real time using a video imaging
microscope. To examine regions which retained
transport ability for a long time (up to several hours)
after pulsing, we removed the skin from the appara-
tus in Fig. 1 and then placed it on a polished silver
surface with the stratum corneum side touching the
surface. A 5 mm thick agarose disc (made with 2%
agarose in PBS) connected to a negative electrode
was placed on top of the skin, with the polished
silver serving as the positive electrode. The agarose
disc was smaller than the skin preparation to avoid
shunting pathways around the skin (Fig. 3A). For 30
s a current of 1 mA (1.4 mA /cm?) was used and
after this the gel disc was removed. Under the fluo-
rescence microscope the sites of transdermal, molec-
ular transport that had formed during experiments
with the apparatus in Fig. 1 were still visible. By
changing the illumination to white light, the sites of
cumulative current flow during the iontophoresis
were visible as dark zones on the silver electrode
(which could be seen through the skin). A better
view of the anion deposition at the silver surface was
provided after removing the skin from the silver
electrode (Fig. 3B). Subsequent computer analysis
was performed to determine the degree of the coinci-
dence between localized transport regions (LTR’s) of
fluorescent molecules during pulsing and regions of
small ion transport after the pulsing.

2.7. Fluorescent molecule transport across the stra-
tum corneum

To determine the net transport of fluorescent
molecules we used an automatic sampling system to

collect aliquots of the receptor stream. The bright-
ness of these aliquots was measured after the experi-
ment using a spectrofluorimeter (Fluorolog 2, model
F112Al, SPEX Industries, Edison, NJ). These mea-
surements provided assurance that the total molecu-
lar transport was comparable to that in many previ-
ous experiments. To visualize sites of local transport,
we coated a silver sheet electrode (anode) with
agarose (0.2 mm thick). The stratum corneum side of
the skin preparation was then placed in contact with
the agarose side of the electrode so that any fluores-
cent molecule transported could be retained tem-
porarily. To maintain the distance between gel and
the electrode and hinder the lateral diffusion of
fluorescent molecules, a nylon mesh (50 pym spac-
ing) was placed inside the gel. This set up was
placed into a side-by-side chamber with a PBS donor
solution (1 mM fluorescent molecule) on the other
side (Fig. 4A). Pulsing was applied between the
silver plate (cathode) and a Ag/AgCl electrode
(anode) placed in the donor compartment. Usually 10
pulses with one minute spacing were provided with a
voltage across the electrodes (U,,,,.,) of 1000 V. The
electrode /agarose /skin slab was then removed from
the chamber and placed under the fluorescence mi-
croscope. Photomicrographs were taken of the layers
together and separately. Under the appropriate exci-
tation wavelengths fluorescence from molecules in
the agarose and skin could be seen; and under white
light, staining of the silver electrode due to ion
deposition could also be seen.

3. Results

The most striking result is that transport of cal-
cein, sulforhodamine, and small ions are all highly
localized. In the case of fluorescent molecules we
observed that transport of calcein and sulforho-
damine was localized to regions whose initial size is
about 10 wm in diameter (width at half-maximum)
when pulses of 75 V or higher occur across the skin.
The smallest bright spots seen in Fig. 5A and 5B,
and the smallest contours in Fig. 6 are images of
these areas. The diameters of these localized trans-
port regions (LTR’s) quickly (in tenths of seconds)
enlarge to as great as 50 pm, presumably due to
lateral diffusion or continued driven transport out of
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Fig. 6. Contour plots of images of calcein and sulforhodamine transport through the skin after different voltages and numbers of puises. The
lighter hatching represents areas of calcein only transport, the darker hatching represents areas of sulforhodamine only transport, and the
black regions represent coincident areas of calcein and sulforhodamine transport after (A) 75 V three pulses; (B) 75 V., ten pulses and 99 V,
three pulses; (C) 75 V ten pulses, 99 V ten pulses, and 120 V, three pulses; (D) 75 V ten pulses, 99 V ten pulses, and 120 V, teri pulses, and
160 V, three pulses; (E) 75 V ten pulses, 99 V ten pulses, and 120 V, ten pulses, and 160 V, ten pulses. These contours were computed from
video camera images, using an average of four frames. The transport through a single skin preparation is represented in this figure. The new
LTR’s which appear with each successive image are much greater on average than 10-20 pm of initial LTR’s referred to in the text,
because these plots were made from the images obtained after the third pulse following a voltage increase. For this reason significant lateral
dispersion had occurred. The cut-off of the contour is 40% of the maximum brightness obtained in that image, and was computed separately
for calcein and sulforhodamine. In (A) the smallest LTR’s are the newest LTR’s, that is, those that arose after the last few puls¢s. Although
the average size of the LTR's becomes larger with increasing number of pulses and voltages, new LTR’s appearing just after each increase
in voltage with approximately the same size.

the LTR after the pulse. When viewing the evolution
of LTR’s directly through the microscope in real
time, however, human observers estimated the diam-
eter to be even smaller (approximately 5 pm). We
are not certain whether this discrepancy in the mea-
surement of the size of the initial LTR’s is due to
lateral transport before an image could be acquired,
or instead a perceived contrast by the observer at
very high values of the intensity of the spots. Fig. 7A
and 7B shows a more magnified image and a three-
dimensional plot (Fig. 7C and 7D) of the fluores-
cence intensity of these regions as they appear fol-

lowing a single 76 V pulse applied across the skin.
In our experiments, the small, incipient stage of
fluorescence localization is more difficult to distin-
guish for the larger pulses because in our protocol a
series of pulses of increasing voltages was used. As a
result background fluorescence builds up in the skin
from previous pulses at lower voltages.

Fig. 8A shows that an LTR contains several sub-
peaks that are not discernible by simple inspection.
This computer-generated representation was taken
after the application of more than 30 pulses. Signal
averaging revealed subpeaks which are not visible by
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Fig. 7. Magnified image of an LTR for (A) calcein fluorescence and (B) sulforhodamine fluorescence after a single pulse at 76 'V (L, ).
This is a magnified view of one LTR analyzed for caicein and sulforhodamine brightness. This is the earliest stage at which we could
capture an image of an LTR, but it has already laterally spread somewhat. The image was directly acquired through IPLab from the

microscope. (C) and (D) are expanded three-dimensional plots

of fluorescence in arbitrary units for brightness (vertical axes) of the

corresponding regions of (A) and (B), respectively. Both the x- and y-axes of (A) and (B) give position in millimeters. The numbers of these
axes correspond to the in the x- and y-axes of (C) and (D). The width at half-maximum of the peaks in (C) and (D) is approximately 10 pm,
a value consistently found for the earliest visualized stage of LTR development.

simple observation under the microscope in LTR’s
that had already spread out laterally. As shown in
Fig. 8B, the diameters of the subpeaks are approxi-
mately 10 pum, and a single LTR consists of about
10 different subregions. The significance of these
substructures are not yet understood.

During high-voltage pulsing L.TR’s for both cal-
cein and sulforhodamine are distributed with appar-
ent randomness over the stratum corneum topogra-
phy (Fig. 5A and 5B), but there are two major
exceptions: (1) No LTR’s were found in the valleys
(Rete pegs) of the stratum corneum. (2) Although
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Fig. 8. Signal-averaged image of LTR’s from a calcein fluorescence image of a skin preparation which had been pulsed ten times at 157 V
(Uy;n). The averaging was carried out using a special camera (Sony X-1744). The x- and y-axes of (A) and (B) are in millimeters and
correspond. The z-axis of (B) is in arbitrary fluorescence units.



U.F. Pliquett et al. / Biophysical Chemistry 58 (1996) 185-204 199

calcein (the more charged molecule) staining of the
appendages (hair follicles and sweat ducts) occurs,
the LTR’s do not correspond to appendages. Also,
very little sulforhodamine (the lesser charged
molecule) fluorescence is seen in the appendages.
These observation hold for all pulsing voltages at
which we observed transport.

Pulsing below 75 V, no localized fluorescent
molecule transport was detected by fluorescence mi-
croscopy of the skin. This result is consistent with
previous work in that significant molecular transport
does not occur below this voltage for ten pulses of
one millisecond time constant [16]. As the pulsing
voltage across the skin is increased above 75 V, the
number of LTR’s increases significantly for both
fluorescent molecules (Fig. 9); however, the average
size of each new LTR formed is the same as the
average size (about 10 pwm) of the LTR’s originally
formed at the lower voltages. New LTR’s are primar-
ily formed after the first pulse at a higher voltage.
Typically, one tenth as many new LTR’s are formed
by the second pulse at a given voltage, and only
rarely are new LTR’s formed after the third or
subsequent pulses at a given voltage. Continued
pulsing at a constant voltage results in more trans-
ported molecules in an LTR. The fluorescence then
spreads laterally and may merge (or create the ap-
pearance of merging) with another LTR. This behav-
ior is also apparent in the contour plots of a typical
sample in Fig. 6, and from the graph of the average
total area of LTR’s computed from 14 skin prepara-
tions (Fig. 10).

A generalized analysis of the images of several
transport LTR’s from many skin samples is pre-
sented in Fig. 11. As shown, the calcein LTR’s
exhibited increasing green fluorescence background
and peak width with continued pulsing. The maxi-
mum green fluorescence increases at higher voltage
pulses but stays the same with pulsing at the same
voltage. For the same LTR’s the sulforhodamine (red
fluorescence) background increases with continued
pulsing at the same and /or higher voltages, but the
increase is smaller than for calcein, especially with
respect to continued pulsing at the same voltage. The
sulforhodamine LTR’s broaden with increased puls-
ing at the same and/or higher voltages even more
than for calcein. (For calcein the width at half maxi-
mum is 30 um for the first curve and 60 pm for the
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Fig. 9. Plot of the number of LTR’s for calcein (squares) and
sulforhodamine (diamonds) as a function of voltage and pulse
number across a 0.7 cm? skin preparation. Light-bordered squares
are one pulse calcein, bold square is ten pulses calcein; light-
bordered diamonds are one pulse sulforhodamine; bold diamond is
ten pulses sulforhodamine at the indicated transdermal voltages.
These data are an average of 14 skin samples. Note that at each
voltage, ten pulses at each lower voltage has previously been
applied. The threshold for including an LTR is 40% of the
maximum fluorescence in an image. The number of calcein LTR’s
is always greater than the number of sulforhodamine: LTR’s after
one pulse at a given voltage. For both fluorescent molecules the
number of LTR’s increases with increasing voltage. However. the
number of LTR’s decreases for both fluorescent molecules when
the skin was pulsed at a 158 V ten times compared to when the
skin was pulsed at this voltage only once. Moreover; the number
of LTR's visualized with calcein decreases to less than half of its
original value when pulsed ten times at 158 V, whereas, for
sulforhodamine the decrease in the number of LTR’s. from onc to
ten pulses is not statistically significant. Also, after ten pulses at
158 V, the number of LTR’s visualized with sulfothodamine is
greater than the number visualized with calcein. The lateral spread
of calcein was greater than for sulforhodamine when a several
pulses are applied at the same voltage. The number of calcein
LTR’s appears to decrease because the background of calcein
increases and the calcein LTR’s merge due to broadening of their
fluorescence profiles. Sulforhodamine LTR’s decrease less in
number because there is less background increase (Fig. 5). Some
LTR’s merge due to broadening.

last; whereas, for sulforhodamine the corresponding
values are 30 um and 90 wm). The increase in
maximum brightness occurs in going up to 118 V
but does not occur in going from 118 to 158 V.
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Fig. 10. Plot of the fractional area of skin occupied by LTR’s
formed for calcein and sulforhodamine transport as a function of
transdermal voltage. The parameters, images, and symbols are
those of Fig. 9. The dependence is similar to that of Fig. 9. After
ten pulses the fractional area increases for both calcein and
sulforhodamine, but the increase compared to one pulse is statisti-
cally insignificant for sulforhodamine. In contrast, the increase is
for calcein is substantial. Considering that the number of LTR’s
after one pulse is greater than the number of LTR’s after ten
pulses for calcein (Fig. 7), this result clearly demonstrates the
greater lateral spreading for calcein.

Interestingly, the maximum red fluorescence bright-
ness actually decreases in going from three to ten
pulses at 158 V.

Real time transport of small ions was also ob-
served (Fig. 9) by using a silver-coated polystyrene
plate (anode) that was in direct contact with the
stratum corneum. In this case we used the apparatus
of Fig. 1, but with the receptor compartment re-
placed by the thin silver-coated electrode. After the
application of 1000 V electrical pulses (the transder-
mal voltage is much less, but we could not determine
it in this experiment because no inner electrodes
were present), the silver film electrode corrodes and
becomes transparent. With further pulsing at this
voltage still larger areas of transparency were cre-
ated. For example, over 50% of the surface became
transparent after three pulses of 1000 V across the
electrodes. These areas of transparency are caused by
the reaction of ions (presumably, chloride) with the
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Fig. 11. Graph of the average fluorescence of cross-sections
through several images of LTR’s after pulsing at different volt-
ages. To generate these plots two-dimensional fluorescence pro-
files of LTR’s were constructed, and then aligned by their maxi-
mum brightness for each condition (i.e., number and voltages of
pulses). An average fluorescence profile was then obtained for
each condition. These averages for calcein (A) and sulforho-
damine (B) brightness for different pulsing conditions are dis-
played. The bottom curves in (A) and (B) represent the average
brightness for the same four LTR’s in a skin sample after having
been pulsed three times at a transdermal voltage of 76 V. The
remaining four curves in (A) and (B) represent the average
brightness of twenty LTR’s from a skin sample as are pulsed with
progressively higher voltages. From the bottom of the graphs up:
(—) average of four points 78 V, three pulses; (----) average of
twenty points, 78 V, ten pulses and 98 V, three pulses; (-------)
average of twenty points, 78 V ten pulses, 98 V ten pulses, and
118 V, three pulses; ("""') average of twenty points, 78 V ten
pulses, 98 V ten pulses, and 118 V, ten pulses, and 158 V, three
pulses; (—) average of twenty points, 78 V ten pulses, 98 V ten
pulses, and 118 V, ten pulses, and 158 V, ten pulses.
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silver associated with current through the stratum
corneum, and therefore provide a contrast mecha-
nism based on cumulative small ion transport.

The existence of ionic transport pathways which
persist after pulsing was observed in yet another set
of experiments. By placing the treated skin specimen
from the pulsing chamber into the apparatus as in
Fig. 3A we detect the ionic pathways by AgCl
deposition at the polished silver surface. Anions
(mainly, chloride and phosphate) reacted with the
anode after presumably having traversed the skin
(Fig. 3B). These areas of localized anion current
density remain accessible to iontophoresis on the
time scale of hours, even though these experiments
were typically done within minutes after pulsing.
With the silver electrode still attached to the stratum
corneum we were able to compare areas of molecu-
lar transport (fluorescent areas) and the ionic trans-
port (dark areas at the silver surface). We generally
observed that the areas of fluorescent molecule and
current flux coincided, with the latter being larger.
We are as yet unable to accurately record these
images because the glare from the silver surface
below the skin prohibits us from imaging fluores-
cence in the skin.

Establishing a relationship between localized skin
fluorescence and actual transport is important. To
this end, we temporarily retained the fluorescent
molecules crossing the stratum corneum by using an
experimental arrangement, with an modified standard
side-by-side permeation apparatus (Fig. 4A) [17].
The agarose gel-mesh allowed temporary retention
of the fluorescent molecules which crossed the skin
and entered the gel-mesh layer (Fig. 4B). Our inter-
pretation is simple but fundamental: fluorescent
molecules found to be retained in the gel-mesh had
to have come through the skin at the adjacent site.
We found a very good agreement between areas of
calcein and sulforhodamine fluorescence in the skin
and in the agarose gel. The areas in the gel layer
(Fig. 4B), however, were much broader than those in
the skin (Fig. 5B), presumably due to lateral diffu-
sion within the gel. In some cases a stained region in
the stratum corneum did not correspond to the stain-
ing in the gel, but a stained region in the gel always
corresponded to a stained region in the stratum
corneum. Little staining of the agarose occurred at
regions corresponding to sweat ducts and hair folli-

cles indicating that relatively few molecules had
been transported through these structures. Finally,
we found that fluorescent LTR’s in the stratum
corneum corresponded well to dark regions at the
silver surface, indicating that small ion transport
occurs preferentially in the LTR’s.

4. Discussion

Our basic interpretation is that the regions of
strong green and red fluorescence correspond to
areas of transport across the stratum corneum. From
the concentration of the fluorescent molecules in the
sample stream (data not shown) and from many
previous experiments, [16,18] it is known, that sig-
nificant transport of molecules occurs during high-
voltage pulsing. The apparatus in Fig. 1 allowed
imaging of localized fluorescence during pulsing.
One might argue that the localized fluorescent re-
gions are not permeable but trap fluorescent
molecules instead, and that the transport occurs
within the rest of the unstained surface. The counter
explanation is, that the transport occurs at the stained
sites, leaving a fluorescent trace behind. The agarose
gel layer experiments allowed us to definitively dis-
tinguish between these two possibilities. Namely, we
never found fluorescent molecules trapped in sites of
the agarose where the skin was unstained, but we did
find fluorescent molecules in the agarose correspond-
ing to the regions in the skin that were stained. The
temporary retention of fluorescence in the gel is
direct evidence for transport across the skin. Thus,
these observations strongly support the conclusion
that the fluorescent sites which evolve in the stratum
corneum at the moment we apply a high-voltage
pulse are regions of fluorescent molecule transport
through the entire stratum corneum. For this reason
we refer to these fluorescent areas in the pulsed skin
as localized transport regions (LTR’s).

It is usually reported that significant ion transport
during iontophoresis occurs primarily through the
appendages [19]. However, our observations clearly
demonstrate that transport during high-voltage puls-
ing occurs primarily in the LTR’s which do not
correspond to appendages. Specifically, examination
under fluorescence detection conditions and with
white light between pulses confirmed the fact that
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the LTR’s are not appendages. Further, the
transport-confirming experiments using agarose gel
in the receptor compartment revealed that although
some calcein fluorescence corresponded to ap-
pendages, the intensity was considerably less than
that corresponding to a typical LTR (indicating less
calcein transport per appendage than in a typical
LTR). Further, no sulforhodamine staining was ob-
served in appendages in the skin or in areas of
agarose corresponding to appendages, but significant
sulforhodamine fluorescence was found in regions
within the agarose layer corresponding to LTR’s.

In the experiments with AgCl deposition during
post-pulse iontophoresis, the deposition correspond-
ing to the LTR’s was in general greater (i.e., areas
were darker) than the deposition behind the ap-
pendages. Since the apparent fractional areas of the
LTR’s from this experiment and the fluorescence
experiments were typically 1-10% (for transdermal
voltages > 80 V) while the fractional area of the
appendages is 0.1%, we conclude that the LTR’s are
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the major source of current transport during post-
pulse iontophoresis.

LTR’s were always located in the area of the
heat-stripped skin corresponding to the dermal papil-
lae (troughs of the epidermis) and no LTR’s ap-
peared in the Rete pegs (crests of the epidermis). We
do not presently have an explanation for this finding.
Examining the skin after pulsing, we also observed
that after lower-voltage pulses (< 80 V) the edges
are have more red and green fluorescence than the
interiors of the keratinocytes in the LTR’s; whereas,
after higher voltage pulses (> 160 V) the fluores-
cence of the edges and interiors of the keratinocytes
are indistinguishable (data not shown). These results
are in agreement with confocal microscopy observa-
tions after pulsing [13]. An interpretation consistent
with these findings is that high-voltage pulsing cre-
ates aqueous pathways that pass through the kera-
tinocyte, i.e., electroporation of stratum corneum
lipid barriers occurs.

After the first appearance of an LTR, it spreads

1 12 1.4 1.6 1.8

Fig. 12. Image through a thin silver electrode (anode) immediately after pulsing of the stratum comeum once with an applied electrode

voltage of 1000 V (not Uy;,) and a time constant of 1 ms.
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out in less than a second from 10 pm to approxi-
mately 50 pwm. With subsequent pulses at low volt-
ages, it gains brightness and spreads further. With
the application of pulses of higher voltage, the LTR
spreads out to about 40-80 um and on average the
maximum brightness remains constant (Fig. 6).
However, if we examine this average more closely,
we find a significant variability in the fate of LTR’s.
For example, the fluorescence of some LTR’s dimin-
ishes to the level of background, new LTR’s appear
in close proximity and then overwhelm the bright-
ness of the older LTR. Eventually, the area corre-
sponding to the maximum in brightness of the old
LTR actually decreases in intensity (Fig. 12A).

One possible explanation of this phenomenon is
that once an LTR is active, its dynamic resistance
decreases with subsequent pulsing (Fig. 13). This
interpretation is consistent with two facts: (1) it is
known from this study that the number of LTR’s
created after the third pulse at a constant voltage
increases very little; whereas, (2) it is known from
previous work that the dynamic resistance of the skin
decreases with continued pulsing at a constant volt-
age [6]. As a consequence, the voltage across the
LTR will decrease with subsequent pulsing. Al-
though the characteristic diameter (10 to 80 microns)

Fig. 13. (A) Evolution of a single LTR cross-section measured
with calcein fluorescence. The bottom (on the right side of the
graph) curve (—) represents the brightness of an LTR from a skin
sample after having been pulsed three times Uy, =76 V. The
remaining four curves represent the fluorescence of the same LL.TR
and nearby surface after pulsing with progressively higher volt-
ages. From the bottom (on the right side) of the graph up: (—) 78
V, three pulses; (---) 78 V, ten pulses and 98 V, three pulses;
(-------) 78 V ten pulses, 98 V ten pulses, and 118 V, three
pulses; (") 78 V ten pulses, 98 V ten pulses, and 118 V, ten
pulses, and 158 V, three pulses; (—) 78 V ten pulses, 98 V ten
pulses, and 118 V, ten pulses, and 158 V, ten pulses. As pulses
are applied the fluorescence of the original LTR first increases
from (—) to (---) but then rapidly diminishes to (-------) then
("""} and finally (—). Simultaneously, to the right of the original
LTR one observes the evolution of a new LTR with continued
pulsing: from (—) to (---) to (-------) to ("""") and finally to (—).
(B) Evolution of the same LTR as in (A) visualized with suiforho-
damine. For the meaning of the lines refer to (A). In contrast to
the results for calcein, the same original LTR visualized with
sulforhodamine increases in fluorescence much more and over a
longer course of pulsing: from () t0 (- - - ) to (-------) to (")
It eventually decreases somewhat: from (""”') to (—). There is also
the appearance of a new LTR to the right of the original LTR.

of an LTR is much larger than that of the transient
aqueous pores that are believed responsible for sin-
gle membrane bilayer electroporation, the local
transdermal voltage is expected to decrease because
of a voltage divider effect involving the interior pore
resistance and the spreading (access) resistance which
involves inhomogeneous electric fields near the en-
trance and exits of the pores [20,21]. In contrast, the
voltage of the surrounding area will be less affected.
After a certain number of pulses, the voltage across
the LTR is no longer great enough to reopen it after
the recovery of resistance which occurs after that
pulse. The resistance around the surrounding area
increases even more as there is no shunting of
current around the ‘old” LTR. Once these ‘new’
LTR’s proximal to the ‘old’ LTR are created, the
current will be shunted from the area of the ‘old’
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LTR making it even less likely that it will reopen.

The fractional area of the pulsed skin preparation
covered by LTR’s ranged from 2 - 10~* (after three
pulses at 78 V) to 3.0 - 1072 (after ten pulses at 158
V) for sulforhodamine, and from 5 - 10~ * (after three
pulses at 78 V) to 8.2 - 10~ 2 (after ten pulses at 158
V) for calcein. These values are significantly more
than the fractional area, Fw, we calculated 5- 1073
[18]. This discrepancy can be explained if one as-
sumes that not all of the area of an LTR is involved
in transdermal transport, just as in bilayer membrane
electroporation [22). The lateral spreading of LTR’s
which occurs after a pulse is applied would support
this assertion.
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