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ABSTRACT

To evaluate the pathways and barrier components in the stratum corneum (SC)
for the permeation of ketotifen, the effect of delipidization on the permeation and
partition was examined under several donor pHs. Assuming that ionized ketotifen
(KTH+) and un-ionized ketotifen (KT) contribute independently in both permeation
and partition, the intrinsic permeability coefficients and SC/water partition coeffi-
cients of both species were estimated. Delipidization enlarged the permeability of
KTH+ 100 times. This suggested that the lipid phase functions asthe barrier against
KTH+. KT has an intrinsic permeability 100 times larger than that of KTH+. De-
lipidization did not result in a significant change in permeability of KT. This sug-
gested that the permeability of KT through the lipid phase is comparable to that
through the aqueous phase in delipidized SC; that is, the lipid phase functions as
a highly permeable pathway for KT. On the other hand, the permeability coefficient
of KT through delipidized SC was 1/34 of that through the pure aqueous layer,
which had a thickness equivalent to SC. Since this suggests that the permeability
of KT through the proteinaceous phase is much lower than that through the aqueous
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phase, the proteinaceous phase can be assumed to function as a barrier against the
permeation of KT. From these results, it is concluded that the predominant perme-
ation pathway for KT is through the lipid phase. The SC/water partition coefficient
of KT was cut in half by delipidization, but the value was still more than 100. These
results show that the proteinaceous phase functions not only asthe barrier, but also
as the depot for KT. The knowledge obtained here will be useful for formulation
design and for the selection of enhancers in a transdermal therapeutic system of

ketotifen.

Key Words: Delipidization; Ketotifen; Lipid; Partition coefficient; Permeability
coefficient; Protein; Sratum corneum; Uptake.

INTRODUCTION

Skin is a complex of several components with physi-
cochemical characteristics that are different from each
other. The permeation process of adrug through the skin
involves two aspects: how the drug distributes in the
components of the skin and through which components
the drug permeates.

Skin consists of three layers. epidermis, corium, and
subcutaneous. The epidermisis further composed of two
layers: stratum corneum (SC) and viable epidermis (1).
For transdermal drug delivery, the drug applied to the
skin must permeate the uppermost layer (i.e., SC), and
this permeation process is considered to be the major
rate-determining step. The SC mainly consists of stra-
tified flat corneocytes, which have a keratin-rich interior
(2,3). It is proposed that the intercellular space between
corneocytes is filled by lamella of lipid bilayers (4,5),
and that the intracellular matrix is a mosaic of keratin
filaments and interstitial lipid (6).

Due to the heterogeneous structure in the SC, several
pathways can be considered for drug permeation, and it
is difficult to specify the extent to which drug utilizes
each pathway. In earlier studies, the internal structure of
the SC was represented by several different types of mod-
els (7-10). They are al based on a common assumption
that the SC consists of two phases (lipid and protein-
aceous), and the drug permeability is explained in terms
of the diffusion and uptake in these phases. More re-
cently, the existence of the lipid pathway and the protein-
aceous pathway was confirmed by several techniques us-
ing electron microscopy and laser scanning confocal
microscopy (11).

The lipid phase can be removed by a simple solvent
extraction technique (12), and the delipidized SC till
maintains the original membranous form at a wide pH
range. When delipidized SC is in contact with agueous
solution, water penetrates in the void where lipid phase

existed before delipidization. Under this condition, the
delipidized SC consists of the proteinaceous phase and
aqueous pores that penetrate across the SC. Therefore,
detailed information is expected to be obtained about the
mechanism of drug permeation by comparing the perme-
ability and uptake of the drug in intact SC with those
values in delipidized SC.

Based on that idea, many permeation and partition ex-
periments have been conducted with delipidized SC. For
example, Kuo et a. (13) evaluated the effect of pH and
delipidization on the transdermal permeation of oxyco-
done in the hairless mouse, hairless rat, and human ca-
daver skinin a pH range from 4 to 10. Harada et a. (14)
conducted similar experiments with human SC and shed
snake skin using salicylic acid asapermeant. Asfor parti-
tion, Raykar, Fung, and Anderson (15) established a
method to evaluate the relative contribution of the lipid
phase and the proteinaceous phase to drug partition with
intact and delipidized human cadaver SC. In the previous
reports, the role of the lipid phase on the permeability
was well evaluated, but that of the proteinaceous phase
was rarely discussed. One of the reasons may be that a
model analysiswas necessary to eval uate the contribution
of the lipid phase and proteinaceous phase on drug per-
meability separately, and the model analysis is sensitive
to the model-dependent parameters (7—10).

Here, the effect of pH and delipidization on thein vitro
transdermal permeation and partition of a weak basic
antiasthmatic, ketotifen (KT) (pK, = 8.5; Fig. 1), was
studied first with hairless mouse SC, as in the previous
studies. As an additional study, the relative contributions
of the two phases to the permeation of ketotifen were
estimated by comparing the permeability through delipi-
dized SC with that through homogeneous aqueous layers
with thicknesses the same as that of SC. To obtain the
latter value, the diffusion coefficient of ketotifen in ho-
mogeneous aqueous solution was measured. As for the
partition, the uptake of ketotifen in the lipid and protein-
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Figure 1. Chemical structure of KTH+ and KT.

aceous phase could be evaluated separately according to
the method of Raykar et a. (15).

Based on the results, wetried to clarify the mechanism
of skin permeation of ketotifen. Furthermore, which kind
of formulation and which type of enhancers are optimal
for obtaining maximal skin permeability is discussed
here.

EXPERIMENTAL
Materials

Ketotifen (fumarate salt) was purchased from Sigma
Chemical Company (St. Louis, MO). Chloroform and
methanol were obtained from Wako Pure Chemical In-
dustries, Limited (Osaka, Japan). Sodium azide was pur-
chased from Kanto Chemical Company, Incorporated
(Tokyo, Japan). Silicon medical fluid (MF360) was ob-
tained from Dow Corning AsiaK. K. (Kanagawa, Japan).
All the chemicals were reagent grade and were used as
received.

Drug Assay

Ketotifen was assayed using reverse-phase high-per-
formanceliquid chromatography (HPL C) with ultraviol et
(UV) detection at 312 nm. A YMC-Pack ODS-A A-312
(YMC Co,, Ltd., Kyoto, Japan) column (15 mm id) was
used. Acetonitrile: water : triethylamine: acetic acid in the
ratio 500:500:2:1 was used as the mobile phase. The
flow rate was 1.5 ml/min.

Skin Preparation
Intact Full-Thickness Skin

Hairless mouse skin was used for both permeation and
partition experiments. Male hairless mice, 6 weeks of
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age, were sacrificed by cutting the cervical vertebrae.
Rectangular sections of the dorsal skin were excised from
the animals, and adhering fat was removed. Each section
was washed with saline, wrapped with plastic film, and
stored for up to a maximum of 1 month at —60°C prior
to use. Before the experiments, the sections were de-
frosted at room temperature.

It was confirmed in a preliminary study (data not
shown) that the barrier function of the excised hairless
mouse skin against the permeation of ketotifen is not al-
tered by either freezing the skin or storing it at —60°C
for up to 6 months.

Tape-Stripped Skin

Tape-stripped skin samples were prepared by strip-
ping SC from intact full-thickness skin 20 times with ad-
hesive tape. Tape stripping usually was performed from
10 to 15 times in previous experiments to evaluate SC-
free skin (16,17), but it has been confirmed that the per-
meability of the skin tissues underlying the SC remains
unaltered by tape stripping provided that it is not per-
formed more than 25 times (18).

Delipidized Skin

Delipidized skin was prepared from full-thickness
skin using a chloroform and methanol mixture (2/1,
v/V) as an extracting solvent according to Kuo et a. (13).
A piece of hairless mouse skin was mounted on a diffu-
sion cell with the SC side facing the donor compartment.
The extracting solvent filled the donor compartment to
extract lipid, while phosphate-buffered saline (33 mM
phosphate buffer with 0.74% sodium chloride, pH 7.2)
filled the receptor compartment to maintain moisture in
the skin. After extraction for 3 hr, the extracting solvent
and phosphate-buffered saline were withdrawn and dis-
carded. Traces of the extracting solvent on the surface of
skin were evaporated by a stream of nitrogen gas. It was
confirmed in a preliminary study (data not shown) com-
paring permeation of ketotifen through tape-stripped skin
with and without preceding delipidization that delipidiza-
tion treatment did not alter the barrier function of viable
skin tissues underlying the SC.

Werts and Downing (19) reported that more than 80—
90% of the lipids can be removed by extraction with this
solvent, leaving lipid only 2% of the total weight of the
SC. Inaddition, Raykar et a. (15) reported that the delipi-
dized SC/water partition coefficient of drugs is not af-
fected by the presence of the remaining lipid when log
Poctanoliwater OF the drug is less than 5. Since 109 Poctanolwater
of ketotifen free base is 3.7, the effect of the remaining
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lipid on the delipidized SC/water partition coefficient of
ketotifen can be neglected.

Raykar et a. (15) and Knutson et a. (20) demon-
strated that the treatment of SC with a chloroform/metha-
nol mixture does not denature the proteinaceous phase of
SC or alter the partitioning of drugs in that phase.

Stratum Corneum Samples

Isolated SC was used in the partition experiments. A
full-thickness skin sample was heated in phosphate-buf-
fered saline (33 mM phosphate buffer with 0.74% sodium
chloride, pH 7.2) at 60°C for 1 min, and SC was gently
peeled off with a pincette. The phosphate-buffered saline
used throughout the experiments discussed in this paper
was of the same formulation as that described here. Via-
ble tissue on SC was removed by digesting it with 0.5%
trypsin in phosphate-buffered saline (33 mM phosphate
buffer with 0.74% sodium chloride, pH 7.2) (12). The
isolated SC was spread on poly(ethylene terephthal ate)
film asasupport and dried in vacuo overnight (intact SC).
For preparation of delipidized SC, the isolated SC was
immersed in the extracting solvent (chloroform/methanol
2/1, vIv) overnight, spread again on poly(ethylene ter-
ephthalate) film, and dried in vacuo. After these treat-
ments, the SC was kept free from fragmentation.

Comparison of the Permeability Through
Full-Thickness and Tape-Stripped Skin

Intact full-thickness skin or tape-stripped skin was put
on aFranz-type diffusion cell (static type donor chamber;
1-ml receptor chamber; 10 ml diffusion area; 1.77 cm?).
The receptor chamber was filled with the phosphate-buf-
fered saline with 1% sodium azide as a preservative, and
the temperature was maintained at 37°C. Ketotifen sus-
pension (1 ml) in silicone medical fluid (0.18 mmol of
free base in 1 ml) was placed on the epidermal side of
the skin. Aliquots of receptor solution were withdrawn
from the receptor chamber at predetermined times, and
the same volume of fresh buffer was immediately added
to the receptor chamber to keep the volume. The concen-
tration of ketotifen in each sample was measured by
HPLC to obtain the cumulative amount of ketotifen that
permeated the skin. The steady-state permeation flux was
calculated as the slope of the line after plotting the cumu-
lative amount of permeated ketotifen per unit area versus
time (see Results section).

Permeation Across Intact and Delipidized
Skin as a Function of Donor pH

Two-chamber type glass diffusion cell (the volume of
both donor and receptor chambers was 50 ml, and the
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diffusion area was 3.14 cm?) was used. The pH of the
donor phase was varied from weakly acidic to basic. The
basic donor (pH above 9) was prepared by mixing 20
mM of sodium carbonate and 20 mM of sodium hydrogen
carbonate. Neutral or acidic donor (pH below 9) was pre-
pared by mixing 20 mM of sodium phosphate and 20 mvi
of disodium hydrogen phosphate. In the acidic or neutral
donor, 3.2 mmol/L of ketotifen fumarate was completely
dissolved, and in the basic donor, 1.3 mmol/L of crystal-
line ketotifen free base was dispersed. The receptor solu-
tion was the phosphate-buffered saline with 1% sodium
azide as a preservative.

During permeation experiments, both the donor and
receptor solutions were stirred by magnetic stirrers, and
the whole system of the diffusion cell was immersed in
water maintained at 37°C. The receptor solution was
withdrawn every 2 or 3 hr up to 40 hr, and the same
volume of fresh buffer was immediately added to the re-
ceptor chamber. The concentration of ketotifen in each
sample was measured by HPL C to obtain the cumulative
amount of ketotifen that permeated the skin. The concen-
tration of ketotifen in the donor phase at 40 hr was also
measured after removal of ketotifen crystals by filtration,
if they existed, and this value was used for the calculation
of the permeability coefficient.

The steady-state permeation flux was calculated as the
slope of the linear segment of the curve after plotting the
cumulative amount of permeated ketotifen per unit area
versus time (see Results section). The permesation flux
was divided by the ketotifen concentration of the donor
phase at 40 hr to give the permeability coefficient.

The permeability coefficient P thus obtained was ana-
lyzed using Eqg. 1, based on the pH-partition principle.

_ Pk i 10PKa™P X P
1 + 10PKa—PH) 1 + 10PKa=PH)

@

where P, istheintrinsic permeability coefficient of KT,
and Py IS the intrinsic permeability coefficient of
KTH+. Theintrinsic permeability coefficients acrossin-
tact skin Pyryineet aNd Pyryinae @1d those across delipi-
dized skin Pymyaaip @nd Pyrii-eeip Were determined by non-
linear least-sguare regression analysis so that Eq. 1 best
fits the experimental data.

Partition Between Either Intact
or Délipidized Stratum Corneum
and Aqueous Solution

A piece of intact or delipidized SC was incubated in
a ketotifen agueous solution at 37°C overnight. The pH
of the solution was varied widely from weakly acidic to
basic. Buffer solution of each pH was the same as that
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used for the permeation studies described above. After
incubation, pH and the concentration of ketotifen in the
agueous solution and the content of ketotifen in the SC
were measured. The last was performed by extraction
with hexane after wiping the aqueous phase off the SC
with filter paper. The amount of ketotifen taken up in
unit volume of SC (nmol/cm?®) was determined using an
SC thickness of 0.001 cm (18,21). It was divided by the
concentration of ketotifen in agueous phase (nmol/
cmd) to give the SC/water partition coefficient of ketoti-
fen K.

Similar to the permeation coefficient, the partition co-
efficient thus obtained was analyzed using Eq. 2 based
on the pH-partition principle:

_ Kkn n 10PKa=P X Kris)
1 + 10PKa—PH) 1 4+ 10PKa—PH)

2

where Ky is the intrinsic partition coefficient of KT,
and K g+ istheintrinsic partition coefficient of KTH+.
The intrinsic partition coefficients of KT and KTH+
between intact SC and agueous solution Kgmin: and
K krh)inaee 8Nd those between delipidized SC and agueous
solution K gmaeip 8N K rr+)0aip Were determined by non-
linear least-sgquare regression analysis so that Eq. 2 best
fits the experimental data.

M easurement of the Diffusion Coefficient
of Ketotifen in Aqueous Solution

To estimate the permeability of KT through the pure
aqueous layer with a thickness equivalent to the stratum
corneum, the diffusion coefficient in water was measured
in another set of permeation experiments. A stainless
steel ring was inserted between two porous membranes
with a pore size of 0.4 um (FR-40, Fuji Photo Film Co.,
Ltd., Kanagawa, Japan), forming a disk-shaped space in-
side the ring and two membranes, and placed in a two-
chamber glass diffusion cell. After filling the spaceinside
the ring and membranes with the same pH 10 buffer used
in the experiments discussed above, ketotifen suspension
in the same buffer and the buffer without ketotifen were
simultaneously added to the donor chamber and receptor
chamber, respectively. Both chambers were hermetically
closed to prohibit solvent flow across the porous mem-
brane. According to the procedure for determining the
permeability coefficient in the skin, the permeability co-
efficient of ketotifen across the aqueous layer inside the
ring and membranes Py Was obtained. The diffusion
coefficient of KT in agueous solution D, Was calcu-
lated by multiplying Py With the thickness of the aque-
ous space (0.5 cm).
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RESULTS

Permeation Through Full-Thickness and
Tape-Stripped Skin

Figure 2 shows the cumulative permeation of KT
through a unit area of the skin from a suspension in sili-
con medical fluid. The donor concentration was kept at
saturation by excess solid particles of KT, and the recep-
tor concentration was sufficiently low (less than 1/100
of the solubility) at the final sampling time so that the
concentration gradient between the donor and receptor
phases was maintained approximately constant. The lin-
ear relationship between the amount of permeated drug
and time was obtained from 1.6—6 hr in both intact and
tape-stripped skin, and the permesation flux was calcu-
lated using the data in this time range. The result was
0.01 pmol/hr/cm? and 0.22 pmol/hr/cm? for full-thick-
ness and tape-stripped skin, respectively.

Permeation Through Intact and
Delipidized Skin

Figures 3a—3c, respectively, represent the permeation
profile of ketotifen from pH 6, pH 9, and pH 10 donor
through intact (closed square) and delipidized (open dia-
mond) skin. In every profile, linearity was good (r? >
.99) in 540 hr, and the change of the concentration gra-
dient between donor and receptor during that period was
minimal. Therefore, the steady-state permeation flux was
calculated using the data in this time range.

The permeability coefficient was calculated with the
permeation flux thus obtained and the ketotifen concen-
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Figure 2. Comparison of the permeability of KT through in-
tact (closed triangle) and tape-stripped (open circle) skin. Each
data point is the mean = SD of three permeation experiments.
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Figure 3. The permeation profiles through intact (closed
square) or delipidized (open diamond) skin: (a) KTH+, with a
donor pH of 5.4 for intact skin and 6.3 for delipidized skin ver-
sus a pK, of 8.5; (b) the total of KTH+ and KT, with a donor
pH of 9.1 for intact skin and 8.6 for delipidized skin; (c) KT,
with adonor pH of 10.5 for intact skin and 10.3 for delipidized
skin.
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Figure4. pH profilesof the permeability coefficient of ketoti-
fen in aqueous solution across intact (closed triangle) or delipi-
dized (open square) hairless mouse skin. Solid curves represent
regression curves based on Eq. 2.

tration in the donor phase at the end of the experiment.
The result is plotted against donor pH in Fig. 4. The
intrinsic permeability coefficients Pycriinects  Picrintects
Picr+)deips 8Nd Picraeip, Obtained by regression analysis
with these data and Eq. 2, are listed in Table 1. Figure 4
exhibits good agreement between the data and regression
curve in both intact and delipidized skin, implying the
applicability of Eg. 2.

Partition Between Either Intact or
Delipidized Stratum Corneum
and Aqueous Solution

Intact and delipidized SC/water partition coefficient
is plotted against pH of aqueous phase in Fig. 5. Besides
the large variation in the data, sigmoid pH profiles were
displayed in both intact and delipidized SC. Theintrinsic
partition coefficients Kyrn+)intacts Kryintacts K rh--)cetips @

Table 1

Intrinsic Permeability Coefficients (cm/hr) of KTH+ and KT
Across Intact and Delipidized Skin

Intact Skin Delipidized Skin
P(KTH+)mtact P(KT)imacl P(KTH+)de|ip P(KT)denp
11x10°3 15x 10* 10 x 101 18 x 101

(KTH+) or (KT) indicate the permestion species. The inferior terms
intact or delip mean permeation across intact or delipidized skin, re-
spectively.
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Figure5. The partition coefficient of ketotifen between intact
(closed triangles) or delipidized (open squares) stratum cor-
neum and aqueous solution. Solid curves represent regression
curves based on Eq. 2.

K «maeip, Obtained by regression analysis with datain Fig.
5 and Eq. 2 are listed in Table 2.

Diffusion Coefficient of Ketotifen
in Aqueous Solution

Figure 6 shows the permeation profile of KT through
an aqueous layer between two porous membranes. From
110 min after the beginning to the end of this experi-
ment, the linear relationship between time and cumu-
lative amount of permeated drug was attained under an
approximately constant concentration gradient. The con-
centration of ketotifen in the filtrate of donor solution
at the end of the experiment (270 min) was 4.2 = 102
pmol/ml, whereas that in the receptor was 8.8 = 1074
pmol/ml. The steady-state permeation flux obtained from

Table 2
Partition Coefficients of KTH+ and KT

Intact Skin Delipidized Skin
K(KTH+)intact K(KT)intam K(KTH+)de|ip K(KT)ddip
40 523 34 217

Krasyina @Nd Knjina @re the partition coefficients, respec-
tively, of KTH+ and KT between intact SC and agqueous
solution.

Krheip @Nd Knaip e the partition coefficients, respec-
tively, of KTH+ and KT between delipidized stratum cor-
neum and aqueous solution.
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Figure 6. Permeation profile of ketotifen through stationary
aqueous layer (pH 10, 0.5 cm thickness). Open circles and error
bars represent mean values and standard deviations, respec-
tively (n = 3). The solid line represents aregression line calcu-
lated using the data from 110 to 270 min.

the datawas 0.55 = 102 pmol/hr/cm?. Using these data,
the diffusion coefficient of KT in aqueous solution was
caculated as 6.5 = 102 cm?/hr.

DISCUSSION

Rate-Limiting Barrier in the Permeation
Through Full-Thickness Skin

Asshown in Fig. 2, the permeation flux from KT sus-
pension in silicon medical fluid was around 20 times
larger for tape-stripped skin than for full-thickness skin.
This suggests that more than 95% of the total resistance
for KT resides in the SC layer. Since tape-stripped skin
consists of highly hydrated viable tissues, it is presumed
that the permeability of KTH+, more hydrophilic species
than KT, through tape-stripped skin is equivalent to or
larger than that of KT. In addition, it is presumed that
the permeability coefficient of KTH+ through SC is
equivalent to or less than that of KT. Hence, the perme-
ability measurement through the full-thickness skin
should approximately give the permeability coefficient
through SC for not only KT, but also for KTH+.

Strictly speaking, the permeability of aboundary layer
should be assessed by in vitro permeation experiments.
Assuming a boundary layer thickness of 300 um for the
diffusion cell utilized (22), a permeability coefficient for
aqueous boundary layer—controlled transport is calcu-
lated to be 2.2 cm/hr using the diffusion coefficient of
6.5 = 102 cm?hr for KT. The value is 10 times larger
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than the permeability coefficient shown in Table 1. Thus,
it is confirmed that the permeation process in our experi-
ment was not boundary-layer controlled.

Permeation and Uptake in the Lipid
and Proteinaceous Phase

In the case of KTH+, the permeability coefficient
through delipidized skin Pyry-)wip Was 100 times larger
than that through intact skin Py (Table 1). This
result is consistent with the existing knowledge that the
lipid phasein SC functions as a barrier against the hydro-
philic compound.

In contrast, the permeability coefficient of KT through
delipidized skin Prip Was comparable to that through
intact skin Pyyma (Table 1), which suggests that the per-
meability of KT through the lipid phaseis as high as that
through the aqueous phase of delipidized SC. This find-
ing appears contradictory to the existing knowledge (23)
that the dense packing of lipid molecules inhibits the dif-
fusion of penetrant and keeps the diffusivity in the lipid
phase lower than that in the agueous phase. The partition
coefficient of KT inintact SC K kinta 1S 300 times larger
than that in delipidized SC K kmeip (Table 2). Uptake of
KT in the lipid phase is then suggested to be a few hun-
dred times larger than that in the aqueous phase. It is
then presumed that such high uptake overcomes the low
diffusivity in the lipid phase.

To evaluate the barrier function of the proteinaceous
phase, the permeability coefficient of KT through delipi-
dized SC was compared with that through a homoge-
neous aqueous layer, which has the same thickness as
SC, approximately 10 um (18,21). As the diffusion coef-
ficient of KT in ahomogeneous aqueous phase was found
to be 6.4 = 1072 cm?/hr, the permeability coefficient of
KT through the aqueous layer was estimated as 64 cm/
hr, which is much greater (34 times) than that through
delipidized SC. If the permeability of KT through the
proteinaceous phase is equivalent to that through the
aqueous phase, KT can be assumed to pass through both
the proteinaceous phase and the agueous phase consecu-
tively asif permeating in ahomogeneous phase, and then
the permeability coefficient of KT through delipidized
SC should be equivalent to that through a homogeneous
aqueous layer. Therefore, lower permeability through de-
lipidized SC compared to that through the agueous layer
suggests that the permeability of KT in the proteinaceous
phaseis much lower than that in the aqueous phase. Since
the permeability of KT in the agueous phase is similar
to that in the lipid phase, as discussed above, it can be
presumed that the permesability of KT in the protein-
aceous phase is much lower than that in the lipid phase.
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It is then concluded that the main permeation pathway
of KT through intact SC resides in the lipid phase, and
that the proteinaceous phase functions as a barrier that
inhibits the permeation of KT.

On the other hand, the partition data 523 as Kyt
and 217 as K krqaip SUggest that KT is highly taken up in
both lipid and proteinaceous phases from agueous solu-
tion. Asdiscussed before, it isexpected that a high uptake
of KT in the lipid phase results in a positive effect for
skin permeability. However, high uptake of KT in the
protei naceous phase seems meaningless because the per-
meability of KT through the proteinaceous phase is very
low. Thus, the proteinaceous phase does behave as a de-
pot in which KT istrapped before it permeates across the
skin.

In the past few decades, many studies have been con-
ducted concerning whether the drug predominantly per-
meates through the lipid phase or the proteinaceous
phase. Michael, Chandrasekaran, and Shaw (7) con-
ducted a mathematical analysis using an ordered-brick
model and concluded that the diffusion coefficient of a
drug is generally 500 times greater in the proteinaceous
phase than in the lipid phase regardiess of the type of
drug. In contrast, Elias and Friend (24) pointed out the
possibility that Michael et al. might have underestimated
the diffusion coefficient of drugsin the lipid phase by an
incorrect estimation of the volume fraction of the lipid
phase in the SC. In addition, Barry (25) commented in
hisreview that the case of lipid-phase-mediated drug per-
meation had been reported more frequently than the case
of proteinaceous-phase-mediated drug permeation. Our
study evidently revealed that ketotifen is also a typical
drug that permeates predominantly through the lipid
pathway.

The delipidized SC/water partition coefficient of KT
K kmeip WaS written as

217 (mmol/cm? SC)/(mmol/cm?® aqueous phase) =
360 (mmol/g SC)/(mmol/g aqueous phase)

using the density of SC as 0.6 g/cm? (our data). On the
other hand, Raykar et al. (15) found alinear relationship
between Kgip and its 109 Pocanoiwaer fOr @ series of hydro-
cortisone with 10g Pogaamae fanging from 0.5to0 5. 5. In
addition, Surber et a. (26) reported the Ky, Of testoster-
one and progesterone, which have 10g Pocangiwaer Cl0SE tO
that of KT, as10g Poanmwae OF tEStOSterone, progesterone,
and KT are 3.3, 3.9, and 3.7, respectively. The K jeoserone)
delip 8N K progesteroneyaeiip F€POrted are 74 and 214 (mmol/g of
SC)/(mmol/g of agueous phase), respectively. Therefore,
according to the relationship, Knqeip iS predicted to be
167 (mmol/g of SC)/(mmol/g of agueous phase). The
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observed K kmeip Of 360 is more than two times larger
than the predicted value. This suggests that KT has an
extraordinarily strong affinity to the proteinaceous phase
considering its 10g Poanolwaer, Probably due to an interac-
tion between the KT molecule and keratin protein.

Designing a Transdermal Formulation
of Ketotifen

Based on the above discussion about the permeation
pathway and the barrier function of SC, a transdermal
formulation of ketotifen was designed as follows. Ketoti-
fen can be formulated as KTH+ and/or KT. In the case
of an enhancer-freeformulation, KT should be used since
KT has greater skin permeability than KTH+ when ap-
plied to intact skin. On the other hand, if an enhancer is
formulated, the type of enhancer would govern the appro-
priate drug species. KTH+ should be used in the case of
an enhancer that increases the area of aqueous pores in
SC by extracting lipid from SC, as in delipidization. In
contrast, KT should be chosen when an enhancer in-
creases the permeability in the lipid phase by increasing
the solubility of drug in the lipid phase or by increasing
the fluidity of the lipid molecules.
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