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Purpose. The purpose of the current study was to develop a new
method to examine the diffusion in fresh unfixed human skin on-line.
Methods. Full thickness skin samples were cut perpendicular to the
skin surface (cutting plane facing upwards) with a new cutting device
forming part of the final diffusion cell. The donor solution contained
0.1 mg/ml Bodipy FL C5 (moderately lipophilic) dissolved in citric
acid buffer, pH 5.0, and the acceptor phase consisted of phosphate-
buffered saline, pH 7.4. Images were taken with confocal laser scan-
ning microscopy (CLSM) every 10 min for 8 h.
Results. This new method enabled for the first time visualization of
concentration profiles in different skin layers simultaneously as a
function of time. For this model penetrant, Bodipy FL C5 showed that
the lower stratum corneum layer constitutes the greatest barrier to
diffusion. Furthermore, there is preferred partitioning of this probe in
epidermis vs. either stratum corneum or dermis.
Conclusions. The on-line diffusion cell in combination with CLSM is
a promising tool to study diffusion processes of dyes in fresh unfixed
skin on-line. The method has the potential to access deeper skin
layers as well as to visualize diffusion processes in cells.

KEY WORDS: confocal laser scanning microscopy; depth-resolved;
on-line visualization; time-resolved; unfixed full-thickness human
skin.

INTRODUCTION

In pharmaceutical and cosmetic research, the distribu-
tion of penetrating probes is of great interest for understand-
ing and improving drug efficacy. This distribution is accessible
by visualization of the skin, focusing either on the stratum
corneum, the epidermis, or on deeper layers of the skin in-
cluding its appendages. The latter is especially of interest for
local delivery to the sweat glands or to the pilosebaceous unit
(sebaceous gland and the hair follicle).

Recently, techniques used so far in skin imaging (1) or in
quantification of substance distribution within the skin have
been reviewed elsewhere (2). In summary, local targeting of a
drug and its distribution in the skin can be investigated using
i) only one time-point or ii) multiple time-points or even con-
tinuous visualization in one piece of skin. In the first case,
visualization methods including postexperimental processing
like fixation or staining are feasible (1,2). However, they bear
the danger of artefact formation or delocalization of the label.
In the second case, postexperimental processing of the skin
(cutting or chemical fixation) is not acceptable, as it would

influence the diffusion process of the substance. Additionally,
minimization of the variation between time points by using
skin of the same donor is an advantage.

In literature, various techniques have been described
that are feasible for real-time visualization of skin, namely
video fluorescence imaging (3), video microscopy (4–7), mag-
netic resonance imaging (8–10), electron paramagnetic reso-
nance (11), ultrasound backscatter microscopy (12), Raman
spectroscopy (13,14), and various modifications of confocal
microscopy (15–21). Though techniques like fluorescence im-
aging, magnetic resonance imaging, and ultrasound backscat-
ter microscopy have a limited resolution; techniques like fluo-
rescence imaging and video microscopy are limited to the
visualization of the upper layers. Confocal microscopy and
confocal Raman spectroscopy can access deeper layers such
as the upper dermis due to optical sectioning even in vivo.

In our studies, confocal laser scanning microscopy
(CLSM) in combination with fluorophores has been used.
This has the advantage that the skin can be visualized without
fixation and that the resolution is sufficient to visualize the
various layers of the hair follicle. However, the deeper layers
of the dermis are not accessible due to scattering and absorp-
tion processes of the fluorescence signal. For this reason, a
method has been developed in our group limiting the artefact
formation by cross-sectioning fresh human skin (22). More
recently, this technique was extended to full-thickness skin
(23). This method allows examining the distribution of fluo-
rophores in the various skin compartments after a predeter-
mined period of diffusion. Although this provides detailed
information on the fluorophore accumulation in the various
skin compartments, it is not possible to gain information on
the permeation pathways of the active agents. For informa-
tion on permeation pathways, on-line visualization of diffu-
sion processes is required. Therefore, the aim of our current
study is to develop a visualization method enabling real-time
image acquisition in the same donor using human skin. Be-
cause future studies will be focused on target areas in deeper
skin layers such as the pilosebaceous unit, the subcutaneous
tissue is also included.

MATERIALS AND METHODS

Model Substance

Two fluorophores were selected to develop the diffusion
cell used for on-line CLSM visualization, subsequently named
“on-line diffusion cell.” Oregon Green 488, a low-molecular-
weight molecule with a logPoctanol/buffer of 1.6 at pH 5.0 and
−2.5 at pH 7.4, was selected for leakage tests due to poor
penetration in the skin. Bodipy FL C5, a low-molecular-
weight compound with a logPoctanol/buffer of 2.5 at pH 5.0 and
1.2 at pH 7.4, was used for the on-line experiments due to its
good staining properties. Both fluorophores were purchased
from Molecular Probes (Leiden, The Netherlands). Imp-
regum F was obtained from Espe (Seefeld, Germany) and the
pioloform from Agar Scientific Ltd. (Stansted, UK).

Confocal Laser Scanning Microscopy

The visualization of the fluorophores in the non-fixed
scalp skin (three donors) was carried out using a Bio-Rad
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MRC 600 U equipped with an Argon laser with an emission
line at 488 nm (Veenendaal, The Netherlands). The micro-
scopic unit consisted of an inverted Zeiss IM-35 using a
PlanApo 20 or PlanApo 63 oil immersion objective (Jena,
Germany). The cross-sectional view of the skin is obtained by
using a modified cutting device according to Meuwissen et al.
(22), which is used as a sample holder at the same time.

Donor and Acceptor Phase

The donor solutions contained 0.1 mg/ml Oregon Green
488 or 0.1 mg/ml Bodipy FL C5in citric acid buffer, pH 5.0.
The donor compartment was completely filled with the donor
solution, which was approximately 100 �l, with slight varia-
tions due to the dental clay usage. Care was taken to circum-
vent air enclosure in the donor compartment. The acceptor
phase consisted of phosphate buffered saline pH 7.4 (139 mM
NaCl, 2.5 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, 25
mg/L streptomycin, and 25000 U/l penicillin). The acceptor
compartment was a static compartment of approximately 100
�l with small variations in size due to the dental clay sealing.

Preparation of On-Line Diffusion Cell

The design and the preparation procedure of the on-line
diffusion cell are depicted in Fig. 1. Briefly, the stratum cor-
neum surface of a fresh human scalp skin square (8 × 8 mm)
including the subcutaneous fat is wiped with PBS and 70%
(v/v) ethanol to remove any contaminants and placed in the
equivalent space of the cutting device (Fig. 1, II). A silicone
square with a pre-cut smaller square (4 × 2.5 mm) is support-
ing the skin at the stratum corneum side thereby preventing
artefact formation during the cutting procedure (Fig. 1, II).
After cutting perpendicular to the skin surface, only one half
of the cutting device is used (Fig. 1, III). The smaller square
is removed carefully, and a drying protection is placed above
the cutting surface not touching the skin (not shown). Mount-
ing the donor compartment to the cell completes the assembly
(Fig. 1, IV). A thin layer of dental clay (Impregum F) sur-
rounds the skin and the cell compartments in the cutting
plane (not shown). A pioloform-coated cover glass [0.5%
(w/v) pioloform in chloroform, not shown] is placed on top of
the dental clay and the skin, thereby sealing the on-line dif-
fusion cell. After complete hardening of the dental clay, the
acceptor phase is injected through the dental clay, and the
pioloform is removed from the accessible side of the cover
glass with 70% (v/v) ethanol. The on-line cell is now placed in
a holder and subsequently in an adapter for the microscope
(Fig. 1, V–VI).

Image Acquisition

The cross section is localized using its low autofluores-
cence with sensitive CLSM settings. Images were collected
every 10 min starting 10 min after application of the donor
phase for a period of 8.5 h. Obvious leaking on-line prepara-
tions were immediately discarded from investigation. When
the swelling appeared to have a severe influence on the move-
ment of the point of focus, the results were discarded as well.
During the experiment, the temperature of the skin is not
monitored. All measurements have been carried out at room
temperature.

Test for Leakage

In a pilot experiment, the on-line diffusion cell was
checked for leakage between the cover glass and the skin. For
this purpose, skin from the same donor was visualized after
a 2-h application in a flow-through diffusion cell from
PermeGear (Bethlehem, USA) and for 2 h in an on-line dif-
fusion cell.

Image Analysis

In the image analysis of the on-line series, it has to be
assumed that the fluorescence of one molecule is independent
of the skin part. Therefore, a model drug has been chosen that
is reported to be insensitive to pH and solvent polarity (24).
Although the measurement of the fluorescence results in a
two-dimensional image, the actual focal plane is three-
dimensional. Therefore, the obtained fluorescence is the in-
tegrated fluorescence from a constant volume around the fo-
cal plane. The images of the time series were analyzed using
Image J software. A gray scale displays fluorescence intensi-
ties in one image with 0 (black) as the minimal and 254
(white) as the maximal value. In order to obtain an average
value for the fluorescence intensity of a pixel in depth, a box
of 50 pixels wide and a length determined by the cross section
(>300 pixels) was chosen and placed across the image per-
pendicular to the stratum corneum The analyzed box is dis-
played above each distribution profile. The change of fluo-
rescence in time (dF/dt) and in depth from the skin surface
(dF/dx) was recorded. The stratum corneum was divided into
three layers (top, middle, and deep) and the viable epidermis
in two layers (top, deep) while only the upper layers of the
dermis could be analyzed.

Fick’s law describes that the transported mass dm (g) per
time unit dt (h) through a defined area A (cm2) is directly
proportional to the diffusion coefficient D (cm2/s), the size of
the area and the concentration change dc (g/cm3). However
it is reverse proportional to the thickness of the membrane
dx (cm).

dm
dt

= −DA
dc
dx

(1)

The change of concentration with depth (dc/dx) in a de-
fined time period is proportional to the change of fluores-
cence in depth (dF/dx) in the same time period. The propor-
tionality is unknown in CLSM however can be expressed by
introducing a proportionality factor Kc.

dc
dx

= Kc

dF
dx

(2)

In a steady-state situation, the mass transported across
the stratum corneum, the viable epidermis, and the dermis are
equal, as no accumulation in each of the skin layers occurs.
Therefore, a relation between the diffusion coefficients of the
various skin layers can be estimated, and consequently, the
influence of different skin layers on the diffusion of a dye
through the skin can be compared. However it has to be
realized that using Fick’s law of diffusion is an approximation
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in our experimental setup as the donor and acceptor phase
were both static.

RESULTS

Test for Leakage

To ensure that the observed diffusion is not due to leak-
age of label between the cutting surface and the cover glass,

the setup was checked for leakage. Neither a preliminary test
with a methylene blue solution (not shown) nor the compari-
son of 2 h penetration of a hydrophilic Oregon Green 488 in
skin of the same donor using the static (Fig. 2, IA) and the
on-line mode (Fig. 2, IB) revealed any indication of leakage.
With identical microscopic settings, comparable images were
obtained. In both cases neither the epidermis nor the dermis
revealed significant staining.

Fig. 1. Composition and preparation of the on-line diffusion cell with A, acceptor phase compartment;
B, skin compartment; C, donor phase compartment; D, teflon sheet; E, cutting knife containing razor
blade; S, skin; Si, silicone square; Acc, acceptor phase; Do, donor phase; F, diffusion cell holder; G,
microscope adapter. “I” shows the combined cutting and visualization device, whereas II–VI depicts the
preparation process of the on-line diffusion cell. A piece of skin including the subcutaneous fat is placed
in the equivalent compartment of the cutting device with the stratum corneum side facing down (II).
After cutting perpendicular to the skin surface (II), one half of the cutting device will be used for further
processing (III). The donor compartment (C2) will be attached to the cutting device resulting in a
cross-sectional view of the skin with the adjacent donor and acceptor compartment (IV). The cross
section is sealed with cover glass and dental clay (not shown) and subsequently placed in diffusion cell
holders to enable visualization in the CLSM (V and VI).
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On-line experiments were started using Bodipy FL C5.
Fig. 2, IIA–IIC, depict one skin preparation where leakage of
the Bodipy FL C5 along the cover glass is obvious. The images
reveal an immediate presence of label in the epidermal layer.
Furthermore, no increase in label intensity could be observed.
A decrease in fluorescence intensity up to the end of image
acquisition took place. In on-line experiments where leakage
was suspected as in Fig. 2, IIA–IIC, the prepared skin was
discarded.

On-Line Diffusion

With the on-line diffusion cell and the described method
of preparation, it is possible to examine the diffusion of a
fluorophore in unfixed fresh human skin from the stratum
corneum across the viable epidermis into the dermis (Fig. 3).
Shortly after the application of the donor solution, only the
donor phase and the skin interface can be distinguished. In
the diffusion process, the stratum corneum is labeled first,
with strong labeling at the surface, followed by the epidermis
and the dermis. At late time points, the staining of the epi-
dermis is stronger than in the lower part of the stratum cor-
neum and the dermis. Additionally, details of the epidermis
such as the cell nuclei can be monitored as well.

Distribution Profile in Time

Due to the Image J analysis of the time series, a distri-
bution profile of the fluorescence in a 10-min time-interval at
pixel resolution is obtained (Figs. 4 and 5). The distribution
profiles in time vary between the three donors (Fig. 5). Dif-
ferences are observed in thickness of the stratum corneum
and the viable epidermis as well as in the average fluores-
cence intensity values (maximum values in the raw data range

from 110 for donor 1 up to >254 for donor 3). However gra-
dients within one skin layer and relative fluorescence differ-
ences between the layers are comparable between the various
donors. Focusing at the profile itself, at early time points,
label is detected only in the stratum corneum where the in-
tensity increases fast with time. After 8 h it appears that
within the stratum corneum, the fluorescence gradient in
depth is dependent on the position and not constant through-
out the stratum corneum. The region close to the surface is
characterized by a steep fluorescence gradient in the stratum
corneum, whereas a less steep fluorescence gradient is ob-
served in the stratum corneum region close to the viable epi-
dermis. In the viable epidermis, low fluorescence intensity is
observed at early time points and increases with time. At late
time points, an abrupt increase in fluorescence intensity is
observed for donor 1 and 2 at the junction between the stra-
tum corneum and the viable epidermis. At the same time, a
significant decrease (p < 0.001) in fluorescence intensity in the
second half of the epidermis is observed for all three donors
up to the epidermal-dermal junction. Local fluctuations in the
profile of the epidermis correspond to smaller structures such
as nuclei as seen in the analyzed box (Fig. 4). At the junction
of viable epidermis and dermis, the intensity drops signifi-
cantly for all three donors. The dermis reveals in all three
donors a constant increase in fluorescence intensity in time
until a maximum is reached. However, nothing can be said
about the distribution within the dermis because due to the
microscopic settings, only the first few micrometers are ac-
cessible in these time series. Although no differences between
the stratum corneum and the viable epidermis at late time
points were observed for donor 3 due to saturation of the
signal, at early time points similar profiles were observed as
with donors 1 and 2. Regarding the difference between the

Fig. 2. Tests for leakage of the on-line diffusion cell. IA shows the distribution of 0.1 mg/ml Oregon
Green 488 in citric acid buffer pH 5.0 after 2 h application in a PermeGear flow-through diffusion cell
after postexperimental cross sectioning. IB is the view of the skin cross-section in the on-line diffusion
cell after 2 h application of the same donor solution. The donor solution is still present in the on-line
diffusion cell. No indication of leakage is present. Do, donor phase compartment; sc, stratum corneum.
Images II show the distribution of 0.1 mg/ml Bodipy FL C5 in citric acid buffer, pH 5.0, in the on-line
diffusion cell after 10 min (IIA), 4 h 10 min (IIB), and 8 h 20 min (IIC). This time series is a positive
example of leakage. If leakage was observed, the on-line preparation was discarded immediately. d,
dermis; e, epidermis. The scale bar represents 25 �m.
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viable epidermis and the dermis at late time points, this ob-
servation is also in agreement with donor 1 and donor 2.

Figure 6 displays the fluorescence gradient in depth of
the various skin layers. Values of different donors were
treated separately due to variations in the detected fluores-
cence signal despite the same settings of the microscope for
all the on-line experiments. The stratum corneum reveals the
highest fluorescence gradients; however, the gradients de-
crease with depth. In the viable epidermis, rather low gradi-
ents are observed, which increase in the lower half of the
viable epidermis. The dermis reveals hardly any fluorescence
gradient in the visualized layers. Comparing the fluorescence
gradient of one skin layer with the fluorescence gradient of a

second skin layer, information about the diffusion can be ob-
tained.

DISCUSSION

Variability Within Distribution Profile

The observed variation in the thickness of the stratum
corneum and the viable epidermis is due to the local differ-
ences within one individual (e.g., desquamating stratum cor-
neum and undulating epidermal-dermal junction) and to the
interindividual variations. The obvious deviation in profile of
donor 3 compared to donors 1 and 2 is due to pre-selected

Fig. 3. A typical example of on-line visualization of the distribution of 0.1 mg/ml Bodipy FL C5

in citric acid buffer applied at time point 0 in the donor compartment. Images were obtained every
10 min from which time points 10 min (A), 50 min (B), 1 h 30 min (C), 2 h 10 min (D), 2 h 50 min
(E), 3 h 30 min (F), 4 h 10 min (G), and 4 h 50 min (H) are displayed. The box depicted in B
resembles the quantified area at all time points that are provided in Fig. 5. The scale bar is
equivalent to 25 �m.
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settings of the CLSM. In pilot studies, standard settings for
the CLSM were chosen to obtain an adequate signal from the
time series as signal optimization cannot be carried out during
the diffusion process. When a fluorescence value of 254 is
reached, no further increase in fluorescence intensity can be
detected although higher fluorescence might be present. Be-
cause the intensity in the stratum corneum of donor 3 reaches
the maximum after 2 h, no difference with the high value in
the epidermis is obtained. The elevated fluorescence of the
epidermis however results in a clearer difference of fluores-
cence intensity between the epidermis and the dermis.

Care should be taken as much as possible to avoid pho-
tobleaching, as within one time series this can lead to incon-
sistencies. One of the reasons for selecting Bodipy FL C5 is
the improved photostability making the dye less sensitive to
photobleaching. Bodipy FL C5 is also reported to be insensi-
tive to solvent polarity and pH (24) and therefore is a suitable
model compound for the evaluation of the diffusion pathway.
A photobleaching experiment of labeled skin (150 scans) re-
vealed only a minor decrease in fluorescence intensity. Be-
cause we did not observe any decrease of fluorescence inten-
sity within time in the experiment, photobleaching is not ex-
pected to influence the presented on-line diffusion results.

Distribution Profiles

Although the donor phase was not stirred and exhibited
depletion after longer diffusion times and the acceptor phase

was static, the obtained curves resemble the ones of the two-
layer skin model as reported earlier (25–27). In CLSM, fluo-
rescence intensities of different donors cannot be averaged.
Therefore, the fluorescence gradient of Bodipy FL C5 have
been summarized as displayed in Fig. 6. The gradient within
the stratum corneum is not constant but varies in depth. The
steepest gradient is observed in the upper part of the stratum
corneum, where most of the fluorescent label is accumulated.
The sudden increase in fluorescence intensity from the dead
to the viable epidermis can originate from the absence of
cornified envelope and the easy partitioning into the viable
epidermis. In the epidermis, the fluorescent intensity gradient
is less than in stratum corneum and also varies in depth. The
dermis contains fibrous, filamentous, and amorphous connec-
tive tissue with a high water-retaining capacity (28), making
the dermis rather hydrophilic. The sudden decrease of the
fluorescence from the epidermis to the dermis can therefore
be explained by the lower affinity of the dermis for a lipo-
philic substance as Bodipy FL C5.

Time- and Depth-Resolution

Several studies have been performed to obtain depth
profiles of substances within the epidermis and dermis.
Caspers et al. (14) has obtained a depth profile of Raman
active compounds of the skin in vivo. Although no diffusion
profiles in time have been reported yet, the authors propose

Fig. 4. Distribution profiles of 0.1 mg/ml Bodipy FL C5 in citric acid buffer pH 5.0 displayed as average
fluorescence intensity against depth of one representative donor as detected by confocal laser scanning
microscopy. The average intensity was measured by selecting a 50-pixel-wide box (depicted above the
donor profile) over the whole thickness of the imaged skin and averaging the value of 50 pixels for every
pixel in the depth. Images were recorded every 10 min. To increase clarity of the figure, only distribution
profiles of every 40 min are depicted with the lowest line representing 10 min after application. For the
complete set of distribution profiles for this donor, see donor 2 of Fig. 5. The area of the respective
stratum corneum, epidermis, and first part of the dermis is marked in the graph and as dashed lines in
the confocal picture above the graph. Inhomogeneities in the distribution profile of the viable epidermis
can be correlated to the nuclei as seen in the confocal image (arrow).
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that this technique has the potential to achieve time and
depth resolution. Yu et al. (29) published distribution profiles
of two fluorescent dyes using two-photon CLSM up to a
depth of 32 �m. In this case, the on-line diffusion was not
studied. Previously, Hoogstraate et al. (20) reported concen-
tration gradients of a fluorescent dye in buccal epithelium
observed for 2 h. Profiles were measured using narrow boxes
parallel to the skin surface. The method presented in this

Fig. 5. Three-dimensional distribution profiles of 0.1 mg/ml Bodipy
FL C5 in citric acid buffer, pH 5.0, displayed as average fluorescence
intensity against depth and time of three donors as detected by con-
focal laser scanning microscopy. The average intensity was measured
by selecting a 50-pixel-wide box over the whole thickness of the im-
aged skin and averaging the value of 50 pixels for every pixel in the
depth. Images were recorded every 10 min with the lowest line rep-
resenting 10 min after application. The transition from the stratum
corneum to the epidermis and from the epidermis to the first part of
the dermis is marked in the graph by arrows.

Fig. 6. Fluorescence gradient (dF/dx) in the stratum corneum (top,
middle, deep), the viable epidermis (top, deep), and the upper part of
the dermis after application of 0.1 mg/ml Bodipy FL C5 in citric acid
buffer, pH 5.0. The fluorescence gradient has been determined from
Fig. 5 selecting time points close to steady state. Pre–steady-state
diffusion and influences due to dye degradation and donor phase
depletion were not included. In donor 3, only two layers of the stra-
tum corneum could be clearly distinguished.
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article extends the method from Hoogstraate et al. (20) in
three ways. Because in the combined cutting/on-line cell the
skin is not moved from the cutting device to the on-line dif-
fusion cell, damage of the freshly obtained cutting surface is
prevented. Furthermore, in the current studies only very
small variations in the volumes of the acceptor and of the
donor phase occur. In the previous studies by Hoogstraate et
al., these compartments were created solely by dental clay
and varied between the various experiments. Another advan-
tage of this technique is that the measurement of the fluores-
cence intensity in time is specific per pixel rather than limited
to the shape of boxes parallel to the skin surface. Addition-
ally, this new technique has the potential to visualise fluoro-
phores in deeper layers of the skin such as appendages (sweat
glands, sebaceous glands, and hair follicles) and the subcuta-
neous fat.

By estimating the fluorescence gradient for the different
skin layers, valuable information can be gained about the
diffusion process of substances in intact skin. As mentioned
above, the stratum corneum does not reveal a linear fluores-
cence gradient over the full stratum corneum thickness. It
appears that the stratum corneum is not a homogeneous
membrane as considered in the various models but that layers
at different depths have different diffusion properties. In or-
der to further optimize the experimental setup, a flow-
through acceptor and donor phase can be created to rule out
depletion and accumulation in any of the phases.

Importantly, the maximum fluorescent gradient in the
upper layers of the stratum corneum is formed over a consid-
erate time period. This can be explained as follows. If the
deepest layers in the stratum corneum are almost imperme-
able for the dye, only a limited amount of dye will cross this
layer. This will cause, due to its favorable partitioning, an
accumulation of the lipophilic dye in the more superficial
layers in the stratum corneum, which in turn causes a steep
concentration gradient within the stratum corneum. The low
fluorescence gradient in the viable epidermis and the fact that
the steady-state gradient is reached in a rather short time
period proves the absence of a physical barrier function in this
layer. Although the lower part of the viable epidermis reveals
a higher fluorescence gradient, it is still lower than the fluo-
rescence gradient of the upper 2/3 of the stratum corneum.
Once reaching the dermis, the fluorescence gradient is slightly
lower implying that the diffusion from the epidermis to the
dermis is not rate limiting. Focusing on the partitioning of the
lipophilic dye from one skin layer to the adjacent skin layer,
it is striking that the partitioning of the dye from the lower
stratum corneum to the viable epidermis is high, whereas the
partitioning from the epidermis further into the dermis is not
favored. This supports the earlier finding of high affinity of
the epidermis for this lipophilic label (30,31). Early publica-
tions reviewed by Kim et al. (32) state that the penetration of
highly lipophilic compounds from the epidermis into the der-
mis can be rate limiting. In case of our lipophilic substance,
the rate-limiting step is still within the stratum corneum.

The presented study is the first study in which a fluores-
cence gradient is measured on-line in fresh and unfixed hu-
man skin. Using this method, it is not only possible to mea-
sure fluorescent gradients in the main skin layers (stratum
corneum, viable epidermis and dermis), but fluorescent inten-
sities can even be distinguished between areas within these
layers. However, in this study the fluorescent gradient for the

dermis is limited to the first few micrometers and cannot give
any information about the deeper layers. Decrease in the
magnification would improve the information obtained for
the dermal area, but will limit the information on the stratum
corneum. In future studies, this technique can be improved by
designing a flow-through donor and acceptor phase to create
a steady-state situation. Pilot studies performed in our labo-
ratory give indications that a flow-through construction of the
donor and acceptor compartment is a feasible modification.

CONCLUSIONS

The presented method enables the visualization and
evaluation of time-resolved diffusion into the skin. Fixation
and thereby alteration of skin structures and the danger of
delocalization of the dye can be circumvented. Due to the
cross-sectional view, visualization of structures as far in the
skin as the subcutaneous fat can be possible without loss of
resolution or sensitivity. Cell structures like nuclei and mem-
branes can be distinguished, which provides the opportunity
to observe diffusion processes not only at the skin layer level
but as well at the cellular level in the epidermis. This would be
of interest to study DNA transfer in cell nuclei. Taking
advantage of this time-resolved visualization technique, trans-
port processes can be investigated and delivery systems de-
veloped and optimized. In spite of its limitation to fluoro-
phores and in vitro studies, the combined cutting device/on-
line diffusion cell with CLSM is a promising tool for skin
transport studies due to its high resolution, use of non-fixed
skin, and access to subcutaneous fat.
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