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ABSTRACT: The application of high-speed two-photon fluorescence microscopy (HTPM)
to examine transdermal transport processes has enabled the noninvasive visualization of
permeant spatial distributions over a larger, more clinically relevant wide area of the
skin. Earlier studies demonstrated that the transdermal fluorescent probe distribution
over a2 x 2 mm skin area was well represented by a significantly reduced sampling of the
400 microscale skin sites (100 x 100 pm) constituting the wide area. In the present study,
the 400 microscale skin sites are considered individually, and the site-to-site variability
in permeant distributions is used as a model to reflect the range in experimentally
measured skin permeabilities resulting from the inherent stratum corneum structural
heterogeneity. The correlation established between the permeant surface intensity and
the corresponding permeant intensity gradient at each skin site provides an indication of
the potential for screening transdermal permeant distributions solely based on the
evaluation of microscale permeant surface intensities. The strong linear correlation
between the intensity gradient and the surface intensity for the hydrophilic model
permeant, sulforhodamine B, demonstrated that surface intensities provide a robust
indicator of the corresponding transdermal probe distributions at the microscale. For the
hydrophobic model permeant, rhodamine B hexyl ester, however, weak correlations were
observed between these two parameters. This result suggests that the stratum corneum
microscale surface intensity does not validly capture the corresponding intensity
gradients for the entire range of skin permeabilities typically encountered as a result
of the inherent stratum corneum heterogeneity. © 2003 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci 92:2354—-2365, 2003
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INTRODUCTION

The transdermal route of drug delivery provides a
noninvasive method of administering pharma-
ceutically relevant compounds over a sustained
period.!? The inherent advantages exhibited
by transdermal drug delivery for selected com-
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pounds over the more traditional methods of
drug administration, including oral and subcuta-
neous, has stimulated the investigation of chemi-
cal enhancer systems that will facilitate the
delivery of other drug candidates at therapeuti-
cally desired dosages.?~* Recently, efforts to eluci-
date the mechanisms of chemical enhancer action
have introduced the application of two-photon
microscopy as an additional analysis technique.’~"
The 100-fold increase in skin—site imaging speed
for transdermal applications using high-speed
two-photon fluorescence microscopy (HTPM) has
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increased the efficiency with which the effects
of various chemically induced changes in skin
barrier properties can be examined for large
sample sizes.® Furthermore, recent findings have
demonstrated that the wide-area average sur-
face intensities and intensity gradients can be
captured by a significantly reduced, representa-
tive number of skin sites.® In this paper, the
relationship between the model permeant sur-
face intensity and the model permeant intensity
gradient across the stratum corneum (SC) will be
evaluated. Correlations between these two trans-
port parameters enable the potential screening
of transdermal permeant distributions induced
by chemical enhancer action solely through the
quantification of SC probe surface intensities.
With respect to HTPM, these two parameters are
captured by the model fluorescent permeant skin
surface intensity and the corresponding inten-
sity gradient.® The oleic acid-induced changes in
the spatial distribution of rhodamine B hexyl
ester (RBHE) and sulforhodamine B (SRB), the
fluorescent model hydrophobic and hydrophilic
drugs, respectively, were visualized and quanti-
fied throughout the thickness of the SC over a
4-mm? area of human cadaver skin (or a sample
size of 400 different skin sites) using HTPM.*1°
Using the methodology described recently,® the
these two transport parameters were evaluated
over 400 consecutive skin sites, where each skin
site captures a 100 x 100 pm microscope field
of view.

The rank-ordering of permeant surface inten-
sities induced by different chemical enhancers to
infer the corresponding transdermal permeant
distributions will expedite the utilization of HTPM
imaging to evaluate transdermal transport pro-
cesses. In this way, the computationally inten-
sive analyses previously performed to quantify
the fluorescent probe spatial distributions over the
wide area scanned can be circumvented. More-
over, the chemical enhancer-induced change in
the microscale transport parameter correlation
observed between these two transport parameters
will provide additional insight into the mechanism
of chemical enhancer action for each specific model
permeant evaluated.

Proposed Permeant Pathways

The SC, the uppermost 10—20 um of the skin,
serves as the primary barrier to transdermal
transport of permeants.’! The SC has been de-
scribed utilizing the brick and mortar model,!! in

which the corneocytes (bricks) lie in a continuous
phase of lipid multilamellae (mortar). Permeant
partitioning into the SC, followed by permeant
diffusion through the SC, are the two main steps
in a simplified description of the permeation
mechanisms across the SC.!? Because the lipid
multilamellae of the intercorneocyte region form
the only continuous phase through the SC, this
intercellular region has been proposed to be the
primary transdermal diffusion pathway for both
hydrophilic and hydrophobic permeants.'3~1°
Within the intercellular transport region, how-
ever, the terms ‘lipoidal’ and ‘aqueous pore’
pathways have been used to describe the two
different transport pathways that distinguish the
mechanisms underlying the hydrophobic and the
hydrophilic permeant transdermal transport,
respectively.'%16

Lateral diffusion through the intercellular
region was shown to constitute the rate-limiting
step in transdermal transport for a series of
hydrophobic probes in a model skin system of lipid
multilamellar liposomes.'* However, the current
understanding of the ‘aqueous pore’ pathway re-
mains less developed,!” although the lacunar
regions of the intercellular space have provided a
morphological basis for the hydrophilic permeant
transdermal transport pathway.'®

For a uniform, homogeneous membrane, the
flux, JJ, is described by the following equation:

dc
J=-D (1)

where D is the membrane diffusion coefficient,
and dC/dz is the concentration gradient across
the thickness of the membrane. The permeant
flux is related to the membrane permeability by a
constant, AC, such that P=JAC, where AC is
the permeant concentration difference between
the two media separated by the membrane.
Because the permeability is also expressed as
P =KD/L, the flux is also directly related to K, the
permeant vehicle-to-membrane partition coeffi-
cient. The membrane thickness is denoted by 1.
For the membrane described by eq. 1, the per-
meant membrane concentration gradient and the
permeant vehicle to membrane partition coeffi-
cient are linearly related. These two transport
parameters are captured in the HTPM inten-
sity gradients and the surface intensities of the
fluorescent model drugs, respectively. Moreover,
the correlation between these two measures of
probe spatial distribution in the SC provides an
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indicator of transport mechanisms, where devia-
tions from a linear relationship suggest the
presence of additional transport hindrance attrib-
uted to nonideal membrane transport. In the case
of the hydrophobic permeant, deviations from
linearity may be possibly attributed to the
tortuous lipoidal pathway proposed earlier.'®

Skin Heterogeneity

Although the SC membrane has been modeled
as a uniform membrane in permeant transport
studies, the inherent skin heterogeneity is illu-
strated in the HTPM wide-area scans by the site-
to-site fluctuations of these two transport para-
meters over the 400 microscale skin sites imaged.
For partitioning, the weakening of the SC barrier
to enable increased permeant penetration can
also be described by a decrease in G*, the free
energy associated with the work required for
entry of a permeant into the SC lipid multi-
lamellae.?%?! G* can be related to the probe
vehicle-to-skin partition coefficient, K, utilizing
the following relation:

_G*

K =exp < RT ) (2)
where R and T are the gas constant (8.314 J/mol
K) and the absolute temperature of the system,
respectively.?’ According to eq. 2, probe partition-
ing into the skin increases exponentially with
decreases in the free energy, G*. The difference
between the free energy specific to one of the 400
skin sites examined and the 400-skin site average
free energy, Gayct,i, can be determined using the
following equation:

Gﬂuct,i o K;
RT In (ﬂ) (3)

where K; is the partition coefficient at the
individual skin site, i, and K, is the global average
vehicle-to-probe partition coefficient. In the stu-
dies reported here, K; and K, are captured by the
surface intensity at skin site i and by the average
surface intensity over the 4-mm? skin area sur-
veyed, respectively. The subscript A can corre-
spond to the control skin sample (C) or to the
enhancer skin sample (E) for the cases of K¢ and
Kz, respectively.

The individual skin site fluctuations in the probe
intensity gradient (dI/dz)ayct i, reflect the fluctua-
tions in the probe flux relative to the 400-skin
site average. Accordingly (dI/dz)ayct,; = (dI/dz); —

(dI/dz)a, where (dI/dz); is the intensity gradient
at skin site i, and (dI/dz),, is the 400-skin site
intensity gradient for which the subscript A refers
to the control case (denoted by C) or the enhancer
case (denoted by E).

These fluctuations in the two transport para-
meters reflect the inherent skin heterogeneity,
where variations in the SC structure over a skin
sample induce a spread in surface intensity and
intensity gradient distributions. This spread in the
transport property values from skin site to skin
site results from a spread in the SC structure and
composition over the entire wide area scanned.
The variations in the SC membrane flux at the
macroscale have been well described in the litera-
ture, where intrasample variabilities in perme-
abilities up to 40% have been reported.?? The
average wide-area transport properties arise from
the individual transport properties measured for
each of the 400 skin sites comprising the 4-mm?
area scanned per skin sample.

By decomposing the wide area scanned into the
20 x 20 array of consecutive skin sites, the SC
membrane can also be evaluated as a combination
of microscale membranes whose inherent varia-
bility contribute to the visualized variations in the
transdermal transport properties. The microscale
distribution in transdermal permeant intensities
captures a statistically significant spread of mem-
brane permeabilities to model the spread in per-
meabilities that may arise from conducting 400
separate experiments, in which side-by-side diffu-
sion cells are used. The specific microscale correla-
tion obtained for each case examined is based on the
400 data points obtained from the 400 skin sites
evaluated. The spread in permeabilities obtained
by HTPM scanning provides a large database from
which the validity of screening probe surface
intensities to rank transdermal permeant distribu-
tions, and hence permeant flux, can be assessed.

MATERIALS AND METHODS

Sample Preparation

Full-thickness human cadaver skin from the ab-
dominal area (National Disease Research Inter-
change, Philadelphia, PA), was kept frozen at
—80°C until use. Upon use, the skin was thawed
at room temperature (25°C), and the fat from
the dermal side was removed. Skin samples of
2.25 cm? were mounted in side-by-side diffusion
cells (9 mm, PermeGear, Riegelsville, PA), and
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then immersed in phosphate buffered saline, PBS
(Sigma, St. Louis, MO). Full-thickness skin was
used instead of heat-stripped skin to preserve the
structural features of the SC and the epidermis
for the subsequent two-photon microscopy (TPM)
image analysis.

Skin conductivities were measured in PBS
before and after the diffusion cell experiments to
ensure skin integrity before and after skin contact
with the vehicle and the enhancer solutions. Ag-
AgCl electrodes (E242, In Vivo Metric , Healds-
burg, CA) were connected to an AC signal gene-
rator (HP 33120A 15 MHz Function Arbitrary
Waveform Generator, Hewlett Packard, Palo Alto,
CA) in series with a digital multimeter (Radio
Shack™, Fort Worth, TX). One electrode was plac-
ed in each compartment of the diffusion cell, which
was filled with PBS, and a voltage drop of 100 mV
was applied across the skin. The current measure-
ment was read from the multimeter and converted
to an equivalent conductivity. The conductivity
criterion of >10 kQ-cm? was applied,?® with skin
samples not meeting this criterion replaced by
intact skin.

The two fluorescent probes (Molecular Probes,
Eugene, OR), rhodamine B hexyl ester perchlorate
(RBHE) and sulforhodamine B (SRB), served as
the hydrophobic and the hydrophilic model drugs,
respectively, and were selected based on their
similarity in molecular structure, disparity in
octanol-water partition coefficient, and fluores-
cence emission range. The chemical structures
of the two fluorescent probes are shown in
Figure 1a,b, respectively, and their molecular
weights (MW), fluorescence absorption (ab) and
emission (em) spectral peaks (ab/em), and log
Ko/pes (Where Ko/pps is the experimentally deter-
mined octanol-PBS partition coefficient) values
arelistedin Table 1. The log Ko pgs values measur-
ed for RBHE and SRB are 2.49 and —0.45, re-
spectively.” Under the 780 nm laser excitation, the

(HCHLC)LN

+
N(CH,CHy),  (H;CH,C),N

fluorescence signals of the probes, their spectral
ab/em peaks at 556/578 nm (RBHE) and 565/586
nm (SRB), have minimal overlap with that cor-
responding to the skin autofluorescence, charac-
terized by absorption and emission peaks of 488
and 515 nm, respectively.?* SRB and RBHE
(Molecular Probes, Eugene, OR) probes were
prepared at 0.33 mg/mL for both the control and
the model chemical enhancer vehicles. The control
vehicle consisted of 1:1 (v/v) PBS and ethanol
(Sigma, St. Louis, MO), with the chemical enhan-
cer vehicle containing an additional 5% (by
volume) oleic acid (Sigma, St. Louis, MO). At a
pH of 7.4, RBHE and SRB have net charges of +1
and zero, respectively.

The skin samples were removed from the dif-
fusion cells following the 24-h skin exposure to the
control and the enhancer fluorescent probe solu-
tions. These skin samples were rinsed with PBS/
ethanol (1:1,by volume) to ensure removal of any
excess fluorescent probes present on the surface of
the skin, and then sealed in an imaging chamber
(Coverwell™, Grace Bio-Labs, Bend, OR) with a
No. 1, 22-mm square coverslip (VWR Scientific,
Media, PA) contacting the SC side. A drop of PBS
was added to the chamber to prevent drying of the
sample.

Contact between the SC and the coverslip was
maximized to increase the consecutive number of
TPM-imageable skin sites. Contact between the
skin surface and the microscope slide coverslip
was facilitated by first contacting the SC with the
coverslip. Contact between the coverslip and the
silicone spacer of the imaging chambers was then
achieved to seal the skin sample in the imaging
chamber. The thickness of the imaging chamber
silicone spacer was selected to eliminate free space
between the skin surface and the coverslip. Al-
though these efforts to increase the uniformity of
the inherently rough skin surface enabled the
wide-area imaging of a majority of the consecutive

+
N(CH ,CH,),

Figure 1. Hydrophobic and hydrophilic model drugs. The chemical structures are

shown for (a) RBHE and (b) SRB.
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Table 1. Fluorescent Probe Properties of the
Hydrophobic (RBHE) and the Hydrophilic (SRB) Model
Probes Examined”

Probe RBHE SRB

MW (Da) 627 559
ab/em (nm) 556/578 565/586
log Kopps® 2.494+0.18 —0.45+0.0045

“The chemical structures of RBHE and SRB are illustrated
in Figure la,b, respectively; MW, molecular weight of each
probe; ab/em., the probe spectral absorption (ab) and emission
peaks (em); log Ko/pps measured values of the log of the probe
PBS—-octanol partition coefficients (described in the Materials
and Methods Section).

®Values are reported as mean+ SD. Experiments were
performed in triplicate.

skin sites, skin sites not completely contacting the
coverslip could not be imaged. These skin sites,
where fluorescence intensity signals cannot be
detected, were excluded from the analyses per-
formed in this paper.

High-Speed, Two-Photon Microscope
and Data Analysis

From our previous wide-area transdermal trans-
port studies,’ the 400-skin site probe surface
intensity, I,_o, and the 400-skin site probe inten-
sity gradient, dI/dz, were quantified for each of
the four cases examined (RBHE-control, RBHE-
enhancer, SRB-control, and SRB-enhancer). For
each skin site, or 100 x 100 pm area imaged, the
skin surface was defined as the z position cor-
responding to the highest site-specific average
fluorescence intensity value. The fluorescence in-
tensity gradient at each skin site was then

calculated from the linear regression of the inten-
sity profile over the first 10 z-positions within
the skin surface, starting with the defined sur-
face z-position. Each subsequent z-position corre-
sponds to an increment of 0.7 pm into the depth of
the SC. In the quantification of the wide-area skin
surface intensity, the normalization of the skin
surface z-position with respect to the maximum
fluorescence intensity for each imaged skin site
within the 400 consecutive skin sites scanned
accounts for the skin surface roughness and for
the skin site-to-skin site variability in the SC
thickness. The average and median of the slope
and of the intercept values that result from the
400 individual linear regressions performed cor-
responding to each skin site imaged are listed in
Table 2.

To further quantify these fluctuations, the
skin sites for which Gqyct,; exceeded 1 RT were
counted as maxima, whereas the number of
minima corresponded to skin sites exhibiting
Giuet,i values below —1 RT. The selection of +1
RT as the yardstick for determining the number of
extrema reflects the thermal energy. As a basis of
comparison, the thermal energy, or 1 RT per mole,
roughly indicates the strength of an interaction,
where interactions with energies exceeding 1RT
dominate over the disorganizing effects of thermal
motion.?

For the intensity gradient fluctuations, maxima
and minima were defined by the skin sites that
exhibited intensity gradient values exceeding the
range of values encompassed by the corresponding
400-skin site intensity gradient value plus and
minus the reported standard deviation (SD), re-
spectively (see Table 2). Recall that for a normal
distribution, 1 standard deviation, by definition,

Table 2. Central Tendencies of Transport Parameters®

Intensity Gradient?

Surface Intensity

Drug Mean Median Mean Median
RBHE (C) 57+ 36 551 +281 511
RBHE (E) 266 + 198 2546 +£ 2176 1991
SRB (C) 6.9+8.9 84 +90 50
SRB (E) 67+ 56 838 £467 766

“The intensity gradient and the surface intensity are represented, respectively, by the first-order
(slope) and zero-order (intercept) linear regression parameters of the first 10 points in the linear
region of the intensity profile generated at each of the 400 skin sites. The mean and the median values
were calculated based on these individual linear regression results of 400 different sites in each
sample. The control and enhancer samples are denoted by (C) and (E), respectively; the mean is

reported as the mean + SD.

®The absolute value of the intensity gradient is reported in units of counts/um.
“The surface intensity is reported in units of counts/pixel.
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includes 68.27% of the 400 intensity gradients
measured. The number of maxima and minima
determined for each skin sample examined, based
on the application of the +1 SD criteria to each of
the 400 skin sites imaged, is given in Table 3. Note
that the entries in Table 3 do not reflect a Gaussian
distribution.

RESULTS AND DISCUSSION

Probe Concentration Distribution
in the Stratum Corneum

The 400-skin site probe average intensity profiles,
which reflect the probe concentration as a func-
tion of skin depth across the SC, are shown in
Figure 2a,b for RBHE and SRB, respectively. In
both Figure 2a,b, the solid and dashed lines indi-
cate the average intensity for the control and the
enhancer cases, respectively. The triangles and
the squares depict the median intensities, all as a
function of skin depth, for the control and the
enhancer cases, respectively. For both the hydro-
phobic probe RBHE (Figure 2a) and the hydro-
philic probe SRB (Figure 2b), the primary drop in
intensity over the first 10—20 pm for both the
control and the enhancer cases corresponds well
with the 10—20 pm thickness of the SC.® Linear
regression of the linear region of the permeant
intensity profiles was performed using the meth-
odology introduced previously.® The linear reg-
ressions of the profiles shown in Figure 2a,b
yielded correlation coefficient of determination
(%) values of 0.96, 0.98, 0.99, and 1.00 for RBHE-
control, RBHE-enhancer, SRB-control, and SRB-
enhancer, respectively. These r* values indicate
strong linear correlations between the probe in-
tensity and the corresponding skin depth at each

2359

skin site imaged. The slope and the intercept
reveal the magnitude of the permeant intensity
gradient and the permeant surface intensity,
respectively. A linear regression of the wide-area
surface intensities and the corresponding wide-
area intensity gradients for the four cases exam-
ined yielded a r? value of 0.99. The zero- and the
first-order regression coefficients are 7.32 counts/
pm and 0.16 pum !, respectively. The good linear
correlation observed between the permeant parti-
tioning and the corresponding permeant concen-
tration gradient within the SC membrane agrees
with the uniform membrane model used to
describe permeant permeabilities. Although the
correlation between the surface intensity and
the corresponding intensity gradient holds at
the macroscale, the effect of reducing the SC area
sampled on the relationship between these two
transport parameters will be examined next.

Oleic Acid-Induced Fluctuations in the Free
Energy of Probe Partitioning

The inherent skin heterogeneity and the distribu-
tion of transport parameters detected over the
400 consecutive skin sites imaged are depicted in
Figures 3 and 4, respectively. At the global scale,
the mean surface intensity and the mean inten-
sity gradient calculated for each skin sample
quantify the effects of chemical enhancer action
on the respective two transport parameters. The
effects of the SC morphology on the spatial
variations in probe transport are visualized in
Figure 3a—d, where response surfaces illustrate
the relative fluctuations in the skin surface
free energy of probe partitioning at each skin
site, Gayct /BT, defined in eq. 3. The z-axis of
Figure 3a—d represents Gy, /RT as a function of
the x—y spatial position of the skin site imaged.

Table 3. Quantification of the 400-Skin Site Free Energy and Intensity Gradient

Extrema

Free-Energy Fluctuation® Intensity-Gradient Fluctuation®
Drug No. of Maxima No. of Minima No. of Maxima No. of Minima
RBHE (C) 31 2 52 69
RBHE (E) 92 28 67 59
SRB (C) 113 34 50 0
SRB (E) 29 4 61 38

“Maxima correspond to skin sites where Gyt > 1 RT, and minima correspond to skin sites where
Gfiuet,i < —1 RT. To quantify the number of maxima and minima, the activation energy fluctuation
criterion of 1 RT, the thermal energy, above and below the mean was employed.

®Maxima and minima are defined by skin sites exhibiting |dI/dz| values exceeding the
corresponding 400-skin site average slope values shown in Table 1 by +/— 1 SD, respectively.
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Figure 2. Probe intensity profiles. (a) RBHE. Key:
wide-area average intensity (solid line, dotted line) and
400-skin site median intensity (squares, triangles) for
the control and the enhancer samples, respectively. The
average photon counts per pixel is plotted versus the
corresponding skin depth. The error bars indicate 1 SD
from the wide-area average intensity of the 400 skin
sites surveyed per sample. (b) SRB. Key: wide-area
average intensity (solid line, dotted line) and wide-area
median intensity (squares, triangles) for the control and
the enhancer samples, respectively. The average photon
counts per pixel is plotted versus the corresponding skin
depth. The error bars indicate 1 SD from the wide-area
average intensity of the 400 skin sites surveyed per
sample.

Each unit on the xy plane corresponds to 0.1 mm.
Surface intensities (measured at z=0 pm) that
yield Gyt i/RT =0 indicate that the correspond-
ing skin site possesses a free energy of partition-
ing equal to the global average value. Hence,
Giuet,i/fRT =0 reflects the globally detected skin

barrier resistance to probe transport. From eq. 3,
the probe vehicle-to-skin partition coefficient, K,
decays exponentially with increases in the probe
free energy. Accordingly, in Figure 3a-—d, the
peaks correspond to skin sites with higher than
average barrier resistance (smaller K values) and
the valleys reflect high permeant transport re-
gions (larger K values). The 3-dimensional sur-
faces in Figure 3a—d map the fluctuations in the
free energy over the SC topology that are respon-
sible for the skin barrier function. The number of
maxima, or peaks, increased from 31 to 92, and
the number of minima, or valleys, increased from
2 to 28 as a result of the oleic acid enhancer action
(see Table 3).

For the hydrophilic probe SRB, however, the
control case exhibits a large total number of
extrema, with 113 maxima and 34 minima. The
inherently low permeability of the SC to the hydro-
philic probe that is revealed in the low probe
partitioning can be further visualized over the
area defined by x = 0—20 units and y = 0—10 units
in Figure 3c. Here, the existence of higher SRB free
energies (positive deviations from Gg,/RT =0)
over a significant region of the total 4 mm? for the
control case suggests that transport of the hydro-
philic probe is limited to a small number of higher
transport regions encompassed by the energy
minima shown in Figure 3c. Out of the 400 skin
sites examined, 28% of the total skin area mani-
fests free energy barriers exceeding the 400-skin
site average by 1 RT, the criterion established
earlier. Compared with the 113 maxima, the 34
free energy minima that lie 1 RT below the sample
average comprise 8.5% of the total 4-mm? skin area
examined. These domains of higher transport re-
main consistent with the proposed existence of
‘aqueous pore’ pathways through which hydro-
philic probes can traverse the lipoidal SC matrix as
a result of inherent imperfections in the SC lipid
multilamellae.

In the presence of oleic acid (see Figure 3d), the
number of peaks decreases from 113 to 29 and
the number of valleys decreases from 34 to 4. These
decreases in the number of extrema signal the
increased uniformity in probe transport, possibly
resulting from the enhancer-induced formation of
additional hydrophilic probe pathways. The SC
barrier response to the oleic acid enhancer action is
displayed in Figure 3d, where the reduction in the
skin sample free energy, evident in the 10-fold
increase in the 400-skin site surface intensity,
enables an increased probability of probe parti-
tioning resulting from an increase in the number of
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Figure 3. Spatial fluctuations in free energy. Surface response plots illustrate Gayct,i/
RT (represented on the z-axis), defined in eq. 3, as a function of the spatial coordinates
displayed in the x—y plane for (a) RBHE-control, (b) RBHE-enhancer, (¢) SRB-control,
and (d) SRB-enhancer. Each unit along the x- and the y-axes corresponds to a length of
0.1 mm, such that the total 4-mm? skin area is depicted.

skin sites possessing free energies that lie within
+/1 RT of the sample average.

Oleic Acid-Induced Fluctuations in the Permeant
Intensity Gradient

Figure 4a—d show the fractional fluctuations in
the intensity gradient over the first 7 pm of the SC
corresponding to the spatial position of each skin
site scanned. The z-axis depicts the normalization
of (dI/d2)ayct; by (dI/dz)a corresponding to each
skin site, whose spatial coordinates are depicted
by the x—y coordinates.

Hydrophobic Probe

The oleic acid-induced changes in the intensity
gradient fluctuations reported in Table 3 indicate
minor increases in the total number of extrema
for the hydrophobic probe, with 121 =52+ 69

extrema for the control case and 126 =67 + 59 ex-
trema for the enhancer case. The corresponding
surface plots in Figure 4a,b further illustrate the
similarity in the intensity gradient fluctuations
between the control and the enhancer cases of the
hydrophobic probe, respectively.

For the hydrophobic probe, oleic acid induced
relatively minor increases for the intensity gradi-
ent fluctuations observed over the 4-mm? skin area
examined, with the extrema shifting from 121 to
126 (see Table 3). The insensitivity of the intensity
gradient fluctuations in response to the oleic acid-
induced increases in the free energy fluctuations
indicates a weak correlation between the surface
intensity and the intensity gradients for the hydro-
phobic probe for significantly reduced membrane
areas. This observation may be attributed to the
earlier finding that lateral diffusion is the rate-
limiting transport step for hydrophobic model
permeants. 14
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Figure 4. Spatial fluctuationsin probe concentration gradient. Surface response plots
illustrate dI/dzqyct,; (represented on the z-axis), as a function of the spatial coordinates
displayed in the x—y plane for (a) RBHE-control, (b) RBHE-enhancer, (¢) SRB-control,
and (d) SRB-enhancer. Each unit along the x- and the y-axes corresponds to a length of
0.1 mm, such that the total 4-mm? skin area is depicted.

Hydrophilic Probe

The intensity gradient fluctuations for the con-
trol case (Figure 4c) and for the enhancer case
(Figure 4d) of the hydrophilic permeant indicate
that oleic acid induced increases in the number of
fluctuations. These significant increases in the
total number of fluctuation extrema resulting
from the chemical enhancer action are shown in
Table 3. The number of extrema increases from 55
to 99, from the control to the enhancer sample,
whereas the number of free energy fluctuations
extrema decreases from 147 to 33 (see Table 3).
The strong correlation between the decrease in
free energy fluctuations and the increase in the
intensity gradient fluctuations suggests that oleic
acid-induced changes in the hydrophilic probe
vehicle-to-skin partitioning step of transport
remains the rate-limiting step.

The correlation between the fluctuations in the
microscale intensity gradient and the correspond-

ing surface intensity at each of the 400 skin sites is
quantified next.

Correlation between Model Drug Vehicle-to-Skin
Partitioning and Intensity Gradient

The good correlation (% = 0.99) between the wide-
area permeant surface intensity and the corre-
sponding wide-area intensity gradient suggests
that, at the global scale, the surface intensity
provides an indication of transmembrane per-
meant distributions. For the permeant molecular
weights and the hydrophilicities examined here,
the linear relationship holds in the presence of
chemical enhancer action and appears to be inde-
pendent of the permeant physicochemical proper-
ties. In light of the fluctuations in each transport
parameter underlying the mean transport para-
meter values obtained (see Figures 3 and 4), the
applicability of this linear relationship at the
microscale will be examined next. Specifically,

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 92, NO. 12, DECEMBER 2003



FLUORESCENT PROBE SURFACE INTENSITY PREDICTS TRANSDERMAL PERMEANT DISTRIBUTION

the correlation between the permeant intensity
gradient and the permeant surface intensity at
each of the 400 skin sites will be determined. In
contrast to the wide-area linear relationships that
characterize transport across the SC membrane,
the regression coefficients determined from the
site-specific HTPM data assess the validity of the
uniform membrane model on a significant reduc-
tion in the sample size from 4 to 0.01 mm?.

The relationships between the model drug sur-
face intensity and the corresponding intensity
gradient within each wide-area scanned are de-
picted in Figure 5a—d. These two values reflect
the model drug vehicle-to-skin partitioning and
the model drug skin concentration gradient,
respectively. For a model membrane, the model
drug vehicle-to-skin partitioning is directly pro-

Skin Site Intensity Gradient
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0 500 1000 1500 2000
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Skin Site Intensity Gradient
(counts/ium)

0 100 200 300 400 500 600
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portional to the drug flux, which in this paper, is
evaluated with the model drug intensity gradient.
The linear regression results obtained for each of
the plots shown in Figure 5a—d, where the straight
line indicates the best linear fit of the data shown
by the triangles, are tabulated in Table 4. The slope
and the intercept are indicated by the first- and
zero-order linear regression coefficients, respec-
tively. Furthermore, their 5% confidence intervals
are indicated following each reported value. The
strength of the linear correlation is revealed by the
r? values shown in the last column of Table 4.

For the hydrophobic probe, the decrease in the
correlation between the skin site surface intensi-
ties and the intensity gradients as a result of oleic
acid enhancer action is observed in the r* values of
0.77 and 0.57, for the control and the enhancer
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Figure 5. Model drug surface intensity and intensity gradient correlation. The
diamonds correspond to the skin site intensity gradients as a function of the corre-
sponding surface intensities for (a) RBHE-control, (b) RBHE-enhancer, (c) SRB-control,
and (d) SRB-enhancer. The solid line in each panel depicts the best-fit line resulting from
the linear regression analyses of each data set. See Table 4 for the zero- and first-order
linear regression coefficients, as well as for the 72 value corresponding to each data set.
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Table 4. Skin Site Surface Intensity-Intensity
Gradient Correlation: Linear Regression Coefficients®

First-Order

Coefficient Zero-Order
Drug (x1073) Coefficient r?
RBHE (C) —-114+6.19 5.714+3.85 0.77
RBHE (E) —68.0+6.00 —-98.0+20.6 0.57
SRB (C) —-93.2+3.38 0.89+0.42 0.88
SRB (E) —-116+4.21 31.3+4.16 0.89

“Linear regressions were performed for the data shown in
Figure 5a—d, where the surface intensity was plotted versus the
corresponding intensity gradient for each skin site imaged per
skin sample. The first-order and zero-order linear regression
coefficients reflect the slope and the intercept of these plots. The
corresponding 5% confidence interval is reported following the
value of each linearly regressed coefficient. The r-square values
that indicate the goodness of fit, or the strength of the
correlation between the surface intensity and the intensity
gradient, are shown in the final column.

cases, respectively. Comparing the data shown in
Figure 5a with those seen in Figure 5b, increased
deviations from the best-fit line are observed in the
presence of oleic acid. For both the control and the
enhancer cases, the deviations in the transport
parameter data from linearity occur at skin sites
possessing higher surface intensities. In the pre-
sence of the enhanced transport, the deviation
from linearity becomes exaggerated, as indicated
by the decreased r? value of 0.57. The action of oleic
acid on increasing hydrophobic permeant solubi-
lity in the lipid multilamellar pathway has recen-
tly been described using dual-channel HTPM.”
This observation may arise from the transport
hindrance imposed on the permeant as a result of
the tortuous lipoidal pathway characterizing lat-
eral diffusion. These deviations from ideal mem-
brane behavior that are observed through the
HTPM microscale correlations provide insight into
the mechanisms of transport that are not observed
with wide area observations. Using the 400-site SC
micromembrane model of the wide-area scanned,
the variability in the intensity gradients can be
attributed to corresponding surface intensities
with a confidence level of 77% for the hydrophobic
control case. The validity of the uniform mem-
brane model for the hydrophobic probe diminishes
in the presence of chemical enhancer action, where
the intensity gradients can be explained by the
corresponding surface intensities only 57% of
the time. These figures arise from the coefficient
of determination, or r2, values of 0.77 and 0.57,
respectively. The weak linear correlation between

the surface intensity and the corresponding inten-
sity gradient over the 400 skin sites examined
suggests that surface intensities may not provide a
robust indicator of the corresponding permeant
concentration gradient over the entire spectrum of
SC permeabilities.

The linear relationship between the permeant
surface intensity and the permeant intensity
gradient that is characteristic of ideal membrane
transport is maintained at the microscale for
the hydrophilic permeant. The good correlation
between the hydrophilic model drug surface
intensity and the corresponding intensity gradient
for the control case is revealed by the r? value of
0.88. In the presence of chemically induced skin
barrier alterations, the strong correlation between
partitioning and drug intensity gradient remains,
as indicated by the r* value of 0.89 for the hydro-
philic enhancer case. Hence, increases in the hy-
drophilic drug intensity gradient correspond well
with the hydrophilic drug intensity increases
observed at the skin surface. The linear correlation
observed between permeant surface intensity
and the corresponding intensity gradient over
the 400 different skin sites evaluated reveals that
the microscale hydrophilic surface intensities pro-
vide a confident indicator of transdermal per-
meant spatial distributions quantified by the
intensity gradient. Furthermore, the specific coef-
ficient of determination obtained for each case
considered (0.88 and 0.89 for the control and the
enhancer, respectively), indicates that the linear
correlation remains valid for the hydrophilic
permeant in the presence of SC variability.

CONCLUSIONS

The use of HTPM has enabled the visualization of
transdermal transport parameters over a wide
area of SC. The good linear fit obtained for the
wide-area surface intensity and corresponding
wide-area intensity gradient for both the hydro-
phobic and the hydrophilic model permeants
agrees well with transport across a uniform mem-
brane. The evaluation of the correlation between
the surface intensity and the intensity gradient
over the 400 individual sites that constitute the
wide-area imaged captures the spread in per-
meant distributions that may reflect the sample-
to-sample permeability heterogeneity that is well
described in the literature. For the hydrophobic
model permeant, the permeant surface intensity
is not a reliable indicator of the corresponding
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intensity gradient. However, the strong correla-
tion established between the hydrophilic probe
surface intensity and the corresponding intensity
gradient suggests that the hydrophilic probe sur-
face intensities resulting from chemical enhancer
action may be ranked to potentially screen the
efficacy of a myriad chemical enhancer formula-
tions. This application of HTPM as a screening
tool warrants additional examination.
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