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bstract

In the present study, in vitro rat skin permeation of 22-oxacalcitriol (OCT) from ointments having differing compositions was determined and
iscussed based on a diffusion model. Diffusion coefficients of OCT in two ointments, one containing 3% (w/w) medium chain triglyceride (MCT)
3MO) and the other 30% (w/w) MCT (30MO), were determined using a modified membraneless method resulting in values of 0.89 × 10−4 and
.87 × 10−4 cm2/h, respectively. At 24 h after application with 3MO, 7% of the applied OCT dose permeated through full-thickness skin and 22%
emained in the ointment, whereas with 30MO, 2% of the applied dose permeated through full-thickness skin and 65% remained in the ointment.
he diffusion coefficient of OCT in 3MO was lower than 30MO but the cumulative amount of OCT permeated was higher. From analysis of skin

ermeation of OCT based on a diffusion model considering diffusivity in an ointment, the partition coefficient of OCT from the ointment to stratum
orneum (KSC/V) was calculated to be five-fold higher with 3MO than with 30MO. Our simulation study based on a diffusion model suggests that
he diffusion coefficients of OCT in both ointments were high enough to have no affect on the skin permeation of OCT in the present case and that
he difference in the skin permeations of the ointments was mainly caused by a difference in KSC/V.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In the development of a drug for topical use, the formu-
ation must be carefully designed to achieve good therapeutic
fficacy. Investigators have evaluated the relationship between
kin permeation of drugs and topical formulations such as gels,
reams, and ointments. The in vivo skin stripping method (Shah
t al., 1998; Weigmann et al., 1999; Pershing et al., 2002) and
n vitro skin permeation experiments are useful for comparing
he percutaneous absorption kinetics of different formulations.
ermeation parameters such as diffusivity in a formulation and
artitioning from formulation to skin are easily altered by the

omposition of the formulation (Dı́ez-Sales et al., 2005).

Thus, partitioning from a formulation to skin and the dif-
usion coefficient in the formulation of a drug are important

∗ Corresponding author. Tel.: +81 550 87 6708; fax: +81 550 87 5397.
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actors that affect the percutaneous absorption kinetics of a drug.
hese parameters have been determined separately in various
xperiments. Partitioning from a formulation to skin has been
stimated by measuring the tissue distribution of a drug (Cross
t al., 2003; He et al., 2003; Thomas et al., 2004). The diffusion
oefficient in a formulation has been determined from in vitro
elease studies (Higuchi, 1961; Higuchi, 1962; Chen-Chow and
rank, 1981; Upadrashta et al., 1993; Lu and Jun, 1998). The
ombined efficacy of these parameters on the skin permeation of
drug is complicated but analysis based on a diffusion model is

hought to be useful in clarifying the efficacy of the parameters
n skin permeation resulting from alteration of the formulation
omposition.

Several diffusion models have been developed to analyze
kin permeation of a drug (Okamoto et al., 1989; Sugibayashi

t al., 1996; Bando et al., 1996; Boderke et al., 2000; Kasting,
001; Yamaguchi et al., 2006) in which “a well-stirred finite-
ose condition” or “an infinite-dose condition” in a vehicle
ere assumed; however, diffusivity in a vehicle has not been

mailto:yamaguchikuj@chugai-pharm.co.jp
dx.doi.org/10.1016/j.ijpharm.2006.12.017
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3 ml of n-hexane. To the n-hexane solution, 3 ml of acetonitrile
and 50 �l of 40 �g/ml p-hydroxybenzoic acid as the internal
standard were added and mixed. The acetonitrile phase was col-
lected and evaporated under a nitrogen stream. The extract was
K. Yamaguchi et al. / International Jou

onsidered. Guy and Hadgraft (1980) simulated the effect of
iffusion in formulation on the skin permeation of a drug based
n a mathematical model in their theoretical study. However,
ittle is known about the relationship between diffusivity
n a formulation and skin permeation in a practical study
ecause, in almost all of the cases, skin permeation of the drug
as been analyzed assuming a well-stirred condition in the
ormulation.

The aim of this study is to evaluate skin permeation of
2-oxacalcitriol (OCT) using two ointments of differing com-
osition and discuss the variance of the skin permeation profiles
f the ointments based on a diffusion model. OCT is a vita-
in D3 analogue (Abe et al., 1987) and the active ingredient of
xarol®, an ointment used externally in the treatment of psori-

sis (Barker et al., 1999). We previously reported on the in vitro
at skin permeation of OCT and the development of an analy-
is method based on a diffusion model including a metabolic
rocess to estimate skin permeation parameters of OCT, which
onverts to several metabolites in skin (Yamaguchi et al., 2006).
n the present study, an in vitro diffusion study and an in vitro
at skin permeation study of OCT were carried out using two
intments having differing solubilizer content, and the diffu-
ion coefficients in the ointments and skin permeability were
ompared. Improving upon our previous diffusion model, we
eveloped a two- or three-layer diffusion model including diffu-
ivity in a vehicle to analyze the skin permeation of OCT applied
s an ointment in which drugs would diffuse. Using the diffu-
ion model, skin permeation parameters of OCT were estimated
nd two ointments were compared. Moreover, the effect of dif-
usivity in a formulation on the skin permeation of OCT was
umerically evaluated.

. Materials and methods

.1. Materials
OCT (Fig. 1) was synthesized by Chugai Pharmaceutical
o. (Tokyo, Japan). Medium chain triglyceride (MCT) was pur-
hased from the Nisshin OilliO Group Co. Ltd. (Tokyo, Japan).

hite petrolatum was purchased from Kozakai Pharmaceutical

Fig. 1. Chemical structure of OCT.
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o. Ltd. (Tokyo, Japan). Fetal bovine serum was purchased from
P Biomedicals (Irvine, CA, USA).

.2. Ointment preparation

Two types of OCT ointment were prepared by the same
ethod as previously reported (Yamaguchi et al., 2006): one

ontaining 3% (w/w) MCT (3MO) and the other containing 30%
w/w) MCT (30MO). The concentration of OCT in both oint-
ents was set at 0.005% (w/w). 3MO was prepared using the

ollowing procedure. To 180 mg of MCT in a tube was added
00 �g of OCT as an ethanol solution, and the ethanol was evap-
rated under a nitrogen stream. To the MCT solution containing
CT, 5820 mg of white petrolatum was added. The tube was
eated to 60 ◦C to melt the petrolatum and then the contents were
ixed. When preparing 30MO, 1800 mg of MCT and 4200 mg

f petrolatum were used and the same procedure was applied.
lank ointments, which had the same contents except without
CT, were also prepared. The ointments were stored at room

emperature under shaded condition before use.

.3. Diffusion study of OCT in ointments

Diffusion coefficients of OCT in the ointments were mea-
ured using a modified membraneless method with syringes
Lu and Jun, 1998). Fig. 2a shows the schematic illustration
f this method. Blank and OCT ointments in separate syringes
ach with an inner area of 0.18 cm2 were joined end to end
ith the ointments in contact at room temperature under shaded

ight. The syringes were separated after 5 days and the oint-
ents were ejected from the syringes, cut into blocks, and

equentially labeled. Each block was weighed and dissolved in
ig. 2. Schematic representation of the modified membraneless method to deter-
ine diffusivity of a drug in ointment. Illustration of modified membraneless
ethod (a). After incubation, the ointment from each syringe was ejected and

ut into several blocks (b). The drug concentrations in the blocks were measured
o obtain the concentration gradients.
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issolved in 250 �l of n-hexane/ethanol (85:15, v/v) to obtain
amples for HPLC analysis and the amount of OCT in each sam-
le was quantified. The HPLC apparatus consisted of a pump
LC-10ADVP; Shimadzu Co., Kyoto, Japan), a UV detector
SPD-10AVP; Shimadzu Co.), and an analytical column (TSK-
el OH-120, 4.6 mm × 250 mm; TOSOH Co., Tokyo, Japan).
he mobile phase was n-hexane/ethanol (85:15, v/v) at a flow

ate of 1 ml/min. The wavelength of the UV detector was set at
65 nm. The HPLC samples were injected at a volume of 50 �l.

.4. In vitro rat skin permeation experiment

The care of the rats and the present protocols complied
ith the “General Consideration for Animal Experiments”

nd was approved by the Ethics Committee for Treatment
f Laboratory Animals at Chugai Pharmaceuticals. Male rats
Sprague–Dawley strain, 7–8 weeks old; Japan SLC Inc., Hama-
atsu, Japan) were used for the experiments. The rats were

acrificed under ether anesthesia, the dorsal region of the rat skin
as carefully shaved and excised, and subcutaneous tissue was

emoved with scissors. To prepare the stripped skin, tape strip-
ing was done 10 times before being excised. A polypropylene
ing (inner depth: 1.6 cm, inner area: 2.0 cm2) was glued to the
pidermal side of the excised skin with cyanoacrylate adhesive.

NetwellTM six-well plates (diameter: 24 mm, mesh size:
00 �m; Corning, MA, USA) were used for the skin permeation
xperiments (van de Sandt et al., 2000). Each well was filled
ith 2.0 ml of phosphate buffered saline (pH 7.4) containing
0% (v/v) fetal bovine serum as the receptor fluid. The excised
at skin was set dermis-side down on a NetwellTM inserter in
ontact with the receptor fluid and placed in a CO2 incubator at
7 ◦C. After 30 min of incubation, 15 mg (volume: 0.018 cm3)
f OCT ointment was applied to 2.0 cm2 of skin surface. At 1,
, 7, or 24 h after application, the ointment was wiped off with
otton, and the receptor fluid and the skin were collected. For
he skin permeation experiments that continued for 24 h, recep-
or fluid was sampled at a volume of 1.0 ml at 2, 4, 6, 8, 20,
nd 24 h after application and 1.0 ml of fresh receptor fluid was
dded after each sampling.

.5. Measurement of OCT in permeation experiment
amples

OCT amounts in ointment, skin, and receptor fluid were
etermined by the same method as we previously reported
Yamaguchi et al., 2006). To the ointment sample, 15 ml of
-hexane was added, mixed, and extracted with 15 ml of ace-
onitrile. The acetonitrile layer was evaporated under a nitrogen
tream. The extract was dissolved in 250 �l of n-hexane/iso-
ropanol/methanol (135:8:2, v/v/v) to obtain samples for HPLC
nalysis. The HPLC apparatus consisted of a pump (LC-
0ADVP), a UV detector (SPD-10AVP), and an analytical
olumn (YMC-Pack SIL A-004, 4.6 mm × 300 mm; YMC Co.

td., Kyoto, Japan). The mobile phase was n-hexane/iso-
ropanol/methanol (135:8:2, v/v/v) at a flow rate of 2.0 ml/min.
he wavelength of the UV detector was set at 265 nm. The HPLC
amples were injected at a volume of 50 �l.

m
i
i
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To the skin sample, 70 ml of 70% (v/v) methanol was added
nd then homogenized. The supernatant of the homogenate
as recovered, the extraction procedure was done once again,

nd the total volume of the skin extract was measured. As
n internal standard, 20 �l of 500 ng/ml calcitriol was added
o part of the skin extract and evaporated under a nitrogen
tream; 0.5 ml of water and 2 ml of diethyl ether were added
o the residue and the sample was mixed. The organic phase
as evaporated under a nitrogen stream. The extract was dis-

olved in 50 �l of methanol/10 mM ammonium acetate (85:15,
/v) to obtain a LC–MS/MS sample in order to measure drug
oncentration. The LC–MS/MS analysis was carried out by
oupling an HP1090 liquid chromatograph system (Hewlett
ackard, Palo Alto, CA, USA) to an API300 mass spectrome-

er (Applied Biosystems/MDS SCIEX, Concord, Ont., Canada).
CAPCELL Pack C18 column (UG120, 2.0 mm × 150 mm;

hiseido Co. Ltd., Tokyo, Japan) was used as the analytical
olumn. The mobile phase was methanol/10 mM ammonium
cetate (85:15, v/v) at a flow rate of 0.2 ml/min. The HPLC
luent was introduced into the source using a TurboIonSpray®

nterface and the mass spectrometer was operated in the pos-
tive ion mode. Selected ions were m/z 297.3 (daughter ion
f 436.3) for OCT and m/z 363.3 (daughter ion of 434.3) for
alcitriol.

To the receptor fluid sample were added a three- to four-fold
olume of diethyl ether and 20 �l of 500 ng/ml calcitriol as an
nternal standard. After mixing the sample, the ether phase was
ollected and evaporated, and the extract was dissolved in 50 �l
f methanol/10 mM ammonium acetate (85:15, v/v) to obtain
amples for LC–MS/MS analysis. The OCT concentration in
he receptor fluid was measured using the same LC–MS/MS
ystem as described above.

.6. Analysis of in vitro diffusion study

In this study, the drug concentration in ointment is expressed
s the following dimensionless equation:

∂C′(y, t)

∂t
= D′

V
∂2C′(y, t)

∂y2

here y is equal to x/Ltotal and C′(y,t) is equal to C(x, t)Ltotal.
(x, t) is the drug concentration (�g/cm3) at position x at

ime t after jointing syringes and Ltotal is the sum of length
cm) of the drug ointment (Ldrug) and the blank ointment
Lblank). The initial conditions of the OCT ointment and the
lank ointment are C(x,0) = C0 (0 ≤ x ≤ Ldrug) and C(x,0) = 0
Ldrug < x ≤ Ldrug + Lblank), respectively, where C0 is the initial
rug concentration in ointment. D′

V is equal to DV/L2
total and DV

s the diffusion coefficient (cm2/h) in the ointment. The partial
ifferential equation is transformed to a time-dependent ordi-
ary differential equation by the method of lines, solved by the
mplicit EULER rule.
As shown in Fig. 2b, the OCT ointment and the blank oint-
ent lie to the left and right side, respectively, and the ointment

s divided into several blocks. The amount of OCT (Qi(t)) in the
th ointment block from the left side at time t is expressed as the
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ig. 3. Schematic representation of a diffusion model for skin permeation of
drug through stripped skin (two-layer diffusion model) (a) and full-thickness

kin (three-layer diffusion model) (b).

ollowing equation:

Qi(t) = area
∫ b

a

C′(y, t) dy, a =
i−1∑
k=1

(
Lk

Ltotal

)
,

b =
i∑

k=1

(
Lk

Ltotal

)
(a = 0 when i = 1)

here Li is the length of the ith ointment block from the left side
Fig. 2b) and area is the inner area of the syringe.

Each Qi(t) was fitted to the corresponding observed data by a
onlinear least squares regression program MULTI (Yamaoka et
l., 1981), and D′

V (=DV/L2
total) was calculated and transformed

o DV.

.7. Analysis of skin permeation of OCT based on a
iffusion model including diffusivity in vehicle

.7.1. Model for stripped skin (two-layer diffusion model)
Fig. 3 shows a schematic representation of the diffusion

odel expressing skin permeation of a drug. Assuming that: (1)
he behavior of a drug in vehicle and viable epidermis and dermis
VED) obey Fick’s law of diffusion, (2) the drug is metabolized
n VED at a rate of first order kinetics, and (3) sink condi-
ion in the receptor fluid, the following dimensionless partial
ifferential equations are derived for the stripped skin model.

∂C′
V(y, t)

∂t
= D′

V
∂2C′

V(y, t)

∂y2 , (0 < y < 1);
∂C′
VED(y, t)

∂t
= D′

VED
∂2C′

VED(y, t)

∂y2 − kmsC
′
VED(y, t),

(1 < y < 2)
f Pharmaceutics 336 (2007) 310–318 313

The initial and boundary conditions are expressed as the
ollowing equations:

At t = 0

C′
V(y, t) = CV0LV, (0 ≤ y ≤ 1);

C′
VED(y, t) = 0, (1 < y ≤ 2)

At t > 0

D′
V

∂C′
V(y, t)

∂y
= D′

VED
∂C′

VED(y, t)

∂y
,

K′
VED/VC′

V(y, t) = C′
VED(y, t), (y = 1);

C′
VED(y, t) = 0, (y = 2)

here y is equal to x/LV (0 ≤ x ≤ LV) and x/LVED
LV < x ≤ LV + LVED).C′

V(y, t) andC′
VED(y, t) are equal to CV(x,

)LV and CVED(x, t)LVED, respectively. CV (x, t) and CVED (x, t)
re drug concentrations in the vehicle and VED, respectively, at
osition x at time t after application. CV0 is the initial drug con-
entration in the vehicle. LV and LVED are the thickness of the
ehicle and VED, respectively. D′

VED is equal to DVED/L2
VED,

here DVED is the diffusion constant in VED. K′
VED/V is equal to

VED/VLVED/LV, where KVED/V is the partition coefficient at the
nterface of the VED/vehicle. kms is the metabolic elimination
onstant in VED. The partial differential equations described
bove are transformed to time-dependent ordinary differential
quations by the method of lines, solved by the implicit EULER
ule.

The amount of drug in the ointment (QV(t)), in skin (QS(t)),
nd in the receptor fluid (QR(t)) at time t is calculated by the
ollowing equations:

V(t) = area
∫ 1

0
C′

V(y, t) dy (1)

S(t) = area
∫ 2

1
C′

VED(y, t) dy (2)

R(t) = −D′
VEDarea

∫ t

0

∂C′
VED(y, t)

∂y
dt|y=2 (3)

here area is the effective diffusion area.

.7.2. Model for full-thickness skin (three-layer diffusion
odel)
In the full-thickness skin model, stratum corneum (SC) is

dded to the stripped skin model as a diffusion layer having no
etabolic activity. The following dimensionless partial differ-

ntial equations are derived.

∂C′
V(y, t) ′ ∂2C′

V(y, t)
∂t
= DV ∂y2 (0 < y < 1);

∂C′
SC(y, t)

∂t
= D′

SC
∂2C′

SC(y, t)

∂y2 , (1 < y < 2);
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∂C′
VED(y, t)

∂t
= D′

VED
∂2C′

VED(y, t)

∂y2 − kmsC
′
VED(y, t),

(2 < y < 3)

The initial and boundary conditions are expressed as the
ollowing equations:

At t = 0

C′
V(y, t) = CV0LV, (0 ≤ y ≤ 1);

C′
SC(y, t) = 0, (1 < y ≤ 2);

C′
VED(y, t) = 0, (2 < y ≤ 3)

At t > 0

D′
V

∂C′
V(y, t)

∂y
= D′

SC
∂C′

SC(y, t)

∂y
, K′

SC/VC′
V(y, t) = C′

SC(y, t),

(y = 1); D′
SC

∂C′
SC(y, t)

∂y
= D′

VED
∂C′

VED(y, t)

∂y
,

K′
VED/SCC′

SC(y, t) = C′
VED(y, t), (y = 2);

C′
VED(y, t) = 0, (y = 3)

here y is equal to x/LV (0 ≤ x ≤ LV), x/LSC (LV < x ≤ LV + LSC)
nd x/LVED (LV + LSC < x ≤ LV + LSC + LVED). C′

SC(y, t) is equal
o CSC(x, t)LSC. CSC(x, t) is the drug concentration at position x
t time t, and LSC is the length of SC. D′

SC is equal to DSC/L2
SC,

here DSC is the diffusion constant in SC. K′
SC/V and K′

VED/SC
re equal to KSC/VLSC/LV and KVED/SCLVED/LSC, respectively.
SC/V and KVED/SC are the partition coefficients at the interface
f SC/vehicle and VED/SC, respectively. The partial differential
quations described above are transformed to time-dependent
rdinary differential equations by the method of lines, solved by
he implicit EULER rule.

The amount of drug in the ointment (QV(t)), in skin (QS(t)),
nd in receptor fluid (QR(t)) at time t are calculated using the
ollowing equations:

V(t) = area
∫ 1

0
C′

V(y, t) dy (4)

S(t) = area
∫ 2

1
C′

SC(y, t) dy + area
∫ 3

2
C′

VED(y, t) dy (5)

R(t) = −D′
VED area

∫ t

0

∂C′
VED(y, t)

∂y
dt|y=3 (6)

.7.3. Data analysis
Drug amount in donor (QV) was obtained by HPLC analysis.

rug amount in skin (QS) was calculated by the following equa-
ion: QS = (drug concentration in skin extract) × (Skin extract
olume). Cumulative drug amount permeated into the receptor

uid (QR) was calculated by the following equation:

R = CiV +
i−1∑
k=1

Ckv (QR = CiV when i = 1)

3
1
o
w

f Pharmaceutics 336 (2007) 310–318

here i is the sampling number, and Ci is the drug concentration
n receptor fluid at the ith sampling time. v and V are the sampling
olume and total volume of receptor fluid, respectively.

Mean values of QV, QS and QR of three experiments at each
ampling time were calculated. First, the permeation profiles of
CT through stripped skin were fitted to Eqs. (1)–(3) using
ULTI (Yamaoka et al., 1981). As a result, the parameters

i.e., K′
VED/V, D′

VED and kms) were calculated. Next, the per-
eation profiles of OCT through full-thickness skin were fitted

o Eqs. (4)–(6) using the D′
VED value obtained from stripped

kin analysis. As a result, the parameters (i.e., K′
SC/V, K′

VED/SC
= K′

VED/V/K′
SC/V) and D′

SC) were calculated, and kms was
ecalculated. Because the surface of stripped skin was con-
idered to be damaged and the metabolic activity might have
hanged, the recalculated kms value was adopted as the actual
etabolic rate constant. In the case of analyzing the skin per-
eation of OCT through full-thickness skin after application

f 30MO, QV and QR were fitted to Eqs. (4) and (6), respec-
ively, using parameters (K′

VED/SC, D′
VED, and kms) obtained

rom the skin permeation analysis of OCT with 3MO. From
he results, the parameters (D′

SC and K′
SC/V) with 30MO were

alculated.
The parameters D′

SC, D′
VED, K′

VED/V, K′
SC/V, and K′

VED/SC
ere transformed to DSC, DVED, KVED/V, KSC/V, and KVED/SC,

espectively, assuming LSC: 0.001 cm, LVED: 0.1 cm, and LV
ointment volume/application area): 0.009 cm. The permeability
oefficients through SC (PSC) and VED (Pstrip) were calculated
sing the following equations:

SC = KSC/VDSC

LSC
, Pstrip = KVED/VDVED

LVED
.

.8. Simulation study to evaluate the effect of diffusivity in
intment on skin permeation

Using the skin permeation parameters of OCT obtained from
he skin permeation experiment with 3MO and assuming sev-
ral diffusion coefficients in ointment, the effect of diffusivity
n ointment on the skin permeation of OCT was simulated. The
umulative amount and residual drug amount in ointment were
alculated based on a two- or three-layer diffusion model consid-
ring diffusivity in ointment using diffusion coefficients in the
ange of 1 × 10−5 to 1 × 106 cm2/h. In all simulations, the exper-
mental conditions of the in vitro skin permeation experiment
f OCT were used (application area: 2 cm2, ointment volume:
.018 cm3).

. Results and discussion

.1. Diffusion study of OCT in ointments

Fig. 4 shows the diffusion coefficients of OCT in the two
intments. The diffusion coefficients of OCT in 3MO and

0MO were 0.89 (±0.07) × 10−4 cm2/h and 1.87 (±0.11) ×
0−4 cm2/h, respectively. An increase of MCT content in the
intment caused an increase in the diffusion coefficient of OCT,
hich was significantly different (p < 0.01, unpaired Student’s
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Fig. 4. Diffusion coefficients of OCT in two ointments. Diffusion coefficients
were determined by a modified membraneless method under room tempera-
ture (n = 3). Error bars show S.D. 3MO: OCT ointment containing 3% (w/w)
MCT, 30MO: OCT ointment containing 30% (w/w) MCT. **p < 0.01 (unpaired
Student’s t-test).
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Fig. 5. In vitro rat skin permeation profiles of OCT after application of 3MO and 30M
(a), cumulative amount permeated (b), and amount in skin (c). Application of 3MO
amount permeated (e), and amount in skin (f). Application of 30MO to full-thickness
(h), and amount in skin (i). Open circles: the mean values of observed data; error b
model.
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-test) between the two ointments. High diffusivity in 30MO
ight be due to the high fluidity of the ointment.

.2. In vitro rat skin permeation study

Fig. 5 shows the in vitro rat skin permeation profile of OCT.
n the case of 3MO, 7% of the applied OCT dose permeated
hrough full-thickness skin by 24 h after application and 22%
emained in the ointment. Using stripped skin, more rapid OCT
bsorption was observed: 31% of the applied dose permeated
hrough skin by 24 h after application, and only 7% remained
n the ointment at 7 h after application. In the case of 30MO,
% of the applied dose permeated through full-thickness skin
y 24 h after application and 65% remained in the ointment. An
ncrease of MCT content in the ointment caused a decrease of
CT absorption. Although it was expected that high diffusivity

n the ointment would cause an increase in skin permeation, the

umulative amount of OCT permeated was higher with 3MO
han with 30MO, contrary to our expectations.

The total unchanged OCT in the experimental system (oint-
ent, skin, and cumulative permeated) 24 h after application of

O. Application of 3MO to stripped skin: amount of OCT remaining in ointment
to full-thickness skin: amount of OCT remaining in ointment (d), cumulative
skin: amount of OCT remaining in ointment (g), cumulative amount permeated
ars: S.D. of observed data; solid lines: simulation curves based on a diffusion
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MO to full-thickness skin and stripped skin were 45% and 37%
f the applied dose, respectively. We previously reported that
lmost all of the radioactivity was recovered from the in vitro
at skin permeation experimental system when [3H]OCT was
pplied and that OCT was converted to several metabolites in
at skin (Yamaguchi et al., 2006). These results suggest that the
ecrease in total unchanged OCT from the experimental system
as mainly caused by continual metabolic elimination in skin,
ot by low recoveries.

.3. Analysis of skin permeation of OCT based on a
iffusion model

We previously reported that OCT was highly metabolized in
at skin. The skin permeation of OCT was successfully analyzed
ased on a diffusion model considering metabolic processes,
ssuming that the time dependent decrease of unchanged OCT
as mainly caused by metabolic elimination in skin and a well-

tirred condition in the ointment (Yamaguchi et al., 2006). In this
tudy, we improved our previous diffusion model and developed
two- or three-layer diffusion model considering diffusivity in
ehicle in order to analyze the effect of formulation on skin
ermeation parameters such as diffusivity in a formulation, dif-
usivity in skin, and partitioning.

Simulation curves obtained by the diffusion model had good
orrelation with corresponding observed data (Fig. 5), sug-
esting the diffusion models were suitable to express the skin
ermeation profile of OCT. The observed skin permeation pro-
les of OCT were correlated with the corresponding simulated
ata which were calculated by a diffusion model assuming
he first-order kinetics metabolism in skin. This suggests that
he metabolic activity in skin was approximated to the first-
rder kinetics and that the OCT metabolism was not saturated.
lthough the OCT amount in skin was not determined in the

xperiment using 30MO, the OCT amount in skin with 30MO
ust be lower than that with 3MO as shown in Fig. 5 (i) as fol-

ows: (1) the decrease of OCT from ointment with 30MO was
lower than that with 3MO, and (2) the cumulative OCT per-
eated through the skin with 30MO was lower than that with

MO.
Table 1 summarizes the permeation parameters of OCT cal-

ulated by the curve-fitting procedure. The metabolic activity
n stripped skin (kms,st: 1.09 × 10−1 h−1) was 0.3-fold of that

n full-thickness skin (kms: 3.41 × 10−1 h−1), suggesting that
he metabolic activity in stripped skin decreased due to the dam-
ge caused by tape-stripping. The diffusion constant, DVED, was
.04 × 10−4 cm2/h. The diffusion constants, DSC, with 3MO and

h
0
w
m

able 1
n vitro rat skin permeation parameters of OCT estimated by a diffusion model consi

intment Parameters

KVED/V

(×10−1)
KSC/V KVED/SC

(×10−2)
DSC

(×10−8 cm2/h)
DVED

(×10−

MO 6.04 (0.93) 11.6 (1.2) 5.23 (0.97) 7.45 (0.93) 4.04 (
0MO – 2.37 (0.57) 5.23 (0.97) 6.92 (2.00) 4.04 (

alues in parenthesis are S.D. for estimated parameters; –: not determined.
f Pharmaceutics 336 (2007) 310–318

0MO were 7.45 × 10−8 cm2/h and 6.92 × 10−8 cm2/h, respec-
ively. The DSC values differed little between 3MO and 30MO.
onsidering the standard deviations of the estimated param-
ters (Table 1), no significant difference was found in DSC
etween formulations. The partition coefficient KVED/SC was
.23 × 10−2, indicating SC has higher affinity to OCT than VED.
he KSC/V value of OCT with 3MO was 1.16 × 101 and five-fold
igher than 30MO, suggesting that the difference in partitioning
o SC caused the difference in the skin permeation rate. Ceschel
t al. (2002) reported that partition coefficients of ketoprofen to
kin were inversely proportional to their solubility in vehicles.
t was considered that the low solubilizer concentration caused
ow solubility of OCT in the ointment and high partitioning to
C because MCT is a solubilizer of OCT. It is not clear whether
CT changed the OCT solubility in SC. However, the rate of

hange of OCT solubility caused by MCT must be smaller in
C than the ointment because an increase of MCT in the oint-
ent caused a decrease of OCT partitioning to SC. If the rate

f change of OCT solubility in SC was the same as that in the
intment, the partitioning to SC would not be affected by the
CT content in the ointment.
In this study, it was assumed that no change was observed

n the permeation parameters (kms, KVED/SC, and DVED) which
ere related to the drug transport in the layer below SC, and these
arameters were obtained from the analysis of the experiments
sing 3MO. Although KSC/V and DSC values were obtained from
he analysis of full-thickness skin experiments with 3MO and
0MO, only the KSC/V value was changed between 3MO and
0MO, i.e., the difference in the full-thickness skin permeation
rofiles between formulations could be explained by the dif-
erence in KSC/V. This result suggests that the assumption was
orrect and that MCT affected only the interface of skin sur-
ace/vehicle (KSC/V) but not the transport in both the inner SC
DSC) and the lower layer (KVED/SC, DVED, and kms).

The permeability coefficients PSC were 8.62 × 10−4 cm/h
ith 3MO and 1.77 × 10−4 cm/h with 30MO. Pstrip was
.44 × 10−3 cm/h with 3MO. The permeation resistances in SC
1/PSC) and VED (1/Pstrip) with 3MO were 1161 and 409 h/cm,
espectively, 1/Pstrip was 0.35-fold of 1/PSC. This suggests that
C is the main permeation barrier for OCT and VED also
ehaves as a permeation barrier (Yamaguchi et al., 2006). In
his study, the ointment (0.018 cm3) was applied to a 2-cm2 sur-
ace area of skin. The ointment was applied to the skin surface

orizontally, the ointment thickness (LV) was calculated to be
.009 cm, and the permeability coefficient in ointment (DV/LV)
as calculated to be 9.89 × 10−3 cm/h with 3MO. The per-
eability coefficient of OCT through full-thickness skin, Pfull

dering diffusivity in a vehicle

4 cm2/h)
kms

(×10−1 h−1)
kms,st (h−1)
(×10−1 h−1)

PSC

(×10−4 cm/h)
Pstrip

(×10−3 cm/h)

0.35) 3.41 (0.46) 1.09 (0.17) 8.62 2.44
0.35) 3.41 (0.46) – 1.77 –
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Fig. 6. Simulated permeation profiles of OCT at 24 h after application assum-
ing various diffusion coefficients in ointment: simulation of cumulative amount
p
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ermeated (a), simulation of amount remaining in ointment (b). Solid lines:
tripped skin, dotted lines: full-thickness skin, closed circles: simulated value
sing intact diffusion coefficient of OCT in 3MO.

Ghanem et al., 1992), was calculated by the following equation:

1

Pfull
= 1

PSC
+ 1

Pstrip

In the case of 3MO, Pfull and Pstrip were 6.37 × 10−4 and
.44 × 10−3 cm/h, respectively. DV/LV was 16-fold higher than
full and four-fold higher than Pstrip, indicating that the per-
eability of OCT through ointment was higher than through

ull-thickness or stripped skin.

.4. Effect of diffusion coefficient in ointment on OCT
ermeation—simulation study

Using skin permeation parameters of OCT obtained from
kin permeation experiments with 3MO and assuming several
iffusion coefficients in an ointment, the cumulative amount
ermeated and the drug amount remaining in an ointment at
4 h after application were simulated to evaluate the effect of
iffusivity in ointment on skin permeation of OCT. Assum-
ng full-thickness skin permeation, both the cumulative amount
nd remaining amount were constant when the diffusion coeffi-
ient in the ointment was more than 1 × 10−5 cm2/h, as shown
n Fig. 6. Assuming stripped skin permeation, the cumulative
mount and remaining amount were constant when the diffusion
oefficients were more than 1 × 10−5 and 0.89 × 10−4 cm2/h,
espectively. According to the simulation experiment, the diffu-

ion coefficient of OCT in 3MO (0.89 × 10−4 cm2/h) was high
nough to have no affect on the cumulative amount of OCT per-
eated or the remaining amount in the ointments. Although a

imulation experiment assuming skin permeation of OCT with
B

f Pharmaceutics 336 (2007) 310–318 317

0MO was not carried out, the following two results indicate
hat the diffusion coefficient of OCT in 30MO was also high
nough to be ineffective: (1) the diffusion coefficient in 30MO
as higher than 3MO and (2) PSC with 30MO was lower than

hat with 3MO.

. Conclusions

In this study, in vitro rat skin permeation of OCT was eval-
ated using two ointments having differing MCT contents, and
kin permeation profiles were analyzed successfully based on a
wo- or three-layer diffusion model considering diffusivity in an
intment. The parameters (DSC, DV and KSC/V) that are possibly
ltered by the formulation composition were estimated and com-
ared between the two ointments. The following results were
btained: (1) DSC values with 3MO and 30MO were the same,
2) KSC/V with 3MO was five-fold greater than with 30MO,
nd (3) DV values had a two-fold difference but both were high
nough not to affect skin permeation of OCT. These findings
uggest that the differences between the skin permeation pro-
les of the two OCT ointments were mainly caused by the
ifference in KSC/V but not DV and that an increase of MCT
ontent in an OCT ointment causes a decrease in the skin per-
eation of OCT due to the decrease of KSC/V in the range of

–30% (w/w).
Analysis combined with simulation of the present diffu-

ion model enabled us to divide the cause of skin permeation
lteration from formulation into diffusivity in a formulation, par-
itioning, and diffusivity in skin and to clarify which parameter
ad more effect on skin permeation. In the previous analysis
ethods for skin permeation of a drug, a well-stirred condi-

ion in the donor was assumed and the methods were mainly
sed to analyze skin permeation using a liquid type vehicle as
donor. On the other hand, in the present analysis, both diffu-

ivity and an infinite dose condition in the donor were assumed.
hus, the present method is applicable to the analysis of skin
ermeation profiles using practical formulations, especially sus-
ained release preparations. This would be useful for setting a
arget value of diffusivity in a formulation in the development
f controlled-release preparations.
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