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Purpose. To study at the ultrastructural level which part of the skin is
associated with percutaneous iodide transport by passive diffusion
and iontophoresis.

Methods. Following passive diffusion or iontophoresis of iodide, the
morphology and the ion distribution of the skin was preserved by
rapid freezing. The skin was kept frozen until and during examination
by transmission electron microscopy (TEM) and X-ray microanalysis
(XRMA). The intrinsic electron absorbing characteristics of cryopre-
served skin allow direct TEM examination without additional stain-
ing. XRMA can be used to obtain in a relatively nondestructive way
in situ information on ion distributions across the skin.

Results. After passive diffusion, iodide was mainly found in the stra-
tum corneum (SC), whereas there was little iodide in the viable epi-
dermis. Tontophoresis up to 300 pA/cm? did not significantly affect
this distribution. With iontophoresis at 1000 wA/cm?, the amount of
iodide increased dramatically and was equally distributed over the SC
and viable epidermis. The presence of iodide in the SC suggests that
iodide is present inside corneocytes.

Conclusions. Tontophoresis up to 300 pA/cm? does not significantly
perturb skin structures in contrast to iontophoresis at 1000 wA/cm?.
The presence of iodide inside corneocytes suggests the possibility of
transcellular percutaneous iodide transport.

KEY WORDS: iontophoresis; passive diffusion; stratum corneum;
ion transport; X-ray micro analysis; cryopreservation; transmission
electron microscopy.

INTRODUCTION

The upper layer of the human skin, the stratum corneum
(SC), is generally recognized as the major barrier to the per-
cutaneous diffusion of water and hydrophilic compounds
(1,2). Applying an electric potential gradient across the skin,
as with iontophoresis, enhances the transport of hydrophilic
compounds through the skin (2,3). Despite much research on
the applicability of this technique for drug delivery, still little
is known about the precise pathways these compounds follow
across the SC during passive diffusion and iontophoresis.
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Transmission electron microscopy (TEM) is a valuable
tool in studying the transport of ions through the skin (4-9).
Combined with the use of chemicals to preserve the skin and
to visualize the location of the migrating ions by precipitation,
insightful information was obtained on which structures were
associated with ion transport by passive diffusion and ionto-
phoresis. Indirectly, this information indicated the pathways
taken by the migrating ions. However, when studying percu-
taneous ion transport, the use of chemicals may be question-
able, as chemicals have been reported to be able to dislocate
ions in biological tissue (10). Furthermore, visualizing the lo-
cations of ions by chemical precipitation may entail artifacts,
as the observed ion distribution may be a function of precipi-
tation kinetics (9,11).

An alternative to preserving skin and its ion distribution
by chemicals is cryopreservation. Rapid freezing instanta-
neously stabilizes the tissue morphology and immobilizes the
ions (12). Successive cryohandling of the frozen sample allows
investigation of the morphology and preserves the distribu-
tion of ions (12). The intrinsic electron absorbing character-
istics of cryopreserved skin allows direct TEM examination
without additional staining (13,14). In such material, X-ray
microanalysis (XRMA) may serve to study ion localization.
Application of XRMA allows in situ information on the ele-
ment distribution in a specimen to be obtained. Hence, it
becomes possible to study ion distributions across skin in a
relatively nondestructive way (4,13,14).

In the present study we performed XRMA in TEM on
cryopreserved skin to establish at the ultrastructural level which
part of the skin is associated with percutaneous iodide transport
by passive diffusion and iontophoresis. In this study we chose
iodide as the transportion because this ion has been used in a
previous related study using fluorescence spectroscopy (15).

MATERIALS AND METHODS

Chemicals

HEPES (4-(2-hydroxyethyl)-1-pirerazineethanesulfonic
acid) and sodium chloride (NaCl) were purchased from Sigma
Chemical Co. (St. Louis, MO); silver wire (Ag), 1 mm diam-
eter, 99.9% w/w pure, from Aldrich Chemical Co. (Milwau-
kee, WI); silver iodide (Agl), 99.9% w/w pure, from Acros
(Geel, Belgium); potassium iodide (KI), sodium thiosulfate
(Na,S,0,), silver nitrate (AgNO,), and Y-Eosine from Merck
(Darmstadt, Germany); 1-octanol from Baker (Deventer,
The Netherlands); and agar from Difco Laboratories (De-
troit, MI). Bi-distilled water was used.

KI-Agar Gel Standards

To obtain KI-agar gels containing 0.0, 0.056, 0.11, 0.56,
and 1.1 M KI, first a 7% (w/w) solution of agar was heated up
to 100°C. Then this solution was cooled to 50°C and subse-
quently mixed with the same volume of a KI solution of a
known concentration (containing 0.1% (w/w) Na,S,05) so
that the desired concentration KI in gel was obtained. Finally
the KI-agar solution was allowed to gel at 4°C.

Partition Experiments

KI was subject to partition studies using 0.55 M KI as the
aqueous phase, and 1-octanol, being a model for skin lipids, as
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the organic phase. Equilibrium partitioning was achieved by
shaking the KI-octanol mixture. To determine how much io-
dide had partitioned into the 1-octanol, the organic phase was
exposed to reverse extraction using water. Actual iodide con-
centrations were determined by a titration using Y-Eosine
and AgNO;. The experiment was carried out in quadruple.

Skin Preparation

Freshly excised abdominal skin was obtained from cos-
metic surgery. After removal of the subcutaneous fat, the skin
was dermatomed to a thickness of approximately 200 pm
using a Padgett Dermatome (Kansas City Assemblage Co.,
Kansas City, MO, USA).

Passive Diffusion Experiments

The skin was mounted in a perspex side-by-side diffusion
cell (Gorlaeus Laboratories, Leiden, The Netherlands). This
cell consisted of a donor and an acceptor compartment be-
tween which a piece of skin could be clamped. The skin sur-
face area facing the donor and acceptor phase was 0.6 cm?.

To study iodide localization in the skin due to passive
diffusion, the SC side was exposed to a 1.1 M KI solution
(containing 0.1% (w/w) Na,S,05, pH 6) for 10 h, while the
viable epidermal side was exposed to HEPES buffer (20 mM
HEPES, 50 mM NacCl, pH 7.4). Skin of which both sides had
been exposed to the HEPES buffer for 10 h served as a control.

Iontophoresis Experiments

Tontophoresis was carried out using the same diffusion
cell as used for the diffusion experiments. The donor com-
partment (facing the SC) contained a 1.1 M KI solution,
whereas the acceptor compartment (facing the viable epider-
mis) contained HEPES buffer. Iontophoresis was carried out
with a silver (Ag) anode and a silver/silver iodide (Ag/Agl)
cathode. The cathode was prepared by coating a silver wire
with molten silver iodide. The electrodes were placed in sepa-
rated vials, which were electrically connected with the donor
and acceptor compartments by high conductivity salt-bridges.
The vial in which the cathode was placed contained a 1.1 M
KI solution, whereas the vial housing the anode was filled
with HEPES buffer. The salt-bridges were medical PVC
tubes (2 mm in diameter, 8 cm long) filled with agar gel
prepared according to the procedure previously described.
The salt-bridge at the donor side was prepared from 3.5%
(w/w) agar containing 1.1 M KI, whereas the one at the an-
odal side was prepared from 3.5% (w/w) agar containing 20
mM HEPES and 1 M NaCl (buffered at pH 7.4).

To study the effects of an electric field on iodide local-
ization in the skin, the skin was subjected to a constant cur-
rent of 100, 300, or 1000 wA/cm? for 10 h. The current was
delivered by a programmable current source (CED-Gorlaeus
Laboratories, Leiden, The Netherlands) that provided con-
stant adjustment and monitoring of the voltage or current
throughout the experiment.

Sample Preparation for TEM

After the experiment was finished, the skin was removed
from the diffusion cell and cut into samples of 1 x 1 x 0.2 mm.
The samples were cryofixed in liquid propane using the
plunging method (KF80; Reichert-Jung, Vienna, Austria).
Subsequently, the samples were stored in liquid nitrogen. The
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time lapse between termination of the experiment and freez-
ing of the samples was about 10 min. At —160°C, thin sections
were sliced from the frozen samples using a Reichert FCS
cryo-ultra microtome (Leica, Germany) set at 250 nm. The
cryosections were collected on copper grids (300 mesh). The
grids were covered by a carbon-coated pioloform membrane
and stored at —180°C. Using a cryospecimen transfer holder
(Gatan Inc., Pleasanton, CA, USA) the grids were cryotrans-
ferred to a Philips EM 400 TEM (Philips, Eindhoven, The
Netherlands) and examined at —170°C. The sample prepara-
tion of KI-agar gels was similar to that of the skin.

XRMA

Iodide localization in the samples was studied by XRMA
using a TN 2000 X-ray microanalyzer (Tracor Northern,
Middleton, WI, USA), which was attached to the microscope.
Each analysis comprised the collection of X-rays from a fo-
cused electron beam (140 nm diameter) during 200 s. For this
purpose an accelerating voltage of 100 KeV and a beam cur-
rent of 0.125 pA were used. To reduce extraneous X-rays,
copper grids were placed in a beryllium specimen holder and
tilted 18° toward the detector. Freeze-drying of the cryosec-
tions was minimized by limiting the total examination time of
a copper grid to 1.5 h.

The presence of iodide was established from its L, emis-
sion by collecting the total X-ray counts between 3.76 and
4.16 KeV. To obtain a semiquantitative estimation of the el-
emental concentration corrected for variations in section
thickness, iodide peak-to-background ratios (P/BG) were cal-
culated. Hereby the peak (P) was defined as the collected
iodide X-ray counts that were superimposed on the con-
tinuum of background radiation in the X-ray spectrum. A
least square fitting method (16) was used to calculate the
baseline under the peak. The background (BG) was defined
as the collected X-ray counts below the baseline.

Statistical Analysis

To determine significant differences among data points,
the data were analyzed using an analysis of variance test fol-
lowed by Tukey’s multiple comparison test (Prisma statistical
computer program, GraphPad Software Inc., San Diego,
CA). The significance of a linear trend among data points was
established using a linear regression analysis. To decide
whether two groups of data significantly differed from each
other, an unpaired two-tailed Student’s t-test was used. For all
tests significance was determined using a 95% confidence level.

RESULTS
TEM

Figure 1a shows the ultrastructure of cryopreserved skin,
which had been exposed to passive diffusion by 1.1 M KI.
Similar results were obtained with skin preserved after ion-
tophoresis or HEPES diffusion experiments. Cryosections al-
lowed clear discrimination between the SC and the underly-
ing tissue of the viable epidermis. The SC could be identified
by the characteristic stretched, flattened corneocytes with an
electron lucent intracellular space. Corneocytes were closely
attached to each other by electron dense material, which did
not reveal any ultrastructure. Sectioning of the frozen tissue
frequently resulted in the loss of corneocyte layers. Only the
six to seven most proximal corneocyte layers remained in
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Fig. 1. (A) Transmission electron micrograph of cryopreserved skin
after 10 h exposure to KI diffusion. The upper part shows the SC with
about six layers of corneocytes (C). The lower part shows the stratum
granulosum (SG). The micrograph also shows an ice particle (i). (B)
The same part of the skin shown in Fig. la after examination by
XRMA spot analysis (*). Scale bar represents 2 pm.

direct contact with the viable epidermis. Usually, cells of the
viable epidermis showed freezing damage. Sometimes, how-
ever, layers of the stratum granulosum were relatively well
preserved, showing cells in which nuclei could be distin-
guished. In general the freezing artifacts were such that, due
to the spot size of the electron beam (140 nm in diameter),
mean values for P/BG ratios of iodide could still be obtained.
Comparison of the structure of the SC and of the viable epi-
dermis showed no difference between skin that was subjected
to HEPES diffusion, KI diffusion, or KI iontophoresis.

XRMA of KI-Agar Gel Standards

Cryosections of the KI-agar gel standards were examined
by TEM. No crystals could be identified even in gels contain-
ing 1.1 M KI. To establish a calibration line, randomly se-
lected spots on the cryosections were measured by XRMA.
The spot of analysis on the cryosections became electron lu-
cent from irradiation during XRMA, yet repeated measure-
ments on the same spot showed no significant decrease in
iodide X-ray count yield. The statistical evaluation included
only those P/BG ratios that were significantly higher than the
level of background noise, defined as three times the standard
deviation of P/BG ratios obtained from 0.0 M KI gel (17).
Figure 2 displays the significant P/BG ratios plotted as a func-
tion of the KI concentration per gel. As can be observed, from
0.056 to 1.1 M KI, the P/BG ratio increased linearly with the
KI concentration. Thus, a calibration line was formed.

XRMA of Skin

The presence of iodide across the skin was studied by
XRMA spot analysis, each spot close to the previous spot.
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Fig. 2. Calculated regression line of KI agar gel standards. Each data
point is the average + standard deviation of ten determinations on
three gel samples. BG is the level of level of background noise.

Skin samples were chosen randomly. The site of examination
on cryosections was selected such that both stratum corneum
and viable epidermis could be examined in one image. Mea-
surements started at the outermost corneocyte layer toward
the viable epidermis (Fig. 1b). Similar to the KI-agar gels, the
irradiated area of the skin cryosection became electron lucent
as a result of XRMA, whereas the iodide X-ray count yield
remained unaffected. Because only the innermost corneocyte
layers could be studied, most XRMA was performed on SC
and viable epidermis within a region of 4 wm from the stratum
corneum-stratum granulosum interface. For this reason in
neither the SC nor the viable epidermis a gradient in P/BG
ratio as a function of distance from stratum corneum-stratum
granulosum interface could be determined. Therefore, the
data were grouped as data obtained from the SC and data
obtained from the viable epidermis, and as such statistically
analyzed.

XRMA data (Fig. 3) show that after both sides of the
skin were exposed to HEPES buffer, P/BG ratios in neither
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Fig. 3. Iodide peak to background ratios (P/BG) in SC (@) and viable
epidermis (O) found after passive diffusion of HEPES (control), pas-
sive diffusion of KI, and KI iontophoresis using 100, 300, and 1000
pA/cm? Each data point is the average + standard deviation of 10
determinations on three different pieces of skin. BG is level of back-
ground noise.
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the SC nor the viable epidermis were significantly higher than
the background noise, defined in a similar way as with KI agar
gels (17). When the diffusion experiment was performed with
a 1.1 M KI solution on the SC side, the average P/BG ratio in
the SC was found to be much higher than that in the viable
epidermis (0.7 vs. 0.2 arbitrary units, respectively). Tontopho-
resis of KI applying current densities up to 300 pA/cm? did
not significantly increase P/BG ratios relative to passive dif-
fusion. However, when 1000 wA/cm? was applied, P/BG ra-
tios increased significantly. Moreover, at this current density
the P/BG ratios in the viable epidermis increased such that
they were no longer significantly different from the P/BG
ratios in the SC (both approximately 0.9 arbitrary units).

Partition Coefficient

The partition studies yielded an average organic phase/
water partition coefficient (defined as Co/Cw, where Co and
Cw are the equilibrium iodide concentrations in the organic
and the aqueous phase, respectively) of 0.006 + 0.001.

DISCUSSION

Cryopreservation of the Epidermal Ultrastructure

In previous studies TEM used to investigate percutane-
ous ion transport by passive diffusion and iontophoresis
mainly involved chemical preservation and precipitation (5—
9). In the present study, however, skin was preserved by rapid
freezing and cryohandling of the frozen sample. The local ion
concentrations were determined by XRMA on tissue sections
in the frozen hydrated state.

According to the results (Fig. 1a), cryopreservation re-
vealed sufficient contrast to distinguish the SC and the viable
epidermis. In the SC, layers of corneocytes were well pre-
served, yet neither corneosomes nor lipid lamellae could be
identified. However, the observation that corneocytes were
attached to each other by electron dense material may indi-
cate that the latter structures were still present (18,19). Layers
of apical corneocytes were generally detached from the rest of
the SC. This may be attributed to ripping the SC when re-
moving the cryosection from the knife after being sectioned
(13). Also the viable epidermis revealed sufficient contrast to
identify cells and nuclei. However, the quality of the preser-
vation varied. Most likely, freeze artifacts are the basis for the
variable fixation quality. Such artifacts are often observed
beyond the maximal vitrification depth of 10-20 wm in highly
hydrated tissue (20). The finding that the structure of both the
SC and the viable epidermis was reasonably preserved sup-
ports our assumption that the cryopreserved skin can be used
for direct examination by TEM and XRMA. This implies that
staining and freeze-drying is not necessary for a proper ori-
entation. As cryopreservation prevents the formation of arti-
facts from freeze-drying (21) and from the use of chemicals
(10), ions can be detected at the ultrastructural level under
conditions very close to those during passive diffusion and
iontophoresis.

Gels with known element concentrations have been used
widely as standards for quantitative XRMA on biological
samples (22,23). In the present study KI agar-gel standards
were used to estimate the amount of iodide in human skin,
which had been subjected to passive diffusion and iontopho-
resis of KI. Irradiation of biological material with an electron
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beam, as with XRMA, has been reported to cause damage
and finally the loss of chemical elements (24). However, by
measuring the P/BG ratios of one spot several successive
times, it was demonstrated that the circumstances selected in
the present study did not influence the iodide concentration
to a measurable level.

The detection limit was defined as three times the stan-
dard deviation of P/BG ratios obtained from agar-gel to
which no additional KI was added (17). Using this assumption
as a condition, the lowest detectable concentration of iodide
was calculated to be between 0.0 and 0.056 M. The results
obtained with the Kl-agar gel standards (Fig. 2) revealed a
positive linear relationship between P/BG ratios and the con-
centration KI. This leads us to conclude that from 0.056 up to
1.1 M KI, the emission of iodide X-rays is linearly propor-
tional to the amount of iodide in the region of exposure. This
is in agreement with other authors reporting the use of gel
standards (22,23).

Spatial Resolution

We used XRMA to investigate which structures in the
skin are associated with percutaneous iodide transport during
passive diffusion and iontophoresis. The spatial resolution in
XRMA is determined by the diameter of the focused electron
beam (Fig. 1b). In the present study the smallest spot size
achievable, producing sufficient iodide X-ray yield and caus-
ing minimal damage to cryosections, was 140 nm. When
studying iodide localization across the human skin, the SC
lipid lamellae are of particular interest because these are rec-
ognized as the major barrier to percutaneous transport of
hydrophilic compounds and water (1,2). The intercellular
space between corneocytes is typically 40-100 nm in width
(25). Thus, taking into account that the spot size used was 140
nm, it was not possible to obtain X-ray data that originated
exclusively from the lipid lamellae. Therefore, data from the
SC should be interpreted as partly from corneocytes and lipid
lamellae, although in exposed areas of only the corneocytes
iodide could be detected.

In a previous study, the iodide localization in the SC
during passive diffusion and iontophoresis was investigated
with fluorescence quenching (15). This study provided highly
sensitive information on the presence of diffusing iodide ions
in close proximity with fluorophores within SC lipid lamellae.
But obtaining information on the presence of iodide in rela-
tion to other structures of the skin was not possible with this
method. Hence, the results of the present study can be seen as
complementary to those of that previous study.

XRMA of Human Skin

To assess whether untreated skin contained detectable
amounts of iodide, we exposed skin to HEPES buffer. The
results (Fig. 3) showed that no significant P/BG ratios could
be found, demonstrating that skin not exposed to KI did not
contain detectable amounts of iodide. Exposure to passive KI
diffusion for 10 h resulted in detectable P/BG ratios. The SC
contained much higher P/BG ratios than the viable epidermis.
Taking the results of KI agar-gel standards into account (Fig.
2), we came to an estimated concentration of iodide in the SC
of about 0.5 M, whereas the iodide concentration in the viable
epidermis was not zero.
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These results are in agreement with studies on the pas-
sive diffusion of potassium chromate or nickel sulfate for 18 h
(4) and of mercuric chloride for 10 h (7.8). Boddé et al. (7,8)
found mercury to be present in corneocytes and intercellular
spaces of the upper SC. In the rest of the SC, mercury was
primarily present in the intercellular spaces only. In the viable
epidermis only traces of mercury could be found. It was sug-
gested that the diffusion of mercury across the SC is hindered
by SC lipid lamellae and corneocyte envelopes, so that ion
transport would occur between these structures. It is likely
that due to its strong hydrophilic character (see results octa-
nol/water partition coefficient), iodide is present in the aque-
ous regions of SC intercellular spaces, hindered in diffusion
through the SC by the SC lipid lamellae similarly to mercury.
This suggestion is consistent with fluorescence quenching
data revealing that passive iodide diffusion was associated, at
least in part, with SC lipid lamellae present in the intercellular
spaces (15).

The concentration of iodide found in the SC cannot be
explained by this ion being localized exclusively in the inter-
cellular spaces because the intercellular spaces comprise only
5% to 30% of total SC volume (26). Furthermore, the octa-
nol/water partition coefficient suggests that iodide has a
strong preference for aqueous phases and/or hydrophilic do-
mains.

Corneocytes have been found to absorb large amounts of
water following hydration (27,28). This finding suggests that
small hydrophilic compounds may cross the corneocyte enve-
lope and be absorbed in the corneocytes (27). The partition
coefficient, the small size of the diffusing species, and the high
concentration of iodide in the SC suggest that iodide might
also be taken up by corneocytes. Iodide is not known to de-
nature proteins or lipids, which make up the corneocyte en-
velope (29). However, it has been suggested that iodide might
be associated with proteins (30). As the SC is predominantly
made up of proteins such as keratin (80% by dry weight), the
uptake of iodide by the corneocytes might also promote loose
binding of this ion to keratin. The uptake of iodide in the
corneocytes results in a much higher concentration of iodide
in the stratum corneum as expected based on the partition
coefficient, because iodide is not only localized in lipophilic
regions but also in water-rich regions in the stratum corneum.
Compared with the SC, the stratum granulosum consists of
fewer proteins (about 50% by dry weight) (personal commu-
nication, P. M. Elias; unreferenced). Therefore, the difference
in protein content between the stratum granulosum and the
SC together with the suggested hindered iodide diffusion
through the SC, due to the presence of the crystalline lipids,
might explain why in the present study the SC contained a
much higher concentration iodide than the viable epidermis
following passive diffusion by KI. The skin had been exposed
for 10 h to a 1.1 M KI solution. It means a long-term exposure
to a relatively high concentration of salt. Knowing that iodide
is associated with keratin, the 0.5 M exposure is not surprising.

With iontophoresis, the electrical potential gradient
across the skin serves as the driving force for ion migration.
Increasing electric current at constant resistance will there-
fore increase the flux of ions across the skin. Due to the
combination of an Ag/Agl electrode with a KI solution on the
cathodal side, iodide is the primary anionic current carrier in
the present study. Hence, an increase of the current density is
expected to increase iodide flux. The results (Fig. 3) showed
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that after 10 h iontophoresis up to 300 wA/cm?, the concen-
tration iodide in the SC and in the viable epidermis had not
increased compared with the concentration iodide after pas-
sive KI diffusion. Thus, although iodide migration through
the skin increased, the concentration of iodide in the skin
apparently remained unchanged. The concentration of iodide
is dependent not only on the iodide migration, but also on the
solubility of iodide in the stratum corneum. In our previous
study in which skin was exposed to KI iontophoresis up to 300
wA/em? for 10 h (15) fluorescence quenching showed that
iodide inside SC lipid lamellae increased proportionally with
current density (15). However, in this study only the iodide
present in the intercellular regions played a role in the
quenching process. Boddé et al. (8) and Monteiro-Riviere et
al. (9), using TEM and chemical precipitation, found that
iontophoresis at comparable current densities for 2 h leads to
an increase in the concentration of mercury in the skin com-
pared with passive diffusion. Not observing such an increase
in the present study may be explained by the large variation
in P/BG ratios found in the SC (Fig. 3) or to a difference in
localization of the ions. Iodide is taken up by corneocytes,
which “dilutes” the iodide concentration and makes it more
difficult to detect a change.

Iontophoresis at 1000 wA/cm? leads to a significant in-
crease of the iodide concentration in both the SC and viable
epidermis (Fig. 3). Apparently, the concentration iodide in
the SC was under these circumstances more or less equal to
that in the viable epidermis: both approximately 0.9 M ac-
cording to the results of KI agar-gel standards. These results
can be explained by freeze fracture electron microscopy find-
ings (2) reporting disorganization of SC lipid lamellae and the
presence of water pools inside SC extracellular spaces follow-
ing iontophoresis of 1300 pA/cm?. With the present study, it
would be suggested that such an extensive perturbation would
have increased the interior of SC lipid lamellae to ions and
water, which might increase the solubility of iodide in the SC
structure and decrease the percutaneous diffusion barrier to
hydrophilic compounds. These events cause an increase in the
presence of iodide in the SC and the viable epidermis signifi-
cantly and turned out to be equal to each other in this study.
The finding that in the present study the concentration iodide
in both the SC and the viable epidermis was found to be close
to 1.1 M, the initial concentration KI in the donor compart-
ment, emphasizes furthermore the extensive perturbation of
skin ultrastructures. Because 1000 pA/cm? is beyond the cur-
rent strength usually used in vivo, these findings of perturba-
tion do not affect the applicability of iontophoresis as drug
delivery technique.

Various studies have suggested that during passive diffu-
sion ions primarily permeate the skin via a paracellular path-
way (5-7). During the application of an electric field, ions
were suggested to permeate primarily through appendages
(3), to a less extent paracellularly (3,8,9). In the present study
the suggested presence of iodide inside corneocytes of the
deeper region of the SC following passive diffusion and ion-
tophoresis hints at a possible transcellular pathway for per-
cutaneous iodide transport. Although this hypothesis may
sound contradictory to what has been suggested so far, iodide
is a relatively small compound and is more water soluble than
compounds studied before, such as nickel (nickel sulfate) (6)
and mercury (mercuric chloride) (6-9). As a consequence,
iodide would be more likely to cross the corneocyte envelope.
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In addition, in the present study the skin was exposed for a
much longer period than in various other studies (5,6,9), al-
lowing more ions to be taken up by corneocytes.

Still, whether hypothesized transcellular ion transport is
significant compared with transport via other pathways is not
known because no information could be obtained on skin
structures smaller than 140 nm, no appendages were studied,
and the skin had not been studied as a function of exposure
time to KI. Elucidating the extent of this suggested transport
is a challenge for future research.

CONCLUSIONS

In conclusion, the present study showed that cryopreser-
vation retains the morphology of the skin sufficient to allow
direct examination by TEM. Examination of cryosections un-
der cryoconditions offers the possibility of quantifying the
distribution of migrated (iodide) ions inside the skin by
XRMA, under conditions very close to those extant during
diffusion and iontophoresis. Limitations in spatial resolution,
however, made it impossible to obtain information on struc-
tures smaller than 140 nm. We could show that after passive
diffusion, iodide was mainly present in the SC whereas little
iodide could be demonstrated in the viable epidermis. Ionto-
phoresis up to 300 wA/cm? did not significantly affect this
distribution. Iontophoresis at 1000 pwA/cm?, however, was
found to perturb skin structures such that the amount of io-
dide increased dramatically and made it possible for iodide to
be equally distributed over the SC and viable epidermis. Fi-
nally, the present study suggests the possibility of transcellu-
lar percutaneous iodide transport. Learning to what extent
possible transport via this pathway would contribute to the
total percutaneous ion transport will be a challenge for future
research.
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