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General Introduction

The development of novel drug delivery systems has become a matter of
great interest in the pharmaceutical field because they enable us to optimize
drug utilization, to reduce local or systemic side effects, to improve patient
compliance by the extended duration, and so on.1) Application of drugs to
the skin has long history but has recentiy received increased attention
because of the following advantages over other conventional therapeutic
modality.z)

1) Gastrointestinal absorption problems in oral administration are avoided.
2) First-pass effect is avoided.
3) Pain caused by 1nject§on is avoided,
4) Long duration of action increases patient compliance.
5) Drugs with narrow therapeutic range or with shart half-Tife can be
delivered.
6) Better control of blood levels for long duration is possible.
7) Therapy can be quickly terminated by removing the device,
The transdermal therapeutic devices have already been exemplified by the
. systems of scopolamine, nitrogiycerin. clonidine, estradiol, and isosorbide
dinitrate.z) Except for these drugs, however, few drugs penetrate through
lthe skin rapidly enough to revéa] their therapeutic effect because the
outermost layer of skin, the stratum corneum, forms a strong barrier to most
external substances including drugs. One approach to deliver an effective
dose of dfug through skin is to reduce temporarily the barrier properties of

3,4)

skin by the aid of penetration enhancers or accelerants. Many ‘compounds

1

such as 2-pyrrolidone, dimethylsulfonamide, dimethylsulfoxide,

decylmethylsulfoxide, and urea, and surfactants or fatty acids have been



reported to have activities for enhancing drug penetration through skin.
Recently, considerable attention has been given to 1-dodecylazacycloheptan-2-
one (Azone) as a potent penetration enhancer for a wide range of drugs.5'6)
However, the action mechanism of these compounds is unclear and the
development of penetration enhancer with high activity and Tow skin irritancy
is still in its infancy.

The percutaneous penetration rate of the drug is determined by the three
factors such as the physicochemical properties of drug, those of vehicle, and
nature of skin.7) A pharmaceutical additive can affect both the nature of

skin and the thermodynamic condition of a penetrant in vehicle, which.often
confuses the discussion on the effect of the enhancer.a) So it is necessary
to evaluate the effects of enhancers on the drug penetration through skin by
separating an effect on the skin from that on the thermodynamic activity of
drug in vehicle. Also -the effect of enhancer should be varied by the
properties of penetrant and vehicle and original condition of the skin.

The present study was carried out to clarify the following points through
the examination of effects of polyprenylazacyclioalkanone derivatives, which
have the azacycloalkanone moiety as a mild polar group and an alkyl or alkenyl
(terpene) chain as a hydrophobic tail chain, on the skin penetration of drugs.f’
1) evaluation of activity of polyprenylazacycloalkanone derivatfves as-

percutaneocus penetration enhancers

?2) the relationship between the structure and activity of the penetration
enhancer

3) the relationship between the physicochemical properties of penetrant and
efficacy of enhancer

4) the relationship between the applied dose of. enhancer and its efficacy

5) the relationship between the physicochemical properties of vehicle and



efficacy of enhancer
6) development of diffusion model which works effectively for analyzing
and predicting percutaneous penetration process
The obtained penetration profiles were analyzed based on a diffusion
model for the finite dose system. = The effect of the enhancers will be
discussed in physicochemical terms such as diffusion constant and partition

coefficient,



Chapter 1. Development and Evaluation of Novel Percutaneous Penetration

Enhancers

The transdermal route has many advantages for the administration of drugs
in local and systemic therapy. However, the outermost layer of skin, the
stratum corneum, forms a strong barrier to most external substances including
drugs. One approach to deliver an effective dose of drug through skin is to
temporarily reduce the barrier properties of the skin by the aid of

3,4) Many compounds, such as 2-

penetration enhancers or accelerants.
pyrrolidone, dimethylsulfonamide, dimethylsulfoxide, decylmethylsulfoxide, and
urea, and surfactants or fatty acids have been reported to enhance drug
penetration through the skin. Recently, considerable attention has been
given to 1-dodecylazacycloheptan-2-one (Azone) as a potent penetration
enhancer for a wide range of drugs, although its mechanism of action is

uncTear.S's)

Azone has a structure which is considered to be a chemical
cqmbination of pyrrolidone and decyimethylsulfoxide. Both the Tong alky]l
chain moiety and the mild polar head group of Azone seem to be necessary for
its action as a penetration enhancer. Examination of the effects of these
moieties on the action of penetration enhancer, therefore, should give useful
information on the development of penetration enhancers.

In this investigation, terpenes, which are known to be endogenecus
components of the skin, were chosen as the alkyl chain moieties and nine types
of new percutaneous penetraticn enhancers with different azacyclo ring
moieties were designed. This chapter will demonstrate the effect of these
substances on the percutaneous penetration of mitomycin C (MMC). through the

skin of hairless mouse and rat as the first step of the 1nvestigation.9'10)

The favorable penetration enhancer should have low toxicity or irritancy



to the skin as well as high penetration enhancing activity. From this point
of view, the primary skin irritation induced by the enhancers in rabbit was
also examined.11)

1.1. Experimental

1.1.1. Materials

MMC was obtained from Kyowa Hakko Kogyo Co., Japan. Azone was kindly
supplied by Nelson Research Center, USA. The newly developed percutaneous
penetration enhancers (Fig. 1), 1-geranylazacycloheptan-2-one (7GU), 1-
farnesylazacycloheptan—2-one (7FU}, l-geranylgeranylazacycloheptan-2-one
(7GGU), 1—(3,7—dimethy1octy1)azacycloheﬁtan—Z—one (76S), 1-(3,7,11-
trimethyldodecyl)azacycloheptan—-2-one (7FS), 1-geranylazacyclohexan—2-one
(6GU), 1-geranylgeranylazacyclohexan-2—one (6GGU), 1-geranylazacyclopentan-
2,5-dione (HGUDD), and 1—farnesy1azacyclopentan;z—one (5FU) were synthesized

by Kuraray Co., Japan. All other reagents used were of analytical grade.

1.1.2. Determination of Lipophilic Index of Enhancer

The lipophilic index was determined by high-performance liquid
chromatography (HPLC).12) An HPLC system (TRI ROTAR, Japan Spectroscopic
Co., Ltd.) equipped with a UV detector (UVIDEC-100-III, Japan Spectroscopic
Co., Ltd.) operating at 210 nm was used in a reverse-phase mode. The
stationary phase was silica gel bonded chemically with octadecyl chains
prepacked into a 10 cm stainless steel column (Cosmosil 5C18 packed column,
Nacalaj Tesque, Inc., Japan)., A mixture of methanol (95-75 %) and distilled
water (5-25 %) was employed as the mobile phase. The elution time of a

solvent (tg) and the retention time of an enhancer (tp) were determined at
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different mobile phase composition. The log k' value defined by Eq. 7 was
plotted against the methanol concentration in the mobile phase and the
extrapolated log k' value to 0 Z methanol was obtained as an index of

Tipophilicity of enhancer (log k'g).

Tog k' = Tog{(tp-tg)/tg] (1

1.1.3. In Vitro Percutaneous Penetration Experiment

Transdermal deiivery rates of MMC were determined using an in vitro
diffusion cell procedure. The full-thickness dorsal skin of male hairless
mice (7-9 weeks) was removed in one piece and adherent fat and other visceral
debris were removed carefully from the undersurface. Also, the full-
thickness dorsal skin of male Wistar rats (230-250 g) was obtained after the
removal of the hair with electric clippers, followed by the careful rémova1 of
adipose tissue. The freshly excised skin was mounted on a diffusion cell
with an available diffusion area of 8.04 cm? (Fig. 2). The receptor
compartment of apparatus was filled with 48 m1 of saline containing 100 ppm of
kanamycin sulfate. Tegt formulations were prepared by suspending MMC in
ethanol or in 3.3 Z ethanolic solution of an enhancer to a total concentration
of 10 mM.  One milliliter of MMC suspension was applied to each donor
compartment {donor volume, ca. 19 ml). In all experiments, the donor cell
was sealed with a silicone stopper to prevent evaporation of the test sample.
The diffusion cell was placed in a thermostated chamber maintained at 37 °C and
the receptor medium was stirred with a magnetic stirrer. At appropriate
intervals, 1 ml of the recéptor medfum was withdrawn ﬁnd this volume was
replaced with fresh medium. Diffusion experimenté were carried out for 16 h
with hairless mouse skin and for 30 h with rat skin. At the end of each

experiment, the drug in the donor phase was recovered with ethanol (25 ml).



In the pretreatment experiments, 1 ml of ethanol or 3.3 % ethanolic
solutions of enhancers were applied to the donor side of the rat skin for 24
h. After the removal of the solution and the washing of the surface of the
skin three times with each 5 ml of ethanol, 2 m1 of aliquots of a 2 mM MMC
solution in ethanol were applied and the diffusion experiments were carried
out as described above.

The concentration of MMC appearing in the receptor medium was measured by
HPLC as described by Sasaki et a1,13) MMC recovered from the donor phase
with ethanol was measured by spectrophotometric analysis at 360 nm after

centrifugation and adequate dilution.

1.1.4. Acute Skin Primary Irritation Test

The dorsal hair of five albino rabbits (2.0-2.6 kg) was removed with
electric clippers 24 h before the application of the test compounds. Each of
the test compounds was saturated onto a paper disc and mounted on the alminium
disc of the Finn Chamber (Epitest, Helsinki, Finland). Test compounds were
aﬁp]ied without any dilution to exclude the vehicle effect. A controller
applied ten test compounds to the back of a rabbit with two pieces of Finn
Chamber sheet, fixing five chambers 4in a row at a distance of 20 mm. A
cotton bandage around the trunk of the rabbit secured the contact of the test
compounds and the skin. After 24 h, the test samples were removed, and sites
were evaluated for erythema and edema every 24 h for seven days using the

14,15) The grader had no information about‘the

Draize scoring system,
application of the test compounds. Primary irritation indices (PII) were

calculated for erythema and edema by averaging the five daily scores.



1.2. Results

1.2.1. Structures and Properties of Enhancers

The structures of enhancers examined in this study are shown in Fig. 1.
Hydrogenation of the double bonds in the side chain of 7FU yields the
structure of 7FS, which can be considered as an Azone derivative methylated at
three positions in its alkyl chain. . Similarly, hydrogenation of the side
chain of 7GU gives 7GS. The double bonds in 2 position in the geranyl,
farnesyl, and geranylgeranyl chains are mixture of trans and cis form {trans :
cis = 7 : 3). The double bonds in 6 position in the farnesyl and
geranylgeranyl chains and that in 10 position in the geranylgeranyl chain are
all trans form. A1l compounds are oil at room temperature and soluble in
ethanol to make 3.3 7 solutions but they are immiscible with water.

The plots of Tog k' values of enhancers against methanol concentration
of the mobile phase show a reasonable Tinear relationship (Fig. 3). The
lipophilic indices which were determined by the extrapolation of these plots
to 0 7% methanol are listed in Table I. The large value of lipophilic index
means the high Tipophilicity of the compound. Table I also lists the boiling
points and the estimated solubility parameters which are calculated using the
method of Fedors.16) The solubility parameters express the cohesion between

17) and is a good index of polarity of compounds, which is

Tike molecules,
supported by its correlation with dielectric constants.ls) The solubility

parameters inversely follow the order of the determined lipophilic indices.

1.2.2, Effect of Coadministration of Enhancers on Percutaneous Penetration of
MMC
Figure 4 shows the effect of Azone, 7GU, 7FU, 5GUDO, and 5FU on the
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Table I. Physicochemical Properties of Polyprenylazacycioalkanone Derivatives

_ Molecular Solubility Lipophilic Boiling Point
- Compound Parameter? ' '
Weight (ca1/cm3)1/2: Index (°c)

Azone 281 9.07 6.14 158-160 (0.1 mmHg)P
760 249 9.21 3.86 170 (0.3 mmHg)
7FU 317 9.10 5.86 210 - (0.3 mmHg)
7GGY 385 9.02 7.94 NDS.
76S 253 8.95 4.78 140 (0.5 mmHg)
7FS ‘ 323 8.80 7.48 230 (0.3 mmHg)
6GU 235 9.25 3.69 138 (0.4 mmHg)
6GGU 371 9.04 7.57 . 225 (0.3 mmHg)
5GUD0 235 10.08 5,16 | 195 (0.3 mmHg)
5FUC 289 9.15 5

.23 ' 205 (0.3 mmHg)

2 Estimated value by the method of Fedors. '6)
b Reported by Stoughton.s)
€ Not determined. B

"



percutaneous penetration of MMC through hairless mouse skin in vitro. The
penetration of MMC without enhancer was rather low and only 1.23 7 and 3.53 7
of the total amount was recovered in the receptor compartment at 12 h and 16
h, respectively. On the other hand, the penetration of MMC was greatly
improved by the coexistence of Azone, 7GU, 7FU, and 5FU, and the amounts of
MMC in the receptor phase were about 40 times at 12 h and 20 times at 16 h
higher than the control in all cases. At 10 h, the highest penetration of
35.32 7 of the applied dose in the receptor phase was produced by 7FU, and 5FU
(31.54 %), Azone (19.51 %), and 7GU (16.79 Z) foliowed this. 5GUDO also
enhanced the penetration of MMC but at the time period of 12 to 16 h its
effect was about a half of those of the other enhancers. The amount of MMC
remaining in the donor phase at the end of experiment was 84.9 Z for control,
while enhancers reduced this amount to 2-5 % except for 5GUDQ (Table II).

Figures 5A-C show the permeation profiles of MMC through rat skin when
applied with or without enhancers. A1l newly developed enhancers as well as
~ Azone markedly enhanced MMC penetration from ethanol through rat skin (p<0.001
in al11 comparisons at 30 h). The effects of Azone, 7GU, 7FU, and 5FU were
remarkable.  When Azone was disselved in isopropyl myristate vehicle, no
enhancement was observed (data not shown).

The enhancers with a geranyl chain (7GU, 6GU, and 5GUDO) showed a longer
lag time than the others. After the prolonged lag time, 7GU and 6GU produced
almost the same penetration rate as the other enhancers, although the amount
of penetrated MMC was equivaient to that of the other enhancers at 30 h.
5GUD0 showed Vess effect.

Table IT 1ists the amount of MMC remaining in the donor phase at the end
of the experiment, which was significantly decreased by these compounds

{p<0.001 in all comparisons). In all diffusion experiments, the amount of

12



MMC disappearing from the donor phase fairly correlated with that appearing in
the receptor phase.

The difference between the initial dose of MMC and the recovered amount
{(sum of those in the donor and receptor phase) of MMC should correspond to the
amount of MMC existing in the skin at the end of the experiment or that of MMC
degraded during the diffusion experiment. The decrease in the amount of MMC
in the receptor phase observed in the Azone system may indicates decomposition
of MMC. At the end of this experiment, a peak with shorter retention time
than that of MMC was observed on a HPLC chart of the receptor medium, while
this peak was much smaller than that of MMC. On the absorption spectra {240-
420 nm) of the donor and receptor solutions, a clear peak of MMC was
recognized at 360 nm and a small peak was observed at 280 nm. Thus, the
decomposition of MMC seems to be minor and does not lead to misinterpretation

of the enhancing activity.

1.2,3. Percutaneous Penetration of MMC through Rat Skin Pretreated with

Enhancers

In the previous series of experiments, the initial thermodynamic activity
of MMC in the donor phase was maintained constant by employing suspension
formulations. Therefore, the increase in MMC penétration is considered to be
resulted from direct effects of the enhancers on the skin. In order to
further elucidate this problem, the effects of the enhancers such as 7GU, 7FU,
5FY, 5GUDO, and Azone, were examined by pretreatment experiments and the
results are shown in Fig. 6. Pretreatment of rat skin with Azone resulted in
a rapid increase in MMC penetration after the application of MMC solution.
On the other hand, appearance of MMC in the receptor phase was delayed after

pretreatment with 7GU, 7FU, and 5FU compared with the pretreatment with Azone,

13
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Figure 4. Penetration of MMC through hairless mouse skin at 37 °C.  One
milliliter of MMC suspensions (total concentration, 10 mM) in
ethanot () or in 3.3 7 ethanolic solutions of Azone ([]),
76U (V). 7FU (A), 56UD0 (W), or 5FU (A ) were applied. Each
point represents the mean value of 3-4 experiments and vertical bars
indicate standard errors of the mean.
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0 10 20 30
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Figure 5, Penetration of MMC through rat skin at 37 °C. One milliliter of MMC
suspensions (total concentration, 10 mM) in ethanol () or in 3.3
% ethanolic solutions of Azone ([J), 76U ( V), TFU ( A),
766U (Q), 76S (), 7FS (A ), 66U('V ), 666U (@ ),56UD0 ( W),
or 5FU ( & ) were applied.  Each point represents the mean value of
3-7 experiments and vertical bars indicate standard errors of the
mean,. . Two series of experiments were run; one of which is shown in
(A) and the other:is shown in (B) and (C).
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(% Applied)

Amount Penetrated

Time ()

~ Figure 6. Penetration of MMC through rat skin at 37 °C. One milliliter of MMC
suspension -(total concentration, 10 mM) in ethanol was applied to

the skin pretreated with ethanol or ethanolic solution of

Azone ([), 76U (), 7FU (A ), 56GUD0 (W), or 5FU (A ) for 24
h, Each point represents the mean value and vertical bars indicate
standard errors of the mean. ‘
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Table II, Recovery Percentages of MMC from Donor and Receptor Medium after
Diffusion Experiments with Hairless Mouse or Rat Skin?

Drug Recovery (%)

Skin Enhancer N - Donor Receptor
Hairless Control 4 84.88 + 1.68 3.53 + 0.1
Mouse Azone 3 2.06 + 0.39 70,73 £ 4.35
76U 3 2.30 £ 0.24 76.47 £ 2.02
7FU 3 5.23 + 1.83 67.59  1.87
5GUDO 3 36.32 + 6.16 39.59 + 3.74
5FU 3 2.83 + 0,34 69.64 + 0.64
RatP Control 4 77.00 £ 0.71 2.57 + 0.87
Control#® 6 68.35 + 4,39 1.98 = 0.40
Azone 4 0.93 + 0.05 69.84 + 1,22
Azone* 3 0.93 + 0.05 59.89 % 7.23
76U 3 2.25 + 0.85 69.37 £ 1.95
7FU 4 1.87 = 0.81 68.88 + 4,87
TFU* 5 1.21 £ 0.16 64.19 + 3,83
76GU* 7 12.84 + 2.94 46.71 + 4.89
7GS* 7 1.75 + 0.54 64.83 £ 1.19
TFS* 5 4.07 + 0.63 57.59 + 2.53
66U* 4 4,77 £+ 1.72 63.38 + 2.14
66GU* 4 6.15 + 1.24 . 61.96 + 3.88
5GUDO 3 26.50 + 0.75 25,95 + 2.82
| 5FU 4 1,77 £ 0.42 71.69 + 2.98
Rat (pre- Control 4 81.65 £ 2,96  6.45 + 2,14
treated) Azone 4 3.00 + 0.66 67.40 * 1.1
76U 3 17,32 + 5,44 56.70  8.94
7FU 4 13.15 £ 2.37 52,92 + 4,54
5GUDD 4 43,13 +5.10  33.26 & 3.18
5FU 4 9.39 £ 1.72  64.52 & 1.24-

& Data are expféssed by means %+ standard errors of the mean.
b Two ‘series of experiiients were carried out. The second run is denoted
by asterisk.
17



5GUDC also showed the smallest effect in this experimental system. The
amount of MMC remaining in the donor in the control experiment was 81.7 Z,
which was reduced to 3.1 % by Azone and to about 10-17 % by the other

enhancers except for 5GUDO (Table 11).

1.2.4. Acute Skin Primary Irritancy of Enhancers

Figure 7 shows daily PII for erythema and edema induced by 24-h
application of enhancer (100 7). In most cases, the maximum PII value was
recorded in day 3-5, and in day 7 Tittle erythema and edema were observed.
The skin drritation by the polyprenylazacycloalkanone derivatives was less

than that by Azome.
1.3. Discussion

To improve the percutaneous penetration of a drug, following approaches
have been employed; (1) selection of a vehic1evto increase thermodynamic
activity or release rate of drug, (2) modification of drug molecules to have
higher affinity for skin, and (3) use of percutaneous penetration enhancers to
reduce the barrier properties of the skin.

Recéntiy. the enhanced delivery of MMC through hairless mouse and rat
skin was achieved by Sezaki et al. by means of chemical modification of
MMC.19'20) Among various tested prodrugs of MMC, the most successful. result
was obtained with la-N-benzyloxycarbonyImitomycin C which penetrated the skin
5.3 times faster than MMC and was fully converted to MMC in the skin. In the
present study, Azone, 7GU, 7FU, and 5FU enhanced MMC penetration about 40
times in hairless mouse skin and about 20 to 60 times in rat skin, Thus,

employment of penetration enhancers appears to be more advantageous than the
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prodrug approach for MMC.
. general, the rate of permeation of the drug through the skin barrier

g
is directly reTatEd to its thermodynamic activity above the barrier. This
activity iz maintained at the highest level as long as any solid material
remains in the applied material, i.e. in the form of suspension.ZT) The
banding penetratien profiles in the later stage of the diffusion experiment
indieate that the masimgm thermodynamic conditien in the donor phase and sink
condition in the receptor phase were not maintained any more at this stage.
An apparent aqu”{'ﬁﬁ?’[um in MMC concentration appeared t{;.be reached between
experiments amg’iag’mg the enhancers other than Sﬁilﬂi} Consequently, it is
necessary to compare the effect of these éahaaee?s in the early stage when the
maxinum th&maégnama activity condition of MME in the donor phase and sink
candition ia the ?eeegta’ phase were maintained,

skin at W & €§§§§ %}; whereas Azone was more effective for rat skin

m

{Fig. 5). The igga?i§§'affiaia&ag'af-éiézeugg rat skin was also demonstrated
in the pretreatment experiments (Fig. 6). These results suggest that the
gffact af %21%33 enhansers ;ﬁ’;g%% vary éegeaéif@ on the animal species te which
they are apelied. The site of action of Azone has been reported to he the
siradun ia?gagagggg Yariation in lipid and ;?a%eig compesition between both
- animal i?%i%%§ %§§_§§§§ an imporiant role in %gii problem.

%%??E’?%%i%i%é the ideal §?§§%?%i%s a%"a §§§Et?§%i§§ %&%&gﬁe? and

| ga%az%%éi g%%g% i}gﬁzéfi;gi%g enhance drug pemetration through the spidermis
bhut do aol seversly irritate or damage the i%%gégg At the first stage of

devalonisg %,géﬁéi?%izéa enhancer, ithe %%;;a%%g prablem of 2 candidate
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compound should be examined as well as its penetration enhancing activity.
The relatively low skin irritancy as well as excellent enhancing effect on the
penetration of MMC proves that the polyprenylazacycloalkanone derivatives

developed in this study are promising enhancers.

1.4. Summary

The effects of nine new percutaneous penetration enhancers containing an
azacyclo ring and a polyprenyl chain on the percutaneous penetration of MMC
were investigated in hairless mouse and rat skin. Based on the present
results, it is concluded that some enhancers such as 76U, 7FU, and 5FU have
almost the equivalent potential to Azone. = The penetration of MMC through rat
skin was also increased by the pretreatment with them, suggesting that they
“had a direct effect on the skin.

The primary skin irritation was examined with rabbit dorsal skin in vivo.
The polyprenylazacycloalkanone derivatives developed in this study induced
less primary irritation (erythema and edema) than Azone,

These results suggested supefiok utilities of some of the tested
polyprenylazacycloalkanorie derivatives such as 76U, 7FU, and 5FU as

percutaneous penetration enhancers,



Chapter 2. Relationship between Structure and Activity of Percutaneous

Penetration Enhancer

In Chapter 1, the phenomenal effects of nine polyprenylazacycloalkanone
derivatives on the penetration of mitomycin C (MMC) through hairless mouse and
rat skin were examined as well as their skin irritancy. In order to
establish the strategy for designing percutaneous penetration enhancer, we
should get enough information on structure-activity relationship of enhancers.
In this chapter, further examination was carried out on this problem using a
model drug, 6-mercaptopurine (6-MP), by the in vitro diffusion experiment with
guinea pig skin.11) The experimental system employed in this chapter makes
it possibie to discuss the action of the enhancers more precisely because of;
1) employment of flow-through type diffusion cell offers satisfactory sink
condition in the receptor phase and many consecutive samplings which suppori a
mathematical analysis of diffuéion process, 2) pretreatment dosing of
_ enhancers gives direct effect on skin, 3) one guinea pig affords plural skin
samples which diminishes individual difference problem, 4) 6-MP avoids the
problem relating metabolic decomposition, 5) employment of radioisotope
analysis enables exact determination of drug amounts in receptor, donor, and -
skin,

in a diffusion experiment, the analysis of data based on Fick's first or
second law of diffusion gives useful parameters such as diffusion constant and
partition coefficient of the drug between skin and vehic1e,23'24) In this
chapter, a diffusion model considering the donor concentration decrease
(finite dose system) was constructed and the Laplace transforms corresponding
to the amounts of drug in the receptor solution, in the skin, and in %the donor

solution were derived based on this model. The computer analysis of the
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penetration profiles based on this diffusion model gave two parameters
corresponding to drug diffusion and partitioning and enabled us to discuss the
mechanism of action of the penetration enhancers and their structure-activity
relationship in physicochemical terms. The mean transit time (MTT) for drug
transport through the skin barrier calculated from these two parameters was

shown to be a good index of drug penetrability.

2.1. Experimental

2.1.1. Materials

6-MP and [14C]6—MP (65 mCi/mmo1) were obtained from Nacalai Tesque Inc.,
Japan and Commissariat A L'Energie Atomique, France, respectively. 1-
Dodecylazacycloheptan-2-one (Azone) was kindiy supplied by Nelson Research
Center, USA., 1-Geranylazacycloheptan-2-one (7GU), 1-farnesylazacycloheptan-
2-one (7FU), 1-geranylgeranylazacycloheptan-2-one (7GGU), 1-(3,7-
dimethyloctyl)azacycloheptan-2—-one (7GS), 1-(3,7,11-trimethyldodecyl)-
azacycloheptan-2-one (7FS), l-geranylazacyclohexan-2-one (6GU), 1-
geranylgeranylazacyclchexan-2-one (6GGU), T-geranylazacyclopentan-2,5-dione
(5GUD0), and 1-farnesylazacyclopentan—-2-one {5FU) were synthesized by Kuraray

Co., Japan., OQther chemicals used were of analytical grade.

2.1.2. In Vitro Percutaneous Penetration Experiment

Through all the experiments, the full thickness of skin obtained from the
dorsal sur%ace of a male guinea pig (Hartley strain, ca. 250 g) immediately
prior to.the experiment was used. After the removal of the hair, with
electric clippers, and adipose tissue, the skin was punched out into a 3-cm

diameter disk and mounted on a flow-through type diffusion cell with dermis
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Figure 9. The one-layer skin model for the Tinite dose system. This model
assumes a well-stirred condition in the donor solution and a
perfect skin condition in the receptor phase.
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side facing to the receptor cell (exposed area, 3.14'cm2) (Fig. 8).25'26)
Four pieces of skin were obtained from each animal. The apparatus was
thermostated at 37 °C in a water béth throughout the experiment.

To examine the direct effects of enhancers on skin, the skin mounted an a
diffusion cell was pretreated witH 0.2 ml of a 0.1 M ethanolic solution of an
enhancer at 37 °C.  Twenty-four hours later, ethanol in the donor cell was
evaporated with hair dryers (three periods of 1 min of drying with 3-min
intervals for each cell). It took 15 min to accomplish this operation. At
zero time of the diffusion experiment, a 1-ml aliquot of a 1 mM aqueous
solution of 6-MP, containing about 0.4 uCi of [14C]6—MP. was applied to each
donor cell,

The dermal side of the skin was continuously washed with saline
containing streptomycin sulfate (50 mg/L, Sigma Chemical Co., USA) and
penicillin G potassium salt (30 mg/L. gift from Toyo Jozo, Japan) which flowed
at about 6 mi/h.  The receptor fluid was collected at every 90 min for 24 h.
Throughout the experiment, the donor cell was capped with a silicon stopper to
prevent the donor solution from evapofation.

At the end of the 24~h‘experiment. 6-MP remaining in the donor cell was
recovered with 8 ml of watef.- The skin was removed from the diffusion cell
and a 1-cm diameter disk was punched out for the determination of 6-MP
accumulation in the skin. *

The determination of [14C]6—MP was carried out by liquid scintillation
counting (Model LSC-903, Aloka). One milliliter of each aqueous sample was
added to a vial with 5 ml of scintillation cocktail (Univer-Gel II:; Nacalai
Tesque, Inc., Jdapan). Each skin sample was dissolved in 1 ml of Soluene-350
(Packard Instrument, USA) and 5 ml of scintillation cocktail was added.

The amount of 6-MP appearing in the receptor fluid for 24 h and that
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accumulating in the skin for 24 h were compared between the 12 experimental

groups (n = 3-5) by means of a one way ANOVA, followed by Fisher's t-test.

2.2. Theoretical

It is defined in this chapter that A is the effective diffusion area, C
is the drug concentration (CO is zero time concentration in the donor), D is
the diffusion constant in skin, K is the partition coefficient between skin
and donor solution, L is the effective length of diffusion through skin, s is
the Laplace variable with respect to time t, V is the volume (product of A and
L), x is the distance, and Xg is the applied dose. Subscripts 1 and 2 stand

for vehicle and skin, respectively. Parameter d is defined as:
d = L-(s/D)V/2 ' (2)

In the experimental system treated in this chapter, the drug
concentration in the donor phase decreases with time due to its penetration
through the skin (finite dose system). A perfect sink condition in-the
receptor phase should be established because this phase is continuously washed
by saline. . A diffusion model shown in Fig. 9 was constructed for ana]izing“
the diffusion process assuming a well-stirred condition in the donor and
regarding the skin as a plane barrier membrane (one-layer skin model).27)
Fick's secbnd_Taw of diffusion is:

3¢ 2%

— = Dt » . ©(3)
at ax2

The initial and boundary conditions for this model are (C1 is.-the donor

concentration):
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O<x<L) (4)

C=0 ' ' - {t =0,

C‘I = CO ar C]V-l = XO ' (t =0, "V'l/AiXiO) (5)
d Vg d 3¢

V1—C1 —-—LC = DAl — (at X = 0) (6)
dt K dt 9% /y=0

C=20 ’ (at x = L) (N

According to this model, the Laplace transforms faor the total amounts of drug

in the receptor(Q), the donor (X), and the skin (M) are expressed as (see

Appendix 1):

Q = KVpXg/s/g(s) ' j (8)

X = Vqi-d-sinh(d)* Xg/s/a(s) (9)

M. = KVoXqg fcosh(d)-11/s/g(s) - 10)
where,

g(s) = V1-d-sinh(d) + KVycosh(d) ' : A (11)

The penetration prof11es of 6—MP were fitted to Eq. 8 using
MULTI(FILT) 28) wh1ch is a non11near 1east squares computer program based on
fast inverse Laplace transform algorithm. Th1s program is written in MSj
FORTRAN and run on persona1 computér PC-9801 VX, NEC, Japén, to‘obta{ﬁ the
djffusion parameter (Di) and pértiﬁfon paraméter (K'). Since it is difficult
to correctly determine the real diffusion barrier thickness, theSe_twoﬂ

parameters <involving skin thickness are defined.

Dl

I

D/L2 - o Co . (12)

K' =K-L - : : : - (13)

In Eqs. 8-10, KVZ‘%S replaced by K'A to obtain the K' value (A = 3T14 cmzj.

The meanltranéft time (MTT) of 6-MP from the donor solution to the
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receptor was calculated by the following equation (V1 = 1 ml) (see Appendix
1):29,30)

(14)

2.3. Results

2.3.1. Relationship between Structure and Activity of Enhancer

Figures 10A-C show the penetration profiles of 6-MP through guinea pig
skin which was pretreated with enhancers., The amounts of 6-MP recovered in
the donor and receptor phases and the skin at the end of each diffusion
experiment are summarized in Table III,

Two control experiments were run in this study. In one, 6-MP solution
was applied to guinea pig skin pretreated with ethanol (open circle in Figs.

10A-C), and in another, 6-MP solution was applied to guinea pig skin without
' any pretreatment (closed circle in Fig. 10B). Pretreatment with ethanol
enhanced 6-MP penetration by three times, (Table III). . As shown in Figs.
10A-C, all tested enhancers except for 5GUDO showed a significant increase in-
6-MP penetration compared with pure ethanol, under the same pretreatment
condition.

The increasing ratio of 6-Mp penetration provoked by enhancers compared
with that in ethanol pretreated control is plotted against the number of tail-
chain carbons of each enhancers (Fig. 11A).

In the three compounds with the azacycloheptan-2-one ring, namely, 7GU
(C10 tail chain), 7FU (C15 tail chain), and 7GGU (C20 tail chain), the

compound with shorter tail chain (76U) showed the greater‘enhancement of 6-MP
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Amount Penetrated (% Applied)

Fiéure 10. Penetration of 6-MP through guinea pig skin pretreated with 20
umo1/3.14 cm? of Azone (). 76U (V). 7FU (A), 766U (O)),
765 (), TFS (&), 66U (W), 666U ( €), 56UD0 (W), or
5FU (A ). Key: () ethanol pretreated control and (@)
nonpretreated control. Each point represents the mean value of 3-
- 5 experiments and vertical bars indicate standard deviations. The
connected lines were obtained by computer fitting of data to Eq. 8.
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Table III. Recovery Percentages of 6-MP after 24-Hour Diffusion Experiments
with Guinea Pig Skin?

Drug Recovery (7)

Enhancer N
Total Donor Skind Receptor®

C(NP)b 5 93.73 % 5,41 87.68 + 5.48 5.23 £ 0.39 0.83 £ 0.57
c(p)© 3 100.89 + 3.57 91.24 £ 3.86 6.69 £ 2.07 2.95 £ 1.63
Azone 4 96.68 + 2.82 33,43 £ 2,65 19.36 + 9.95 43,89 + 12,55
76U 3 108.26 + 2.33  46.87 £ 5.40 31.77 £ 2.14 29.63 £ 5.56
TFU 3 103.79 + 3.29 56.43 + 4,01 25.05 + 5.85 22.30 + 3.44
7GGU 5 101.97 = 6.44 72.88 + 4.66 16.59 + 4.95 12.49 £ 4.85
1GS 3 100.08 = 4.83 42.34 £ 5,64 32.37 £ 2.13 25.37 = 0.99
7FS 3 104.22 £ 5.13 62.08 + 2.78 22.15 + 5,94 19.99 £ 2.44
6GU 3 103.82 + 4,80 53.72 £ 5.59 29.96 + 6.47 20,14 £ 5,39
6GGY 3 102.23 £ 5.16 59.69 + 10,68 25.88 £ 2.35 16.66 £ 5.01
5GUDO 3 105.38 + 3.84 80.33 + 3.09 17.33 £ 5.45 7.72 £ 0,85
5FU 3 102.29 = 4,54 45.41 + 5.12 29.68 £ 7.77 27.20 £ 1,97

Data are expressed by means + standard deviations.

Conirol experiment with guinea pig skin without pretreatment.

Control experiment with guinea pig skin pretreated with ethanol.

c. O o

Statistical significance (Fisher's t-test, p<0.05) was recognized between
the groups (C(NP)<Azone, 76U, 7FU, 7GGU, 7GS, 7FS, 6GU, 6GGU, 5GUDO, 5FU). 
(C(P)<Azone, 7GU, 7FU, 7GGU, 7GS, T7FS, 6GU, 6GGU, 5GUDO, 5FU), (Azone<7GU,
7GS, 6GU, 5FU), (76Us7GGU, 7FS, 5GUDC), (7FU-7GGU), (7GGU<7GS, 6GU, 6GGU,
BFU), (7GS>7FS, 5GUDQ), (6GU>5GUDO), and (5GUDQ<5FU).

Statistical significance (Fisher's t-test, p<0.05) was recognized between
the groups (C(NP)<Azone, 7GU, 7FU, 76GU, 7GS, 7FS, 6GU, 6GGU, 5FU),
(C(P)<Azone, 7GU, 7FU, 7GGU, 7GS, 7FS, 6GU, 6GGU, 5FU), (Azone>7GU, 7FU,
766U, 7GS, 7FS, 6GU, 6GGU, 5GUDO, 5FU), (7GU-7G6GU, 7FS, 6GU, BGGU.VSGUDO).
- (7FU>7GGU, 56UDQ)Y, (7GEBU<7GS, 5FU), (76S, 7FS, 6GU, 6GGU>5GUDO), and (6GGU,
- 5GUD0O<5FUY. :
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penetration.  Comparison of the enhancers with a six-member ring (6GU and
6GGU) showed greater enhancement with a shorter alkenyl chain (6GU), while the
penetration profile suggésts a plateau in the activity of 6GU at the later
stage of experiment (Fig. 10C).

A significant difference between a branched alkyl chain (7S and 7FS) was
not observed (Table III). Less enhancement was found for compounds with a
€20 chain and 6GGU. Less enhancing activity of these compounds was also
demonstrated for the penetration of MMC (Figs. 5A-C in Chapter 1).

The hydrogenation of the alkenyl chain, which gives 7GS and 7FS from 7GU
and 7FU, respectively, seemed to have no effect on the enhancing power.  7FS,
a methylated derivative of Azone in three positions of its dodecyl chain,
yielded half the enhancement by Azone.

The size of the azacyclo ring had less effect on the enhancing activity
than did the tail chain length. In the enhancers with a geranyl chain, the
enhancer with a seven-member ring (7GU) was significantly more effective than
the one with six-member ring (6GU}). In the case of enhancers with a farnesy!
or geranylgeranyl chain, no significant difference was observed (7FU vs 5FU
and 7GGU vs 6GGU).

The number of carbonyl groups greatly affected the enhancing activity.
56UDQ, which has two carbonyl groups in its azacyclopentane ring, was far less
effective than the other enhancers. The importance of the number of carbonyl
group for the enhancing activity was also shown when it was administrated with
the penetrant, MMC (Fig. BA).

The G;MP accumulation in skin was also increased by pretreatment with
penetration enhancers (Table III). This amount was significantly greater
after application of enhancers 7GU and 7GS compared with Azone, 7GGU, 7FS, or

5GUDO.  Figure 11B shows the relationship between the tail chain length of
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Figure 11. The relationships between the number of tail chain carbons and
drug amounts recovered in the receptor (A) or in the skin (B).
Values are expressed as the ratios to each control value. Dotted
line indicates the control level, Key: ([]) Azone, (V) 7GU,
(A)Y 7FU, (Q) 766U, (F) 7GS, (A) TFS, ('7) 66U, (@) 6GGU,
(W) 56UD0, and ( A ) 5FU.
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enhancers and increase in the skin accumulation of 6-MP. As seen in the case
of 6-MP penetration, the enhancers with a shorter tail chain had a superior
effect. Figure 12 shows the relationship between the amounts of 6-MP in skin
and those in the receptor phase at the end of diffusion experiments for each
enhancer, A relatively good correlation was found between increased skin
accumulation and the penetration of 6-MP for all enhancers except for Azone,
In the case of Azone, the enhancement of the penetration of 6-MP was the
largest but the increment of the 6-MP skin accumulation was significantly less

than 7GU, 7GS, 6GU, and 5FU.

2.3.2. Effect of Pretreatment with Enhancers on Diffusion and Partition

Parameters Obtained Based on One-Layer Skin Model

The penetratfon profiles were fftted to Eq. 8 by nonlinear least squares
computer program (MULTI(FILT)), and parameters for percutaneous penetration of
6-MP were calculated (Table IV).

Pretreatment of skin with ethanol increased the diffusivity of 6-MP in
skin (D') by a factor of three over the nonpretreated control. The K' value
for etﬁano1 pretreated skin was two-thirds that of nonpretreated skin,
suggesting that the ethanol pretreatment slightly decreases the 6-MWP
partitioning to skin. The increased penetration of 6-MP caused by ethanol
pretreatment was mainly due to the 1nérease in the D'_va]ue.

Pretreatment with an enhancer solution also increased D' values compared
with the nonpretreated control but the degree of increment was almost equal to
or less than that induced by the ethanol pretreatment (Fig. 13B). This
suggests that an increase in diffusivity‘of 6-MP through skin is not the
determinant of enhancing activity examined in the present study. 6GU caused

somewhat large D' value compared with the other enhancers. The large D'
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Table IV, Diffusion Parameter (D'), Partition Parameter (K'), and Mean Transit
Time (MTT) for Percutaneous Penetration of 6-MP2

Enhancer D' x103 (h 1) K' x103  (cm) MTT (h)
C(NP) 12.01 . 18.72 1457
c(P) 35.15 12.75 724.5
Azone 27.63 557.5 38.76
76U 23.94 359,71 57.91
7FU 15.25 | 532.0 | 72.02
7GGU 24.82 104.4 143,0
765 16.27 625.8 61.99
7FS - 27.28 161.3 90.67
66U 51.01 74.57 93,48
6GGU 17.83 257.1 97.48
5GUDO " 19.20 © 90.18 209.9

5FU - 21,12 400,2 61.33

8 C(NP) and C(P) stand for the nonpretreated and ethanol pretreated controls,
respectively. Parameters were obtained by the éomputer fitting of the
penetration profile to Eq. 8. The total recovery percentage in Table III
was.empldyed as the dose (Xp) in Eq. 8.
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value in 6GU may be due to a somewhat anomalous penetration profile (Fig. 10C)
in which the rate of 6-MP penetration seems te level off in the later stage of
the penetration. From such a profile, a large D' value should be calculated.

The K' value, corresponding to the degree of partitioning of 6-MP to skin
surface, was drastically increased by pretreatment with an enhancer. Azone,
7FU, and 7GS increased this value more than 7GGU, 7FS, 6GU, and 5GUDO, and 5FU
did more than 7GGU, 6GU, and 5GUDO. Fig. 13A shows that enhancers with a
shorter tail chain increase the partition parameter more than ones with longer
chain (the small value for 6GU is due to an anomalous penetration profile).

The time course of drug amounts in the donor solution and skin can be
estimated based on the one-layer skin model by Egs. 9 and 10, respectively,
using the partition parameter and diffusion parameter obtained by Eq. 8. A
typical pattern is shown in Fig. 14 for 6-MP penetration through the skin
pretreated with 5FU, The estimated profiles for drug amounts in the donor,
skin, and receptor accorded well with the observed values. Figure 15A shows
the relationship between the amounts of 6-MP in the donor at the end of 24-h
experiment and those estimated using the obtained parameters baﬁed on the one-
layer skin model (Eq. 8). The same relationship is described in Fig._15B for
the amount of 6-MP in the skin. Good correlations were observed between
experimental and estimated values. This justifies the analysis based on the
one-layer skin model in the present experimental system,.

The MTT for the 6-MP skin penetration, calculated according to Eq. 14,
shows a hyperbolic relationship with the cumulative amount of 6-MP appearing
in the receptor (Fig. 16A). The reciprocal of MTT, which has a dimension of
first-order velocity constant, shows good correlation with the amount of 6-MP
1ﬁ the receptor (Fig. 16B). The plots of total penetrating amounts of 6-MP

versus Kp values are more scattered (datd not shown).
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the partition parameter (A) or diffusion parameter (B) for 6-MP
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pretreated with 5FU.  Symbols represent the observed values. The
continuous line for receptor is obtained by computer fitting of
penetration data to Eq. 8 and those for donor and 'skin are the
simulated profiles by Eqs. 9 and 10 for the calculated parameters.

38



g 100 -y 9/ s Fm A V

1 I

“5 80 | 4 e

5 2 v 58 0L 0 A

23 60 - & 23 @

0 =T a c QO . N

= 4 22 2

2% g | M A E e A

o % . »e

L L D 8 0+ Q

58 20 —/ gc 1 v

=8 EX

E = 9 I { | 1 ! e o /90 | ! ! 1
0 20 40 60 80 100 0 10 20 20 40
Observed Amount of 6-MP Observed Amount of 6-MP
in Donor (% Applied) in Skin (% Applied)
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6-MP in the donor solution (A) or in the skin (B). Calculations
were carried according to Eqs. 9 and 10 using the determined
diffusion parameter and partition parameter listed in Table IV.

" The Tines are given to show the unit slope. Key: (®)

nonpretreated control, () ethanol pretreated control, ( H
Azone, (V) 76U, (A ) 7FU, () 766U, (W) 76S, (A ) 7FS,
(W¥) 66U, (@) 686U, (W) 5GUDO, and ( A) 5FU.
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Figure 16. The relationships between mean transit time (A) or its reCiﬁhoca]
(B) and the total amount of 6-MP appearihg in the receptor.- Key:
(@) nonpretreated control, (O ) ethanol pretreated control,.
() Azone, (V) 76U, (A) 7FU, ( O ) 16GU, (v) 165,
(&) 7FS, () 66U, () 666U, ('W) 56UD0, and ( A) 5FU.
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2.3.3. Relationship between Structure and Skin Irritancy of Enhancers

The primary irritation indices (Fig. 7) on both erythema and edema were
averaged for seven days and are plotted against the reciprocal of MTT value
for all enhancers in Fig. 17. Azone had the greatest enhancing activity, but
irritated skin the most, 5GUDO had almost no irritancy, but the activity as
an enhancer was also the Teast. In the enhancers with an unsaturated side
cﬁain. those with a geranylgeranyl chain gave the séverest irritation to
rabbit skin (766U > 7FU > 7GU and 6GGU > 6GU). The enhancers with an alkeny]l
chain had less cutaneous irritancy compared with those with an alkyl chain
(76U > 7GS and 7FU > 7FS). In ‘enhancers with an unsaturated chain, those
with a six-member ring seemed to have greater irritancy (6GGU > 6GU > the
other enhancer§ with alkenyl chain).  From the balance of the penetration
enhancing activity and the irritation inducing activity, the enhancers with
geranyl or farnesyl chaijns such as 7GU, 7FU, and 5FU are concluded to be the

favorable ones.
2.4, Discussion

Pretreatment with ethanol enhanced the 6-MP penetration threefold.
Pretreatment of skin for 24 h in vitro seems to hydrate skin and enhance the
penetration of 6-MP because of continuous washing of the dermis side of skin.
The hydration of skin results in the increased diffusivity.31"33) In this
study, the elevation was observed in D' but not in K' (Table IV). The
alteration of skin permeability by pure ethanol was reported previouSly.34)
Scheuplein and Ross reported the extraction of stratum corneum 1ipid by
ethariol. The delipidized skin showed a great“increase'in permeability and

decrease in activation energy for water diffusion.35) Such an effect of
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ethanol, if it exists, may also lead to an increase in D' value.

From the literature, various information was obtained regarding the
effects of chemical structure on the potency of penetration enhancers. An
optimal chain length has been reported for many enhancers, such as alkylmethyl
squoxides.36) fatty acids, fatty a1coho]s.37'38) and surfactants.39) From
these reports, the optimal tail chain length of an enhancer seems to be about
12, regardless of the series of compounds. The enhancers having a
polyprenyl chain (with trans double bonds and branched methyl groups) also
seem to have optimum number of tail-chain carbons at C10 or C15.

The enhancing effects of cis-unsaturated C18 acids and alcohols were
reported to increase with an increase in the number of double bonds.37) In
the present study, the unsaturated tail chain has trans double bonds, and
enhancing effect was nearly equivalent to a saturated tail chain. Karnovsky
reported that the cis-unsaturated fatty acids disordered the 1ipid interior
while the trans-unsaturated and saturated ones did not.?0)  Results obtained
from IR and DSC measurements showed increased 1ipid fluidity following
~ treatment of the stratum corneum with the cis-monoenoic acids, while the
corresponding trans acids showed relatively little effect.41) The trans-form
double bond seems to have Tittle effect on the enhancing activities.

The C12 diacids, dodecanedioic acid and trans-dodecenedioic acid, were
reported not to 5pprec1ab1y increase naloxone flux, while the C12 mono acid,
lauric acid, showed large enhancement.37) In this investigation, the
enhancer with two carbonyl groups (5GUDO) showed the lowest activity. The
number of poliar group seems to be a determinant of enhancing power.

Information relating chemical structure and skin irritancy is available
in the literature, Surfactants such as sodium alkyisulfates or fatty acids

and fatty alcohols were reported to have maximum irritancy in their homologues
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with a Ci2 alkyl chain.42_46) In the po]yprenylazacyc]oa]kahone derivatives
tested in this study, the largest irritating activity was observed in
enhancers with a C20 tail chain. The existence of trans double bonds and/or
branched methyl groups may be one of the reasons for these different results.
Reller reported that compounds with double bonds were more irritative than
those with a saturated alkyl chain (the double bonds are thought to be cis
form because natural compounds were used).46) However the enhancers having a
terpene chain, which contain trans double bonds, are less skin irritating than
those having alkyl chain. The 1ittle effect of trans—unsaturated compounds
on lipid interior or f]uidity40'41) seems to lead to the less skin irritancy
of the present compounds.

Tables ITI and IV suggest the linear dependence of 6-MP skin accumulation
on the K' value, independent of D' value. Increase in both K and L values
can be considered for the increase in K' value., The effect of L may be
1ittle, if any, because it is hardly possible that skin barrier thickness
increases by a factor of 10-20. Solvation or hydration may increase the L
va]ue,34) however, that degree may not be so different between enhancers.

Also if L could be a determinant, the D' (D/Lz) value may decrease according
to the increase of the K' value, which is not observed (Figs. 13A and B).
The enhancers increase the drug partitioning into skin and enhance its
-penetration due to the {ncreased concentration gradient in the skin barrier.
The enhancers in skin appear to modify the nature of skin barrier to be a
"good solvent" for a drug and increase 6-MP solubility.

The one-layer skin model assumes a well-stirred condition in the donor
solution, This assumption is acceptable when the diffusion constant (more
precisely, diffusion parameter, D/L2) of a drug in the dornor solvent is

sufficiently large. In this experiment, water was employed as the vehicle
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for 6-MP and the well-stirred condition seemed to be maintained.

There are some reports based on percutaneous absorption models that
consider drug diffusion in the skin.29'30'47'48) The method using
MULTI(FILT) is easier to deal with than others to extract parameters for
percutaneous penetration, such as the diffusion constant or partition
coefficient from the experimental data.

The permeability constant (Kp = DK/L) is commonly used as an index for
drug penetrability. However, Kp relates only to the penetration rate at
steady state and does not include any information on the lag phase. A drug
with a large diffusion constant and a small partition coefficient may
penetrate in larger amounts than a drug with a small diffusion constant and a
large partition coefficient, even if their permeability constants are the
same.

In this study, the MTT for the drug penetration through the skin was
obtained by Eq. 14 according to the one-layer skin model. Using the
relationship, LT (lag time) = 1/60'.49) which is derived from diffusicn model
Ifor the infinite dose system, Eq. 14 can be expediently rewritten as:

V1
MTT = 3LT + —— (15)
Kp*A
MIT is an index which considers not only the apparént steady state penetration
rate (presented by Kp)} but also the lag phase (presented by LT). The drug
absorption is faster when the applied volume is small and the applied area is
large.

Equation 14 is basically similar to the equation for the mean residence

time (MRT) derived by Kubota and Ishizak1.29'30) who also derived an equation

describing the variance of residence of a drug (VRT). They considered the
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drug removal at the skin-capillary boundary by clearance, CL, and suggested a
' method to determine thE-LZ/D and CL/V values from MRT and VRT values or the
apparent first-order elimination constant after the removal of ointment din
vivo. In the present case, the D' and K' values were determined at first and

the MTT value was calculated as an index of drug penetrability.

2.5. Summary

Nine azacycloalkanone (5, 6, or 7 member ring) derivatives with an alkyl
or alkenyl (terpene) chain (10, 15, or 20 carbons) were compared with Azone
for their effects on the percutaneous penetration of 6-MP through excised
guinea pig skin. Pretreatment of skin with an enhancer markedly increased
penetration and skin accumulation of 6-MP.  Superior enhancing effects were
observed for enhancers having a geranyl chain of 10 carbons and an azacyclo
ring with one carbonyl group. Enhancers with a C20 tail chain were less
effective. Enhancer ring size had little effect on enhancing activity,
whereas the increase in the number of carbonyl groups in the ring caused a
decrease.

The one-layer skin model for finite dose system well describes the
diffusion process of a drug applied in the form of solution.  The Laplace
transforms of the equations corresponding to the time courses of the drug
amounts in the receptor solution, in the skin, and in the donor solution were
derived. Computer fitting of the penetration profiles of in vitro
experiments to the obtained Laplace transformed equation by a nonlinear least
squares program based on fast inverse Laplace transform algorithm
(MULTI(FILT)) gave two parameters corresponding to drug diffusion and

partitioning, These parameters well estimated the drug amounts remaining in
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the donor solution and in the skin. The diffusion parameter was little
affected by pretreatment with an enhancer, whereas_the partition parameter was
markedly increased. This suggests that enhancement is determined by the
ability to increase the drug partitioning into the skin and to enlarge the
drug concentration gradient in the skin barrier. Using these parameters, MTT
was calculated and was shown to be a good index for drug penetrability.

The enhancers with an alkyl chain induced severer primary skin irritation
(erythema and edema) than those with an alkenyl chain. From the balance
between enhancing and irritating activities, it is concluded that 7GU, 7FU,

and 5FU are favorable enhancers.
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Chapter 3. Relationship between Physicochemical Properties of Penetrant and

Efficacy of Enhancer

The activity of a percutaneoﬁs penetration enhancer is known to be
changed depending on physicochemical properties of tested drugs. However,
there are few reports which dealt systematically with the problem of the
relationship between the physicochemical properties of penetrant and the
activity of a percutaneous penetration enhancer. The optimum concentration
of enhancers such as 1-dodecylazacycloheptan—2-one (Azone) and
decylmethylsulfoxide is varied by the properties of penetrant and

vehic]e.5'6'50)

The optimum concentration of an enhancer in a vehicle is one
of the critical problems.

In this chapter, seven drugs with a wide range of partition coefficient
were chosen and the effects of Azone and 1-geranyl- (7GU) and 1-
farnesy?azacyc1oheptan—2—oﬁe (7FU) on the penetration of these drugs were .
examined.ST) Further, 7GU was picked up as a model enhancer and the effect
of the amount of 7GU on its enhancing activity was 1nvestigated.52)
Pretreatment method was employed to avoid the effect of the enhancers on the
thermodynamic activity of penetrant in vehicle.?3:54)  The obtained
penetration profiles were analyzed based on the oﬁe—]ayer skin model described
"in Chapter 2. The effect of the enhancers was discussed in terms of the drug
affinity to skin and drug diffusivity in skin. Further, a general

consideration for the mechanism of skin permeation was developed based on a

two-layer skin model.

3.1. Experimental
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3.1.1. Materials

Azone was a gift from Nelson Research, USA, 7GU and 7FU were
synthesized by Kuraray Co., Japan. Acyclovir (AC) and 5-fluorouracil (5-FU)
were kindly supplied from weflcome Foundation and Kyowa Hakko Kogyo, Japan,
respectively. Sulfanilic acid (SA) and 6-mercaptopurine (6-MP) (Nacalai
Tesque, Inc., Japan), indomethacin (IM) and triamcinolone acetonide (TMA)
(Sigma Chemical Co.), and butylparaben (BP) (Tokyo Chemical Industry) were
obtained commercialiy. A1l above drugs and other reagents of analytical
grade were used without further purification. [14C]SA (3.90 mCi/mmo1) and
[14C]BP (1.94 mCi/mmol) were obtained from Daiichi Pure Chemicals, Japan.
[3HIAC (19.8 Ci/mmol), [14CTIM (22.0 mCi/mmo1), and [SHITMA (25 Ci/mmol) were
from New England Nuclear, Boston, MA. [140]5—FU (58.5 mCi/mmo1) and [14C]6—

MP (65 mCi/mmol) were from Commissariat A L'Energie Atomique, France.

3.1.2, Determination of Partition Coefficients of Drugs

Partition coefficients of drugs between n-octancl and water‘at 37 °C were
determined as following. SA, AC, and 5-FU were dissolved in water saturated
with n-octanol, and 6-MP, IM, TMA, and BP were dissolved in n-octanol
saturated with water at a concentration of 0.1 mM. Each solution contained
0.5 uCi of radiolabelled compound per 10 m1. Two milliliter aliquots of each
solution were withdrawn and mixed with the same volume of the counter-phase
solvent. The mixture was shaken for 10 min, centrifugated, and left at 37 °C
for 48 h, After equilibration, a 1 ml aliquot of each phase was withdrawn
into a vial. The effect of the percutaneous penetration-enhancers on the
partition coefficient between n-octanol and water was also examined using n-
octanol containing 10 % of an enhancer as the organic phase, The partition

coefficient was calculated as the ratio of radioactivity in the organic phase
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to that in the aqueous phase.

3.1.3. In Vitro Percutaneous Penetration Experiment

Through all the experiments, the same system described in Chapter 2 was
employed.  The donor seolutions were prepared by dissolving SA, AC, and 5-FU
in water (2 mM), 6-MP and BP in water (1 mM), and 5-FU, 6-MP, IM, TMA, and BP
in ethanol (2 mM). These soluticns contained 4-10 uCi of radiolabelled
compounds per 10 ml.

The effect of enhancers was examined by the pretreatment method. The
skin was treated with 0.2 m1 of ethanol (control), 3.3 7 ethanolic solution of
an enhancer, or ethanolic solution of 7GU at various concentrations. Twenty-
four hours later, ethanol in the donor ceil was evaporated with hair dryers,
and a 1 m1 aliquot of test solution was applied to each donor cell. The
dermal side of the skin was continuously washed with saline containing
streptomycin sulfate (50 mg/L) and peniciilin G potassium (30 mg/L), which
flowed at about 6 ml/h. The receptor fluid was collected at every 90 min for
24 h. Throughout the experiments, the donor cell was capped with a silicon
stopper to prevent the donor solution from evaporation, For the
nonpretreated control experiments, a donor solution was applied to the excised
skin without any pretreatment.
| At the end of the 24-h experiment, the drug remaining in the donor cell
was recovered with 8 ml of water or ethanol. The skin sample was removed
from the cell and a 1-cm diameter disk was punched out for the determination
of the amdunt of drug in the skin.

A11 the determination of drugs was carried out by Tiquid scintillation

counting (Model LSC-903, Aloka) as described in Chapter 2.
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3.2. Theoretical

3.2.1. One-Layer Skin Model

One-layer skin model is descried in Chapter 2 (Fig. 9). The penetration
profiles obtained by the diffusion experiment were fitted to Eq. 8 using
MULTI(FILT).ZS) and the diffusion parameter D' (Eq. 12) and the partition

parameter X' (Eq. 13) were determined.

3.2.2. Two-layer Skin Model

The model considering skin as a homogeneous plane membrane has been
successfully employed in most cases. However, skin is composed of some
layers with different physiological and physicochemical properties. The
outermost layer, stratum corneum, is known as the most impermeable layer to
most drugs, whereas viable epidermis and dermis exhibit their barrier
properties only for Tipophilic penetrants.34) There are some reports
revealing that percutaneous penetration enhancers such as Azonezz) and oleic
acid55) reduce the barrier properties of stratum corneum but have Tittle
effect on those of viable epidermis or dermis. Therefore, it is significant
to analyze diffusion process considering these layers for elucidating the
mechanism of drug penetration or the action of enhancers.

Figure 18 shows the diffusion model assuming that the skin is composed of
stratum corneum (volume; V, and thickness; Ly) and the lower layer (epidermis
and dermis) (volume; V3 and thickness; L3).  The equations of Fick's second
law of diffusion for the stratum corneum (drug concentration; CZ) and the
lower layer (drug concentration; C3) are expressed as follows, respectively

(x; distance):
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Figure 18. The two-layer skin model for finite dose system. The well-
stirred condition and perfect sink condition are assumed in the
donor and the receptor phases, respectively. S.C., V.E., and D.
stand for stratum corneum, viable epidermis, and dermis,
respectively.

60 L‘
—_
kA [
2 LD
o
§ L1 - 7
] ¥,
»e 7
-~ - [ 7
. \/

gl
o 30 [] Y
+~ T A A
2 L A
bt [T 57 A A\
5 P A
o 7.5 £
- A
= W At
3 v, A
2 e
g 0 oot s MW I N W W W W N6t m O ®

0 6 12 16 24

Time (h)

Figure 19, Percutaneous penetration of 5-FU through guinea pig skin pretreated
“with ethanol () or ethanolic solution of Azone (), 7GU.(V v
or 7FU ( A). Each point represents the mean value of 3
experiments and the vertical bars indicate standard deviations.
The connected lines were calculated for the parameters listed in
Table VIII.
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—L =D —= ' (16)
ot 242

2
aC 32C
_3=D_2.§ (17)
5t 35x .

A penetrant partitions from donor solution to the surface of stratum corneum
with a partition coefficient Ki, and diffuses in stratum corneum with a
diffusion constant Dy, At the end of stratum corneum, fhe penetrant
partitions to the surface of the lower layer according to its partition
coefficient (K,3) between the lower layer and stratum corneum and diffuses in

the lower layer with a diffusion constant D3, The boundary conditions are:

K]zC1 = Cz (X = —Lz) (18)
3C1 BCZ
V1——— = DzA-—— (X = —Lz) (19)
at ax
K23C2 = 03 (X = 0) (20)
aC ac
2 3
Dy—= = Dy— (x = 0) (21)
ax X
C3=0 (x = Lg) (22)

The initial conditions are (Xg; the applied amount of a penetrant):

C] CO DP,V1C1 =_XO . (23)

Cr=Cy3=0 ‘ (24)
According to this model, the Laplace transforms of the equations for the

drug amounts penetrating into the receptor medium (6)‘and“remaining in the

vehicle (X) and in the skin (M) are expressed, respectively, as (see Appendix
27 56)
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Q = KqgKa3VaV3Xo/s/k(s) . (25)
X = VqXg[Vpdzcosh(dy)sinh(ds) |
+ K23V3dzsinh(d25cosh(d3)]/s/k(s) | (26)
M =M, + My , (27)
My = KyoVoXgl{dz/doVpsinh(dy)sinh(ds)
+ Kp3Vzcosh(dg)[cosh(dy)-11}/s/k(s) (27")
M3 = KqioVoXgKogVglcosh(dz)-11/s/k(s) (27")

where M, and Mg are the Laplace transforms for the drug amounts in stratum

corneum and the Tower layer, respectively, and:

Lp(s/Dy)1/2 (28)
d3 L3(S/D3)1/z . . . ) (29)
k(S) = V2d3sinh(d3){V1C05h(d2)+K12/d2V251nh(d2)]

dy

+ K23V3COSh(d3)[V1d2$1nh(d2)+K12V2COSh(d2)] (30)

Mean transit time (MTT) for an applied penetrant to diffuse from the

vehicle to the receptor is given as follows (see Appendix 2):56)

VifKig  Vi/KypKpg 1 Volkoz 1
= + + S +

MTT = — , . : : (31)
D,'Vs D3'Vz 20" Dg'Vy  2Dg
where Dp"' and D3' are the diffusion parameters:
Dp' = Dp/Ly? | (32)
03" = Dy/ty” | 68

3.3. Results

3.3.1. Partition Coefficients of Drugg-between n-Octanol and Water
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Table V lists the partition coefficients (PC,.4) of the seven drugs
between n—octanol and water, which range about five orders of magnitude (from
0.00685 for SA to 371 for BP). The addition of Azone, 7GU, or 7FU intolnﬂ
octanol at a concentration of 10 % increased the partition coefficient of a
drug., This effect was more remarkable for the drug with high hydrophobicity,

except for the partitioning of SA into n-octanel with 10 Z of Azone.

3.3.2. Effect of Ethanol and Enhancers on Percutaneous Drug Penetration

In the diffusion experiments, permeation profiles of the tested drugs
were obtained as representatively shown in Fig. 19. Tables VI and VII
summarize the amounts of drug recovered from the donor phase, the skin, and
the receptor phase at the end of the 24-h diffusion experiments for all drugs.

When water was employed as a vehicle (aqueous system, Téb]e V1), BP, the
most lipophilic compound in this study, penetrated through the nonpretreated
skin (denoted by "C(NP)" in Tables) huch more easily than the other
penetrants. It seems that the increase in the lipophilicity of penetrant
leads to the increase in the penetrability. The amount of drug in the skin
increased according to the jncrease in PC,.t except for SA.  On the other
hand, the penetration through nonpretreated skin from ethanol vehicle {
(ethanolic system, Table VII) was decreased according to the increase in PCoct
of the penetrant. The accumulation of drug in the skin was almost the same
for 5-FU, 6-MP, TMA, and BP in the ethanolic system.

Ethanol pretreatment increased the penetration of SA (7 folds), AC (2
folds), and 6-MP (4 folds) from water vehicle when compared with the
nonpretreated control, whereas the penetration of BP was halved. The effect
of ethanol pretreatment on the drug accumulation in the skin was not so

remarkable. In the ethanolic system, the penetration of drugs except for TMA
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Table V. Partition Coefficients of Drugs between n-Octanol (+ Enhancer) and

Water at 37 °C

Enhancer in Organic Phase (n-Octanol)@

Moiecular
Drug

Weight None Azone 76U 7FU
Sulfanilic Acid (SA) 173 0.00685  0.0684 0.00738  0.00923
Acyclovir (AC) 225 0.0304 0.0292 0.0350 0.0256
5-Fluorouracil (5-FU) 130 0.144 0.170 0.188 0.171
6-Mercaptopurine {6-MP} 152 0.654 0.836 1.74 0.896
Indomethacin (IM) 358 40.7 NDP NDP nDD
Triamcinolone 436 120 194 245 185
Acetonide {TMA)
Butylparaben (BP) 194 371 568 2163 1658

2 Ten percent (v/v) of enhancer was added to n-octanol.

b Not determined,
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Table VI. Recovery Percentages of Drugs after 24-Hour Diffusion Experiments

with Guinea Pig Skin (Aqueous System)?

Drug Recovery (Z)

Drug En- N
hancer Total Denor Skin Receptor
SA C{NP) 6 102.68 * 2.43 89.59 £ 3,92 12.20 £ 1.67 1.02 £ 0.52
C(PYy 4 101.45 % 3.95 68.30 £ 7.82 25.53 £ 4.00 7.62 £ 1.23
Azone 3 106.34 % 3.95 63.26 £ 4,37 24,00 £ 5.45 19.08 + 4,31
76U 3 104,19 + 8,05 62.76 + 4.16 27.48 £ 10,26 13.94 + 2,98
TFU 4 106.59 + 9.67 61.22 = 2.83 28.03 £ 9.55 17.34 £ 5,94
AC C(NP) 4 99,43 = 3,69 96.64 + 3.54 2.16 £ 0.17 0.63 £ 0.20
C(P} 3 100,62 %= Q.67 96.17 £ 0.83 3.27 £ 0,14 1.19 % 0.31
Azone 5 104.58 % 3.65 83.77 + 4.83 11.64 = 3.20 .18 £ 4.88
76U 5 102.76 £ 3.29 85.58 £ 1.88 9.04 + 2.56 8.15 £ 2.39
TFU 4 103,50 = 4,04 86.51 £ 7.54 8.78 £ 1.01 8.27 & 3.34
5-FU C{NP) 4 101.35 % 0.34 95,971 £+ 1.45 3.20 £ 1.01 2.24 + 0.96
C(P) 3 102.84 + 1.68 97.65 £ 2.71 3.09 £ 1.017 2.09 £ 1.50
Azone 3 94,73 % 5,90 33.71 £ 6.64 7.66 + 0.91 53.06 * 5.27
76U 3 100.25 + .24 45,72 + 4,94 9.55 + 1.86 44,98 + 4,78
TFU 3 101.77 £ 7.32 65.09 £ 71.01 10.34 + 1.66 26.33 + 5,14
6-MP C(NP) 5 93,73 + 5.41 87.68 + 5,48 5.23 + 0,39 0.83 £ 0.57
C(PY 4 100.93 x 2,91 90,90 = 3.22 6.99 £ 1.79 3.04 £ 1,34
Azone 4 96.68 + 2.82 33.43 £ 2.65 19.36 + 9,95 43.89 = 12.55
76U 4 105,76 + 2.22 34,82 + 3.92 23,67 £ 9,04 47.27 £ 5.31
TFU 3 103,79 + 3,29 56,43 + 4,01 25,05 £ 5.85 22.30 £ 3.44
BP C(NP) 4 85.67 = 9,07 29.28 = 4.64 42.61 + 12.54 19.04 + 5.91
C(P) 3 45,99 £ 1.12 8.10 £ 1.33 29.90 + 3,55 7.99 £ 1.72
Azone 3 94,55 £ 17.48 12,20 + 2,85 80,99 + 18,06 1.37 £ 0.48
76U 3 88.83 £ 13.78 12.23 + 1.72 75.39 + 12,17 1.21 + 0.06
7FU 3 81.75 = 5.10 14.67 + 4.19 66.16 + 7.98 0,93 £ 0.13

a8 C(NP) and C(P) stand
Data

respectively.

for the nonpretreated and ethanol
are expressed by means % standard deviations.
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Table VII. Recovery Percentages of Drugs after 24-Hour Diffusion Experiments
with Guinea Pig Skin (Ethanolic System)?

Drug Recovery (%)

Drug En- N
hancer Total Donor Skin Receptor
5-FU C(NP) 3 106.01 £ 3.03 08.74 £ 3.90 5.45 = 0,52 2.37 £ 0.47
C(P) 4 98,68 % 5,79 91.36 £ 6.12 5.30 £ 1.11 2.02 £ 0,34
TGU 3 119.59 + 4,75 102.45 + 6.01 10.73 = 3.79 6.41 + 2.80
7FU 4 113.72 £ 3,22 100.94 + 1.59 7.23 £ 1,10 5.56 = 1.47
6-MP C(NP) 5 99,27 £ 11.53 88.51 + 10.79 8.63 £ 1.05 2.13 + 0.65
C(P) 4 93,06 % 3.21 85.29 + 1.82 7.02 £ 2.58 0,74 £ 0,13
76U 3 100.25 £ b.62 87.19 + 7,50 10.46 = 1.63 2.60 £ 0.34
7FU 3 100,27 £ 4.36 88.09 = 5.37 10.20 £ 1.00 2.43 + 0,33
M C(NP) 2 66.60 £ 10.23 12.94 £ 0.78 52.34 + 10,15 0.49 + 0.34
C(Py 4 77.36 £ 7,47 72.69 + 8.04 4,43 + 0.63 0.24 = 0,09
76U 4 71.64 £ 4,58 60.26 £ 5.19 10.59 + 2.53 0.78 £ 0.30
TFU 4 76,79 £ 2.46 69.87 + 0,31 6.31 = 2.01 0.61 £ 0.18
TMA  C(NP) 3 101.54 + 16.05 94,32 + 14,60 6.91 £ 3.03 0.18'+ 0.1
C(P) 4 91.98 = 4,67 87.56 £ 4.18 4,10 £ 0.79 0.33 £ 0.13
76U 4 96.08 £ 8,05 92.68 £ 7.77 3.02 £ 0.41 0.38 = 0.09
7FU 4 95,05 % 4,41 92.22 £ 4.04 2.38 + 0,94 0.44 % 0,13
BP C(NP) 4 79.81 % 14.03 73.82 = 16.50 5,62 + 2,53 0.38 £ 0.28
C(P) 4 79.92 £ 1.16 77.45 £ 0.71 2.16 £ 0,48 0.32 £ 0,14
76U 3 78.12 £ 1.44 75.75 £ 1.52 2.16 = 0.09 0,20 £ 0.03
“7FU 5 80.83 £ 4.84 77.73 £ 5,79 - 2.85 % 1.21 + 0.06

0.25

8 C(NP) and C(P) stand

respectively.

Data

for the nonpretreated and ethanol

are expressed by means
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was not affected or somewhat decreased by the pretreatment with ethanol.  The
amount of drug accumulating in the skin was also not affected (5~FU and 6-MP)
or decreased (IM, TMA, and BP) by the pretreatment . with ethanol.

The pretreatment of the skin with the enhancers increased the penetration
of SA, AC, 5-FU, and 6-MP from water vehicle, whereas that of BP was greatiy
decreased. 5-FU and 6-MP showed the highest penetration in the skin
pretreated with the enhancers. The pretreatment with the enhancer also
intreased the drug accumulation in the skin. In the ethanolic system, the
pretreatment with 76U or 7FU increased the penetration and skin accumulation
of 5-FU, 6-MP, and IM when compared with the ethanp] pretreated control,
however, the degree of the enhancement was far less than that observed in the
agueous systgm. The penetration of TMA and BP was decreased in this case.

As the case of the aqueous system, 5-FU and 6-MP penetrated faster than the
other drugs. The increase in PC,.; Ted to less drug accumulation in the skin

in the ethanolic system.

3.3.3. Relationship between Physicochemical Properties of Drugs ggg Their

Diffusivity and Affinity to Skin Estimated Based on One-Layer Skin Model

From penetration profiles of drugs like that representatively shown:in
Fig. 19, parameters relating to drug diffusion (D') and partition (K') were
calculated based on the one-layer skin model, and results are Tisted in Table
VIII and IX.

When the skin was pretreated with ethanol, a clear relationship between
K' and PC .4 was recognized in the tested drugs. The K' value increased
according to the increase in the PC,.. except for SA when water was employed
as a vehicle. However, in the case of the ethanolic system, the increase in

PCoct of penetrant led to the decrease in K'.
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Table VIII. Diffusion Parameter (D'), Partition Parameter (K'), and Mean Transit
Time (MTT) for Percutaneous Penetration of Drugs (Aqueous System)?

Drug Enhancer D' x103 (b1 K' x103 (cm) MTT (h)
SA C(NP) 11,00 74.07 436.1
C(P) 30.12 45,52 248.8
Azone 38.62 89.56 105.0
7GU 17.50 202.1 118.6
TFU 35.20 90.01 114.7
AC C(NP) 14.50 10.60 2105
c(P) 20.46 11.43 1386
Azone 19.93 98,76 186.8
76U 27.13 56.42 226.4
7FU 22.65 72.97 214.7
5-FU C(NP) 18.21 26,07 697.9
C(P) 25.13 14,93 868.3
Azone 66.40 224.4 28.89
7GU 63.18 168.3 37.85
7FU 43,80 117.4 73.32
6-MP C(NP) 12.00 21.00 1305
c(P) 35.17 13,52 683.6
Azone A 26.96 631.3 37.25
76U 22.06 1008 36.98
7FU 15.39 491.3 74,59
BP C{NP) 13.84 163.5 : 176.8
C(P) ' 17.24 299.6 90.63
~Azone 27.08 : 9,265 1287
76U 23,04 10.40 1350
7FU 30.40 « 6.170 - 1MNs3

a C(NP) and C(P) stand for the nonpretreated and ethanol pretreated controls,
respectively. Parameters were obtained by the computer fitting of the
penetration profile to Eq. 8. The total recovery percentage in Table VI
was employed as the dose (Xg) in Eq. 8.
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Table IX. Diffusion Parameter (D'), Partition Parameter (K'), and Mean Transit
Time (MTT) for Percutanecus Penetration of Drugs (Ethanolic System)?

Drug Enhancer D' x103 (v 1) K' x103 (cm) MIT (h)
5-FU CINP) 22.76 22.07 655.6
c(P) 20.28 20.45 792.1
76U 17.82 68.23 289.8
7FU 32.08 25.99 397.4
6-MP C(NP) 10. 89 65.11 494.8
C(P) 14.12 13.87 1661
76U 19.58 26.99 627.8
7FU 23.35 19.10 735.1
M C(NP) 6.003 44,29 1280
C(P) 9.574 11.56 2928
76U 12.03 24,95 1102
7FU 21,93 6.499 2256
TMA CNP) 8.042 28.76 1438
C(P) 17.71 3,967 4559
76U 21.68 3.281 4498
7FU 25.10 3.183 4004
BP C(NP) 14,32 4,464 5014
C(P) | 17.21 4.865 3831
76U 47.72 0.656 10178
7FU 26.40 1.909 6335

8 C(NP) and C(P) stand for the nonpretreated and ethanol pretreated controls,
respectively. Parameters were obtained by the computer fitting of the
penetration profile to Eq. 8. The total recovery percentage in Table VII
was employed as the dose (Xp) in Eq. 8.
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Ethanol pretreatment little affected or decreased the K' value, except
for BP in the aqueous system, when compared with the nonpretreated control.
The K' values of 6-MP, IM, and TMA in the ethanolic system were decreased
‘remarkably,  On the other hand, the D' values were increased by the
pretreatment with ethanol.

The effect of the pretreatment with the enhancers on these parameters is
rather interesting. In Figs. 20A-C, the increasing ratios of the penetrating
amount, K', and D' to each of ethanol pretreated control values are plotted as
a function of PC . of penetrant (aqueous system). The enhancers enlarged K'
value, and this effect was encouraged according to the increase in PCoct of
penetrant and was remarkable for 6-MP (Fig. 20B). The increase in the drug
amount in the skin is thought to be caused by the increase in the affinity of
drug to the skin, i. e. X' in the present analysis, which can be conformed in
Table VIII for SA, AC, 5-FU, and 6-MP. For BP, however, K' was diminished to
only 1/30 of that of the ethanol pretreated control. The effect of enhancer
on D' was Tess remarkable than that on K', and the diffusivity of drug was
nearly the same as that obtained in the ethanol pretreated control experiment.
In the case of 5-FU, D' was enlarged by about 2.5 times that of the ethanol
pretreated control, which led to the large activity of the enhancers on 5-FU
penetration. The effect of the enhancers on the drug penetration from water
vehicle seems to be determined by the ability to increase the affinity of drug
to the skin.

When the drug wasrapplied as an ethanolic solution, the effect of the
enhancers_wés far less than when applied as an aqueous solution (Fig. 21A).

In this case, the increase in the K' value was rather small (Fig. 21B). The
effect of enhancers was lowered according to the increase in Pcoct' because

the affinity of drug to the skin was diminished. The variation in the K'
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value is the main factor of the different sensitivity of drugs to the activity
of enhancers in the ethanolic system. The increase in the D' value was less

than 3 times of the ethanol pretreated control value (Fig. 21C) as observed in
the aqueous system, however, the contribution of increase in drug diffusivity

to the enhancement of penetration was relatively high because of the small

increase in the drug affinity to the skin.

3.3.4. Effect of Preloading Amount of 7GU on Percutaneous Penetration of Drugs

The effect of preloading amount of 7GU on its enhancing activity was
investigated using AC, 5-FU, 6-MP, and BP, which were applied to the skin as
aqueous solutions, The penetration profiles of 6-MP from water through the
guinea pig skin pretreated with various amounts of 7GU are shown in Fig. 22.
The connected lines were obtained by the computer fitting of the data to Eg.
8, based on the one-layer skin model. Figures 23-26 iilustrate the
relationships between the preloaded amount of 7GU and the drug penetration,
drug accumulation in the skin, and D' and K' obtained by computer fitting of
the penetration profiles to Eq. 8, based on the one-layer skin model.

The amounts of AC penetrating and accumulating in the skin were increased
by the pretreatment with 76U, the extent of which correlated almost linearly
with the preloading amount of 7GU (Fig. 23). The D' value was not so much
affected, and the variation was only within 30 Z of the control value.
Whereas the K' value increased with the amount of 7GU. the pattern of which
was very similar to that of the penetrating amount, suggesting that 7GU
enlarged the partition coefficient of AC between skin and vehicle and
increased both the drug penetration and accumulation in the skin.

The penetration of 5-FU was also raised almost linearly with the amount

of 7GU, and the contribution of the increased affinity to this was obvious
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Figure 22. Percutaneous penetration of 6-MP through guinea pig skin pretreated
with ethanol (Q) or 3.2 (), 6.4 (@), 12.7 ([J).» 20.0 ().
25.5 (W), or 51,0 (¥ ) umol/3.14 cm? of 76U, Each point
represents the mean value of 2-4 experiments and the vertical bars
indicate standard deviations. The connected lines were obtaired
by computer fitting of data to Eq. 8.
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(Fig. 24). Although the diffusivity of AC or 6-MP was not so much affected
by 7GU, that of S—FU was rather improved. It seems that the enhancer reduced
the interaction between 5-FU and skin component. The amount of 5-FU in the
skin was maximized at 12.7 umo1/3.74 em? of 76U.  The reduction in the skin
content of 5-FU by iarger amount of 7GU is considered to be caused by the
decrease in the drug concentration in the donor solution. Only 46 7 and 25 %
of the applied dose were remaining in the donor solution at 24 h when the skin
was pretreated with 25.5 and 51.0 umo1/3.74 em? of 7GU, respectivély. Denor
concentration decrease with time canceled the effect of the rising affinity
(K") of 5-FU on the skin accumuiation.

The penetrating amount and K' of 6-MP were affected by 7GU, which were
maximized at 25,5 umol1/3.14 cm? of it (Fig. 25). The skin accumulation of 6-
MP for 24 h was very large compared with those of AC and 5-FU, and was
maximized at 20 umol/3.14 cm? of 76U. The D' value was not so affected by
76U except for the case with the largest amount of 7GU.

The case of BP was quite different from those mentioned above (?ig. 26).
Increasing the amount of 7GU encouraged the accumulation of BP in the skin,
while it discouraged the penetration. | These patterns were hardly expected by

- the one-layer skin model.

3.3.5. Reliability of Analysis Based on One-Layer Skin Model

The drug amounts in the donor solution and the skin can be calculated
from D' and K' values by Eqs. 9 and 10, respectively. The correlation
between thése estimated values and the observed values is one of the indices
for the reliability of the analysis based on the one-layer skin model.  Such
plots for the amount of drug in the skin at 24 h are shown in Figs. 27A-E for

the aqueous system with Azone, 7GU, and 7FU, and Figs. 28A-E for the ethanolic
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system with 76U and 7FU.  The analysis based on the one-layer skin model
gives good estimation and is proved to be suit for the drugs with PC ¢ less
than unity such as AC, 5-FU, and 6-MP, For the drugs with PCoct over unity,
the estimated value was smaller than the observed one, Especially, the
discrepancy was large for BP, the most hydrophobic drug in this study. For
IM and TMA, the observed amount in the skin was larger than the estimated
amount, suggesting higher affinity of drugs to the stratum corneum than
estimated. However, the discrepancy was not so extreme as seen in BP in the
aqueou§ system, and the analysis seems to be still valuable. Also Figs. 2%9A-H
show the correlation between observed and estimated amounts of drugs in the
donor (Figs. 29A-D) and the skin (Figs. 29E-H) for the experiments using the
skin preloaded with various amounts of 7GU. For AC, 5-FU, and 6-MP (Figs.
29A-C and E-G), the correlations are rather good, supporting the reliability
of the analysis. While the correlations for BP are poor (Figs. 29D and H),
and the estimation gives lager amount of BP in the donror and smaller amount in

the skin than aobserved amounts.

3.3.6. Simulation Based on Two-Layer Skin Model

There are some reports revealing that percutaneous penetration enhancers
such as Azone and oleic acid reduce the barrier properties of stratum corneum
but have 1ittle effect on those of viable epidermis and dermis.22'55) The
mechanism of action of 7GU seems to be not so different from that of Azone.
Further, the analysis of the penetration of AC, 5-FU, and 6-MP through the
skin preloaded with 7GU based on the one-layer skin model suggests that 7GU
dominantly affects the drug affinity to the skin. So it is assumed that the
partition coefficfent between stratum corneum and vehicle (water) (K12) is

only the parameter which is affected by the enhancer, and the effect of
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Figure 27. The relationships between the estimated and observed amounts of
drugs in the skin in the aqueous system. Estimated values were
calculated for the parameters listed in Table VIII using Eg. 10.
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enhancer on the percutaneous penetration was simulated based on the two-layer
skin model. -The two-layer skin model (Fig. 18) requires the parameters, ISP
Koze Doy D3. A, Vqu Lp (V5 = LHA), L3 (V3 = L3A), and Xo. These parameters
were determined as follows. The parameters A, V1. and XO are 3.14 cmz, 1 ml,
and 100 2, respectively, in the present experimental system. It was reported
from the analysis of the penetration profiles of 6-MP through intact and
stripped guinea pig skin that D, was 0.390 x 1070 cme/n, D3 was 255 x 1076
cmZ/h, Ly was 0.00242 cm, and L3 was 0.0800 cm.56) The present simulation
refers to these values for the drug penetration and sets that Dp is 0.40 x 1070
e /h, Dy is 280 x 1076 cm?/h, L, is 0.0024 cm, and L3 1is 0.080 c¢cm. From
these values Dy' and D3' are 0.07 and 0.04 h~7, respectively. The variable
is only Kqp. It is assumed that the nature of viable epidermis and dermis is
very close to that of water, and the partition coefficient between stratum
corneum and the lower layer (K23) is substituted with the reciprocal of Kqo.
Figure 30 illustrates the simulated relationship between K12 and drug
amounts in the receptor medium, the donor, the stratum corneum, and the Tower
Tayer 24 h after the application, which are calculated for the parameter
values listed above by Egs. 25, 26, 27', and 27", respectively. 1t is clear
that the penetrating amount of drug increases, passes through a maximum, and
decreases with an increase in Kyp value. The drug amount in the lTower layer
varies in the same way. On the other hand, the drug amount in the stratum
corneum does monotonously increase with Kio value. Providing that the
penetrant is relatively hydrophilic and Kio is small, the increase in its
affinity to the stratum corneum should result in the increase in drug amounts
both penetrating and accumulating in the skin.  Providing that the penetrant
js relatively hydrophobic and Ko is large, the increase in the drug affinity

to the stratum corneum should raise the drug accumulation in the skin, while
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Figure 30. The estimated relationship between the partition coefficient of
drug (stratum corneum / vehicle (water)) and amounts of drug in
the donor, the stratum corneum, the lower layer, and the receptor
at 24 h after beginning the diffusion experiment. Drug amounts
were calculated by Eqs. 25, 26, 27',and 27". Parameters were set
as Vq=1 cnd, Up=0.0076 cnd, V3=0.25 cn3, Dp=0.40 x 1078 cn®/h,
D4=280 x 1076 cm?/h, L,=0.0024 cm, L3=0.080 cm, and Xp=100 Z.  The
variable is Kqp, and Kpg is assumed to be the reciprocal of Kyp.
Key: drug amount in the donor, [_] drug amount in the
stratum .corneum. drug amount in the lower layer, and
drug amount in the receptor.
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the penetrating amount should be reduced.

In Figure 31, MTT calculated by Eq. 31 are plotted as a function of K12
value. The minimum value of MTT is obtained at Ki2 value which maximizes the
penetrating amount of drug (Fig. 30). If one replaces Ky3 in Eq. 32 with
1/Kq2 and differentiates it with respect to Kios then:

dMTT Vq Vo

=-— 5 + (34)
1]
dKq2 D VoKgp®  D3'V3

Putting Eq. 34 to zero gives the Kq2 value which minimizes MTT (K12.min):

D3Lq /2
Ki2,min ={ — (35)

The value of K12,min in this simulation is calculated to be 52.3 using Eq. 35
and the minimum value of MTT is 195 h,

It seems that much higher affinity of a drug to the stratum corneum
detains the drug in this layer and impedes the drug from moving into the lower
layer. In Fig. 31, tq corresponds to the mean time for drug to traverse the
boundary between donor solution and stratum corneum and t3 corresponds to that
between stratum corneum and the lower layer (see Appendix 2).56) When K1é‘1s
small, MTT is large because of large t1 value. This means that the stratum
corneum acts as an effective barrier and both of drug penetration and
accumulation in the skin are small. Increasing the affinity of drug to the
stratum corneum monotonously diminishes t; value, while t3 value becomes
larger in a monotonous fashion.,  When K12 becomes suffiéient]y large, 15
exceeds tq and drug accumulates in the stratum corneum and hardly moves into
the next layer. The concept of MTT is useful for us to grasp the drug

penetration process.
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Figure 31. The estimated relationship between the partition coefficient of
drug (stratum corneum / vehicle (water)) and the mean transit time '
calculated by Eq. 31. Key: tq (= Vq9/0,"VoKqs +
V1/D4V3KqoKp3) and tg (= Vo/D3V3Ks3).  tq and tg correspond
to the mean times for drug to traverse the boundaries between
vehicle and stratum corneum and between stratum corneum and the
lower layer, respectively (see Appendix 2). The mean times to
diffuse through stratum corneum, to(= 1/2D,"), and to diffuse
through the lower layer, t4 (= 1/203‘), can not be concisely
indicated in this figure because of their relatively smail values.
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3.4. Discussion

The active transport system or the solvent drag transport are not known
in the percutaneous drug penetration, which can be basically considered as the
passive diffusion process. In this point of view, the driving force behind
the drug movement is the difference in the concentration or thermodynamic
activity between the vehicle and the deeper tissues,57) and the partition
coefficient of drug between skin and vehicle and the diffusion constant in the
skin are the important factors to determine the drug penetrability.

The balance of the lipophilicities or solubility parameters of drug,
vehicle, and skin determines the partition coefficient of the drug between the
skin and vehicle. Although the partition coefficient between n-octanol and
water of the seven drugs ranges about five orders of magnitude, that between
the nonpretreated or ethanol pretreated skin and water, which was calculated
based on the one-layer skin model, ranges less than two orders of magnitude.
Especially the drugs with PC . i Tlower than unity, AC, 5-FU, and 6-MP, showed
almost the same affinity to the each of nonpretreated and ethanol pretreated
skins. One of the possible explanations for this can be made by considering
two parallel domains in the skin (stratum corneum), one of which is aqueoué'

1.58:59)  The partition coefficient of a drug between

and another is 1ipoida
the aqueous domain and water may be less sensitive to the change in Pcoct‘
Recently, Raykar et al. examined the uptake of a series of hydrocortisone
esters varying in lipophilicity from water into untreated and delipidized

human stratum corneum.so)

They reported that the uptake of relatively
hydrophilic solutes (Tog Pcoct < 3) 1is governed by the protein domain, which
is polar and less sensitive to changes in solute structure, while more

Tipophilic solutes {log PC .4 > 3) reside preferentially in the Tipid domain
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which appears to have polarity similar to octanol.

The activity of the enhancers in the aqueous system was more remarkable
than in the ethanolic system. The more different the polarities of the two
phases is, the larger variation in the partition coefficient is. The
polarity of ethanol is closer to that of the skin with or without the enhancer
pretreatment than that of water is, which seems to cause the less activity of
the enhancers in the ethanoiic system.

The partition parameter in the ethanolic system with ncnpretreated or
ethanol pretreated skin diminished according to the increase in PCoct- Also
the amounts of drug'penetrating and accumulating in the skin tended to

decrease with the increase in PC These relationships are contrary to

oct*
those observed for the agueous system and suggest that the skin in the present
experimental system had the lipophilicity less than ethanol. Waranis and
Sloan reported the relationships between solubility parameter of prodrugs of
6-MP and permeability coefficient (Kp) through excised skin with three

vehic]es.61)

The increase in the solubility parameter, namely, the decrease
in its lipophilicity, of prodrug increased Kp for isopropyl myristate vehicle,
decreased Kp for water vehicle, and little affected Kp for propylene glycol
vehicle. This can be explained if the skin had as a whole a solubility
parameter, namely polarity, close to that of propylene glycol, which is more
hydrophilic than ethanol.

The diffusivity of a drug in a simple system is inversely proportional to

62)  There may be some interaction with a

the cube root of its molar volume.
penetrant aﬁd the components of the skin such as hydrogen bonding, which makes
the relationship between the molecular size and diffusivity in the skin rather
complex, in the nonpretreated and ethanol pretreated control experiments,

the D' value of 5-FU, the smallest motecule in this study, was the largest in
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the aqueous and ethanolic systems, and those of IM and TMA, the largest
molecules, were small, suggesting the dominant effect of the molecular size on
the diffusivity. Ethanol pretreatment increased the D' value in almost all
cases, Thfs may be caused by the direct effect of ethanol on the skin
integrity34'35) and by the hydration of the skin because of the continuous
wash of dermal side with saline.31-33)

Table X summarizes the effect of the pretreatment with ethanol or the
enhancers on the percutaneous drug penetration. The effect of the ethanol
pretreatment was evaluated by comparing with the nonpretreated control and
that of the enhancers was evaluated by comparing with the ethanol pretreated
control. The cases of BP were omitted because of low reliability in the
analysis based on the one-layer skin model. The penetration of drug through
the ethanol pretreated skin from water was increased because of the increase
in the drug diffusivity. It is clear that the pretreatment with the
enhancers affected the drug affinity to the skin and altered the penetration
and accumulation in the skin of the penetrant. The change in the diffusivity
has less importance for the activity of the enhancers. One of mechanisms of
these enhancers to enhance the penetration of above drugs is to increase the
affinity of drug to the skin by changing the nature of skin as a so]venf;

The penetration and skin accumulation of AC, 5-FU, and 6-MP were raised
with the amount of 7GU, which was theoretically understood based on the one-
layer skin model. However, Fig. 27E suggests that the penetration of BP is
hardly understood by this model. It was reported for the percutaneous
penetration of n-alkanols that the stratum corneum provides the rate-limiting
step in the penetration process, but the permeation resistance of this layer
is reduced with an increase in the alkyl chain length of alkano1.34'63) The

relative importance of the 1ower'1ayér (viable epidermis and dermis) for
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Table X. Summary of the Effect of Ethanol or Percutaneous Penetration

Enhancers on the Percutaneous Penetration of Drugs®

Penetration Accumulation Diffusivity Affinity
through Skin in Skin in Skin to Skin
Agueous  System
Ethano1P 4 + 4 +
Enhancer® 44 4 + 4

Ethanolic System
Ethano1P - ¥ v 2 v

Enhancer® 4or s 4orz: 4 4 orz

2 Effect of ethanol or the enhancer is denoted as: (ff) greatly dincreased,
(f) increased, (%) not affected, (§) decreased.

b Effect of the pretreatment with ethanol was evaluated by comparing with
each of the nonpretreated controls.

C Effect of the pretreatment with the enhancer was evaluated by comparing
with each of the ethanol pretreated controls.
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barrier properties of the whole skin rises rapidly with increasing alkyl chain
Tength, namely, lipophilicity. Therefore, it is required to consider the
diffusional resistance of the viable epidermis and dermis in consideriﬁg the
penetration of BP, the most hydrophobic drug in this study. The increase in
the amount of BP in the skin by the enhancer is considered to be resulted from
the increased affinity of BP to the stratum corneum as the other drugs in the
aqueous system. The partitioning experiments showed that the enhancers
increase the affinity of BP to the organic layer. The results of simulations
shown in Figs. 30 and 31 suggest that the affinity of BP to the stratum
corneum is too high to move into the hydrophilic layer and the penetration is
decreased in spite of the increased skin accumulation.

The relationship described in Figs. 30 and 31 may widely hold in the
percutanecus penetration phenomena. In some cases, a parabolic
relationship is observed between the percutaneous penetration rate of
homoiogues and their aikyl chain 1ength.64) Such a relationship can be

directly predicted by the two-layer skin model.
3.5. Summary

The percutaneous penetration enhancing effect of Azone, 7GU, and 7FU was
investigated using seven penetrants with a wide range of partition
coefficient. The penetration of the drugs from water vehicle (aqueous
system) and ethanol vehicle (ethanolic system) through excised guinea pig skin
was increased by the pretreatment with the enhancers. Enhancement was
remarkable for the drugs such as 5-FU and 6-MP with n-octanol/water partition
coefficient of about unity. The penetration profiles were analyzed based on

the one-layer skin model, and two parameters corresponding to the drug
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diffusivity and partitioning into the skin were obtained. In the aqueous
system, the partitioning of drugs into the skin was increased by the
enhancers, which led to the increase in the drug penetration and accumulation
in the skin, while their diffusivity was 1ittle affected. In the ethanolic
system, the enhancement was far less remarkable than that observed in the
aqueous system because of less increase in the affinity of drug to the skin by
the enhancers. From these parameters, the drug amounts in the vehicle and
the skin were well estimated for the drugs with partition coefficient of lower
than unity.

Further, the effect of applied dose of 7GU was investigated using four
penetrants, AC, 5-FU, 6-MP, and BP., The excised guinea pig skin was
preloaded with various amounts (3.2-51.0 umol/3.14 cmz) of 7GU, to which the
aqueous solution of a drug was applied. The penetration and accumulation in
the skin of AC, 5-FU, and 6-MP increased with an increase in the preloading
amount of 7GU. It was suggested that the increased affinity of these drugs
to the skin by 7GU was the dominant factor for the enhanced drug penetration
and accumulation in the skin. For BP, larger amount of it accumulated in the
skin preloaded with larger amount of 7GU, while the penetrating amount was
reduced, This was the case which is not predicted by the one-layer skin
model. The simulations based on a two-layer skin model, which considers the
~skin to be composed of stratum corneum and the lower Tlayer, suggested that
markedly large affinity of BP to the stratum corneum led to the increase in
the skin accumulation and the decrease in the penetration,

The two-layer skin model was demonstrated to he adequate for the analysis
of percutaneous penetration of a wide range of drugs, while the one-layer skin

model holds for relatively hydrophilic penetrants.
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Chapter 4. Relationship between Physicochemical Properties of Vehicle and

Efficacy of Enhancer

In Chapters 2 and 3, the relationship between the structure and activity
of polyprenylazacycloalkanone derivatives as percutaneous penetration enhancer
and that between the physicochemical properties of penetrant and enhancing
activity were elucidated. In these basic experiments, the activity of
enhancers was evaluated by the pretreatment method which avoids the effect of
vehicle and makes it possible to examine the direct effect of enhancers on
skin. In order to achieve practical application of these enhancers, further
study will be required to elucidate the effect of vehicle on the activity,
because the enhancers are formulated with a vehicle in the clinical uses.

The choice of vehicle is one of the important factors which determine the

65) The enhancement of

activity of a percutaneous penetration enhancer.
metronidazole permeation through human skin by 1 Z of 1-dodecylazacycloheptan—
2-one (Azone) was reported to be increased by the addition of 18 7 of
propyrene glycol to the vehicie (ethanol) but was decreased by the addition of
18 % of polyethylene glycol 400.66) The studies in Chapter 1 showed the
enhanced penetration of mitomycin C through rat skin by Azone in ethan61.g'10)
whereas no enhancement was observed when Azone was dissolved in isopropyl
myristate vehicle. The physicochemical properties of vehicle may affect the
transfer of a drug.67'68) and also an enhancer from vehicle to skin, resulting
in a different enhancing activity. Also some vehicles directly affect the
barrier properties of skin and consequently change the penetration rate of a

69-711) 14 this chapter, Azone, 1-geranyl- (7GU) and 1-

drug.
farnesylazacycloheptan-2-one (7FU), which had been shown to have an excellent

enhancing activity, and l-geranylazacyclopentan-2-one (5GU) were formulated
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using different vehicles and examined their effect on the penetration of
acyclovir (AC).

AC-has marked antiviral activity in herpes virus infections, associated
with low host toxicity.Tz) Intravenous, oral, and topical formuiations of AC
have been introduced, however, the Timitation in the topical therapy of
recurrent cutaneous herpes simplex virus infections has been documented.73)
Therefore, the application of enhancers was tried for this drug.

In the following experiment, AC was applied in the form of suspension to
avoid the effect of enhancer and vehicle on the thermodynamic activity of AC.
The disappearance of the enhancer from vehicle was also determined and

discussed in relation to the extent of the enhancing activity.

4.7. Experimental

4.1.1. Materials

AC was a gift from Sumitomo Pharmaceutical Ltd., Japan. Four solvents,
propylene glycol (PG), ethanol (ET), isopropanol (IPA), and isopropyl
myristate (IPM) were purchased from Nacalai Tesque, Inc., Japan and employed
as vehicles. Azone was kindly supplied from Nelson Research Center, USA, and

7GU, 7FU, and 56U were synthesized by Kuraray Co; Japan.

4.1.2. In Vitro Percutaneous Penetration Experiment

Transdermal delivery rates of AC were determined by in vitro diffusion
experiments. The full-thickness dorsal skin of female hairless mice (9-10
weeks) was excised in one piece and adherent fat and other visceral debris
were removed from the undersurface. Also the full-thickness of abdominal

skin of male Wistar rats (ca. 300 g) was obtained after the removal of the
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hair, and adipose tissue was detached., The freshly excised skin was mounted
on a diffusion cell with an available diffusion area of 8.04 em? (Fig. 2).
The receptor compartment of the apparatus was filled with 48 ml of saline
containing streptomycin sulfate (50 mg/1, Sigma Chemical Co.) and penicillin G
potassium salt (30 mg/1, Toyo Jozo, Japan), and stirred with a magnetic
stirrer. Test formulations were prepared by suspending AC in PG, ET, IPA,
and IPM to a total concentration of 20 mM. The enhancers were added to these
suspensions at a concentration of 0.1 M. The AC suspension (2 ml) was
applied to the donor compartment, which was sealed with silicone stopper.
The diffusioﬁ cell was thermostated at 32 °C in a water bath. At appropriate
intervals, 1 ml of the receptor medium was withdrawn and this volume was
replaced with fresh medium. At the end of experiment, the drug and enhancer
remaining in the donor phase were recovered with methanol. Twenty-five
milliliter of methanol was sufficjent to dissolve AC, enhancer, and vehicle.

AC was determined using the HPLC system (TRI ROTAR, Japan Spectroscopic
Co., Ltd.) in a reverse-phase mode equipped with a UV detector (UVIDEC-100-
111, Japan Spectroscopic Co. Ltd.) operating at 252 nm. The mobile phase was
a mixture of methanol and distilled water (10 : 90) and flowed at 0.8 ml/min.
The sample from receptor compartment was analyzed after filtration witﬁ
Milliporefilter (pore size, 0.45 um). The sample obtained from the donor
compartment (methanol solution) was analyzed after evaporation of methanol and
resolubilization in water.

The enhancers recovered from donor phase were determined by HPLC system
with a UV detector operating at 210 nm, The mobile phase was a mixture of

methanol and water (90 : 10) and flowed at 1.0 m1/min.
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4.2. Results

4.2.1. Lipophilicity of Enhancers and Vehicles

Table XI Tists the lipophilic indices (see Chapter 1) and solubility
parameters calculated by the method of Fedors of enhancers and vehicﬁes.16)
The solubility parameters of the enhancers (9.07-9.30) are closer to that of
IPM (B.54) than to the other vehicles (11.6—14.8); The solubility parameters
inversely follow the order of the determined Tipophilic indices in enhancers.
The solubility parameters of vehicles show an order of the polarity of

vehicles predicted from their chemical structures.

4,2.2, Effect of Vehicle on Activity of Enhancer to Penetration of AC

The penetration profiles of AC through hairless mouse skin from IPA and
IPM are illustrated in Figs. 32A and B, respectively. The penetration of AC
from IPA was remarkably increased by 7GU, whereas that from IPM was not
affected, suggesting the importance of vehicle for the activity of the
enhancer.

The enhancing effect of the enhancers formulated in the four vehicles was
examined using excised rat skin. Figures 33A-D show the penetration profiles
of AC through rat skin from PG, ET, IPA, and IPM vehicles with or without the
enhancers. Table XII summarizes the recovery percentages of AC and enhancers
at the end of 8-h diffusion experiment,

Theoretically, all vehicles containing finely ground suspensions of the
drug will produce the same rate of penetration because the thermodynamic
activity of the drug in them is equal to that of the solid dru957). When

results of control experiments were compared, however, the AC penetration from

the vehicle with higher lipophilicity was faster (IPM > IPA > ET > PG). Also
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Table XI. Physicochemical Properties of Percutaneous
Penetration Enhancers and Vehicles

Compound - Solubitity Parameter® Lipophilic
' ‘ (ca?/cm3)1/2 Index
Azone | 9,07 6.14
TFU - 9.10 _ 5.86
7GU 9.21 3,86
5Gl _ 9.30 3.30
Propylene Glycol (PG) 14.8 NDb
‘Ethanol (ET) 12.6 NDP
Isopropanol (IPA) 11.6 NDP

. Isopropyl Myristate (IPM) 8.54 ) ) 7,75

2 Estimated value by the method of Fedors. 19)
b Not determined.
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}Figﬁré 32. Penétration of AC through the excised hairless mouse skin. AC was
__'applied as:suspensions in IPA (A) and IPM (B) with (V7 ) and
without (O 76U. )
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Figure 33.

(% Applied)

Amount Penetrated

0 2 4 b 8 0 2 4 b 8

Penetration of AC from PG (A), ethanol (B), IPA (C), and IPM (D)
through excised rat skin. AC was suspended in the vehicle without
enhancer () or with Azone ([J), 7FU ( A), 76U ( V), and

560 (D).
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Table XII. Recovery Percentages of Enhancers and AC after 8-Hour Diffusion
Experiments with Rat Skin?

Recovery from Donor (7) Recovery of
Vehicle Enhancer N AC from
Enhancer AC Receptor (Z)
PG Control 3 - 103.86 + 4.98 1.30 £ 0,43
Azone 3 89.03 + 4.32 44.64 = 9.79 53.78 £ 5.79
7FU 3 86.65 + 1.35 79.33 + 2.21 18.38 + 1,46
76U 3 82.75 + 4.46 79.01 + 16,66 16.66 + 2,62
5GU 3 88.43 + 1.60 105.82 £ 7.20 2.07 % 0.66
ET Control 3 -— 104.76 £ 7.11 2.17 £ 0,37
Azone 3 91.69 = 3.174 58.16 + 7.08 24.3% + 5.91
7FU 3 84,71 = 6.10 71.93 + 6.46 21.81 = 2.01
76U 3 87.39 + 0.86 60,77 + 6.39 25.53 + 3.32
5GU 3 84.06 + 2,14 68.73 £ 2.33 18.77 + 0.34
IPA Control 3 -— 91.13 £ 2.43 3.13 + 0.96
Azone 4 87.72 £ 1.65 101.60 + 4.40 4,83 £ 1.24
7FU 3 86,47 + 3,28 72,04 + 6.86 15.90 + 4,83
7GU 3 65.91 + 25,06 73.97 + 21.93 21.18 £ 6.47
56U 3 89.05 + 4,26  94.63 + 7.46 1.63 £ 0.32
IPM Control 3 -— 87.85 + 14.66 3.44 + 1.08
Azone 4 91.61 £ 2.17 93.17 % 3.93 2.43 + 0,33
7FU 4 89.90 + 1.46 96.29 £ 4.60 3.34 £ 0.64
76U 3 92,66 = 1.51 96.29 + 4.60 2.26 £ 0.22
3 * + 0.66

56U 90,02 = 2,19 91.86 £ 6.29 2.80

4 Data are expressed by means % standard errors of the mean.
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the amount of AC remaining in the hydrophobic vehicle was smaller than that in
the hydrophilic vehicle. Thus, vehicle +itself affected the permeability of
the skin to some extent. However the variation of AC penetration observed in
different vehicles was much smaller than that in different enhancers.

The variation of control values suggests the direct effect of the
vehicles on the skin permeability. To normalize the contribution of the
direct effect of vehicles, the ratio of the amount of AC penetrating for 8 h
from a vehicle with an enhancer to that from the same vehicle without
enhancers (increasing ratio in AC penetration) was calculated and is plotted
against the solubility parameter of the vehicle and Tipophilic index of the
enhancer in Fig. 34. The brief examination of this figure reveals that the
activity of enhancer tends to be encouraged in the vehicle with high
hydrophilicity (with larger solubility parameter value). This phenomenon was
more remarkable for the enhancer with higher 1jpophilicity, The effect of
5GU was Targe in ET. 7GU showed the large effect in PG and ET. The effect
of 7FU and Azone was increased according to the increase in hydrophilicity of
the vehicle and the maximum enhancement in AC penetration was observed in the
combination of PG and Azone, the most hydrophilic vehicle and the most
lipophilic enhancer. IPM was the unfavorable vehicle for all enhancers
examined, In IPA, the enhancer with the Tipophilic iﬁdex of 4 (7GU) seems to
show the greatest activity, while ail enhancers showed almost the same
enhancing activity in ET. PG seems to raise the activity of enhancer with
higher lipophilicity.

During the 8-h diffusion experiments, about 2-4 umo'l/cm2 of enhancer was
disappeared from the vehicle. The disappearance of the enhancer from the
vehicle basically corre1atéd with the enhancing activity (Table XII)}., The

activity of 5GU was demonstrated when formulated in ET, from which 5GU
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Figure 34, Effect of Azone, 7FU, 7GU, and 5GU on the percutaneous penetration
of AC from various vehicles with different physicochemical
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disappeared more rapidly than the other vehicles. IPM, which caused little
activity of enhancers, showed larger remaining amount of the enhancers in it.
However the drastic enhancement of AC penetration did not always follow the
large disappearance of the.enhancer (for instance, the combination of Azone
and PG), suggesting the existence of factors other than penetration of

enhancer itself that determines the activity of the enhancers.
4.3. Discussion

The physicochemical properties of vehicle, drug, and skin are major three
determinants for percutaneous penetration of drug.7) Some changes in one of
them alter the dynamic interactions developing between them and affect the
percutaneous drug penetration.

The effect of enhancer was remarkably affected by the vehicle. The
penetration of AC was reported to be increased by increasing the amount of 7GU
(Chapter 3).52) It is possible that vehicles alter the movement of enhancer
itseif to skin. The enhancers were not saturated in the vehicle and their
thermodynamic activity is varied in different vehicles. Sloan et ai.

69)

investigated the penetration of theophylline, salicylic acid,70) and 6-

1) in various vehicles and demonstrated that the flux and

mercaptopurine
permeability coefficient were minimized when the solubility parameter of
vehicle was c¢lose to that of penetrant. The penetration enhancers in this
study have the solubility parameters cliose to that of IPM, which leads to
relatively small penetration of enhancers and reduction in their enhancing
activities.

IPM caused somewhat unusual diffusion profiles of AC. One of the

reasons of this may be that the rate limiting step was not in the passage
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through the skin but in the applied phase. It is possible that the
dissolving rate of suspended AC determined the penetration rate. However,
the suppressed activity of the enhancers in IPM was suggested by the facts
that no effect of them was observed in even the early stage of the diffusion
and no effect of 7GU was demonstrated in the experiment with hairless mouse
skin in which normal penetration profiles were obtained. The great
enhancing effect observed in the combinations of relatively hydrophilic
vehicle and hydrophobic enhancer is not fully explained by the extent of
enhancer's penetration. Keeping the idea that the thermodynamic activity of
AC in the vehicle was not varied, the direct effect of vehicle on the skin is
speculated. It has been reported that PG encouraged the percutaneous
penetration enhancing activity of oleic acﬁdss) Tauric acid, and laury]
a1coho].37) Barry proposed the synergistic action of PG and Azone,74) which
may be the case for AC penetration. The decrease in the amount of PG from
the donor cell was obvious at the end of diffusion experiment when Azone was
added to it. In spite of the notable improvement of AC penetration, the
disappearance of enhancers from PG was not so large as expected from the
difference of their solubility parameters, The penetration of hydrophilic
vehicle into the stratum corneum seems to make the polarity of skin larger,

which results in a decrease in affinity of the enhancers to the skin.

4.4, Summary

The effect of vehicle and percutaneous penetration enhancer on the
penetration of AC through excised hairless mouse and rat skin was
investigated. Four kinds of solvents, PG, ET, IPA, and IPM, were employed as

vehicles and four enhancers, 5GU, 7GU, 7FU, and Azone were formulated in them.
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AC was suspended in vehicles to avoid the effect on the thermodynamic
activity of ‘AC in the vehicle. A1l of the combinations of a vehicle and a
penetration enhancer were examined using rat skin. No enhancing effect of
the enhancers was observed for IPM vehicle. On the other hand, the
penetration of AC from the other vehicles was raised with the enhancers. 1In
hairless mouse skin, the penetration of AC from IPA was also enhanced by 7GU,
whereas that from IPM was not changed. From the examination of solubility
pérameters of vehicles and enhancers, it was suggested that the hydrophobicity
of IPM is close to those of enhancers and this might lead to the decrease in
the release of the enhancers from IPM, The combination of hydrophilic
vehicle and the hydrophobic enhancer resulted in the Targe enhancing effect.
The disappearance of the enhancers from the vehicie seemed to correlate with
the enhancing activity. However, other factors aiso seemed to affect the

great enhancement of penetration of AC.
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Summary and Conclusions

Polyprenylazacycloalkanone derivatives were developed as novel
percutaneous penetration enhancers and their activities were examined in in
vitro diffusion experiments with excised animal skin. The effect of the
enhancers was discussed in relation to three dominant determinants in
percutaneous penetration of drugs, namely, physicochemical properties of drug,
those of vehicle, and nature of skin.

The drug penetration through the skin is, in general, considered as the
passive diffusion process, and mathematical analysis based on the diffusion
theory seems to be effective to correlate drug movement with its
physicochemical properties. Two diffusion models were constructed in this
study which reflect the experimental conditions with the flow-through type
diffusion cell. The Laplace transformed equations describing the
percutaneous penetration process were derived and the obtained percutaneous
penetration profiles were analyzed by the aid of MULTI(FILT) which is a
nonlinear least squares computer program based on fast inverse Lapiace
transform algorithm.

Through the present studies, it is concluded on folliowing six points as

below.

1) Evaluation of Activity of Polyprenylazacycloalkanone Derivatives as

Percutaneous Penetration Enhancers
1) Po]ybreny1azacyc1oa1kanone derivatives enhance significantly
percutaneous penetration of drugs,
2) These compounds directly affect skin permeability.

3) These compounds have less skin irritancy than Azone.
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2) The Relationship between the Structure and Activity of the Penetration

Enhancer
1) Tajl chain length has important effect on the enhancing activity. Cc10
or C15 seems to be favorable.
2) The number of carbonyl groups in a ring moiety of enhancer has important
effect on the activity. Enhancers with one carbonyl group are better
than those with two.

3)'Trans double bounds in tail chain cause the less skin irritancy.

3) The Relationship between the Physicochemical Properties of Penetrant and

Efficacy of Enhancer

1) Enhancement is remarkable for the drugs with n-octanol/water partition
coefficient of about unity.
2) The dominant action of the developed enhancers is to increase the drug

partitioning to skin and drug concentration gradient in skin barrier.

4) The Relationship between the Applied Dose of Enhancer and Its Efficacy

1) Drug penetrability rises with the dose of enhancer because of an increase
in affinity to the skin.

2) Large increase in lipophilicity of penetrant results in an increased
accumulation in the stratum corneum and a decreased penetration because
the drug movement from the stratum corneum to the lower Tayer becomes a

rate-Tlimiting step.

5) The Relationship between the Physicochemical Properties of Vehicle and

Efficacy of Enhancer
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1) The combination of hydrophilic vehicles such as propylene glycol and
ethanol and hydrophobic enhancers results in the large enhancing effect.
2) The disappearance of the enhancer from the vehicle seems to correlate

with the enhancing activity.

6) Development of Diffusjon Model for Analyzing and Predicting Percutaneous

Penetration Process

1) One-layer skin model is valid for the analysis of the penetration of
relatively hydrophilic drug.

2) Two-layer skin model is useful to analyze the percutaneous penetration
process of a wide range of drug in physicochemical terms such as
diffusion constant and partition coefficient.

3) The concept of mean transit time is helpful to grasp the percutaneous

penetration process.

The experimental system and analytical method developed in this work can
be widely applied in studies of percutaneous penetration and will give useful
information in physicochemical terms. The results obtained in this study
should be a valuable guide for development of novel percutaneous penetration

enhancers and formulation of them.
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Appendix

1) Laplace Transformed Equations Based on One-Layer Skin Model

The corresponding Laplace transforms of Egs. 3-7 are:

_ 27¢

sC = D— (A1)
3x2

t=0 | (at t = 0, O<x<L) (A2)

—C--i =0 or E‘]V] = XO (t = 0, —V}/Ai)(io) (AB)

V-] - B—C

—st = Xg + DA{— (at x = 0) (A4)

K X /v=0

C=0 {at x = L) (A5)

Equation Al has the general solution:

€ = A'cosh(gx) + B'sinh(gx) ' (A6)
where:
q=(s/MV2=d/L (A7)

From Eqs. A2-A7, A’ and B' are obtained as:

A" = KXpsinh(qL}/U’ (AB)

B' = —Kxocqsh(qL)/U' (A9)
where:

U'= s-Vq-sinh(ql) + KDAg-cosh(ql) ' - (A10)

The total amounts of drug appearing in the receptor {Q), accumulating in the

" skin (M), and remaining in the donor (X) are:
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t/3C
Q= ~DA] — dt | : : (A17)
0 Bx X=L
t/9C
X =Xg + DA‘ — ] dt (A12)
0 ax X='-0
) A
M= A] Cdx (A13)
0 _

The Laplace transform for the total drug amounts in the receptor (Q, £q. 8),

in the donor (X, Eq. 9), and in the skin (M, Eq. 10) are given as:

B DA/3C DA
Q=- — = — —q[A'sinh(qL)+B'cosh{ql)] (A14)
S\3X x=L S

_ XD DA aﬁl XO DA

X=— + —{— = — + —qB' ' (A15)
s S \9X A=g s s

_ L A .

M= AJ Cdx = —{A'sinh(qL}+B'[cosh{qL)-11} : (A16)
0 q

When the Laplace transformed equation for the cumulative amount of a
drug penetrating a barrier (Q) is given as a function of the Lap1ace

variable {s) as Eq. Al7:

_ h(s)
sg(s)

(A17)
the area under the curve (AUC) and the area under the first moment curve
(AUMC) are obtained as:

h(s)
AUC = 19m(sQ) = lim —— (A18)
S$+0 S+0 g(s)
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d d d
AUMC = =19m{—(sQ)} = -1im{—h(s)/a(s) - h(s)—k(s)/g(s)2} (A19)
$20 dg S*0 (g ds N
The MTT is calculated by:

AUMC d d
MTT = = = Tim{—g(s)/g(s) -~ —h(s)/h{s)} (A20)
AUC 570 ds ds

2) Laplace Transformed Equations Based on Two-Layer Skin Model

The corresponding Laplace transforms of Eqs. 16-24 are, respectively:

T i A21
3 37T,
sC, = 038)(2 (A22)
K'IZE'] = Cz (X = —Lz) . (A23)
_ aCy
SV1C1—X0 = D2A—' (X = —Lz) (A24)
ox , -
Kp3Cz = T3 (x = 0) . (A25)
C % -
2 3 :
Dpw— = D3— . {(x =0Q) (A26)
X ox
Eqs. A21 and A22 have the general solutions, respectively:
”2 = X'cosh(qzx) + Y'sinh(gyx) (A28)
f3 = 1'cosh(g3x) + W'sinh(q3x) (A29)

where:
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ay = (s/Dy)1/2 (A30)

From Eqs. A23-A31, X' Y',Z' and W' are determined, respectively, as:

X' = 7'/Koq - (A32)
Y= (D4/0) /2w o (A33)
' = —tanh(q3L3)W' ' ' (A34)
o K12¥23%0 (435)
tanh(q3L3)Q'+K3(D3/Dz)1/ZR'
where:
Q' = sV1cosh(q2L2)+K1zDquzsinh(quz) ' (A36)
“R' = 5V1sinh(q2L2)+K1ZDquzcosh(quz) (A37)

g, X, My, and M3 are ca1cu1ated._respéctive]y. by:

_ D3A 363 . D3A o ' L
Q- (2 = - —q3[Z"sinh(q3L3)+W cosh(asL3)] (A38)
s \gx x=L3 s
_ Xo Dzﬁ BCZ XO DzA . .
X = — 4+ —qy — = — 4 ———qz[—X'sinh(q2L2)+Y'cosh(q2L2)] {A39)
s s ax /x=-Lo s s : C

. 0 _ A ) '
| Mo = A[ Cpdx = —{X'sinh(qola)-Y'[cosh(qpLp)-11} - ‘ | (A40)

_ by A | - TR

Mz = Af “Cadx = —{Z'sinh(gala)+W'[cosh(qqla)~1]1} (A41)

3 0 3 q 33 3-3 , _

MTT (Eq. 32) is calculated by the same‘manner‘aﬁﬁin ;heione—1ayer skin
model, by substituting g(s) in Eqs. A17-A19 with k(s).
The Laplace transformed equations for the total drqg amount penetrating

the boundary at 0 (Qq,) and -L, (Q3) are derived as the same manner as Q:
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= K12K23V2V3X0005h(d3)/5/k($) ’ | (A42)
-IK12V2X0[V2d3/d231nh(d2)31nh(d3)
+KoqV3cosh(d,)cosh(dg)1/s/k(s) _ (A43)

L Y e
L ~N '
1 1

MTT for an applied penetrant to traverse the boundary at x=-L,, between
the donor and the stratum corneum, (MTT12) and that at x=0, between the

stratum corneum and the lower Tayer, (MTTp3) are given as follows:

_Vif¥qg Va/KqpKas

My, = +  (A4s)
D'V D3'V3 |
i Vo /K
MTT23 = MTT12 + + 2’23 (A45)
1 H
2D;"  Dy'Vq

MTTqp is equal to tq. The last two terms in Eq. A4D may be divided into the
two terms, one of which is determined only by the nature of the stratum
corneum (t2 = 1/202’) and the other is affected by the nature of the lower
layer (t3). The_comparisbﬁ of Eqs. 31 and A4S reveals that the 1/2D3' 1s‘the

MTIT for the penetrant to diffuse in the lower layer (t,).

3) Nomenclature

A Effective area for diffusion
C - Drug concentration

dr ' L/(s/D)”2

D Diffusion constant of drug
6' Diffusion parameter (b/Lz)

K - Partition coefficient of drug
o - bartftion p;ﬁameter (K'Lj

L Thickness of membraﬁgl o
Mo | ‘ .ﬁruéiamouht in the’skin'
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MTT Mean transit time

q (s/0y}/2

Q Total amount of drug penetrating the skin

S Laplace variable with respect to time

v Volume '

X Distance

X Drug amount in the donor solution

(Subscripts)

0 Initial condition

1 Donor solution

2 _ Stratum corneum or skin

3 The lower layer (viable epidermis + dermis)

12 ~ Boundary between the donor solution and the stratum corneum
23 Boundary between the stratum corneum and the lower layer

103



Acknowledgments

The author wishes to express his sincere gratitude to Professor Hitéshi
Sezaki, Faculty of Pharmaceutical Sciences, Kyoto University, for his constant
guidance in the course of this work.

The author is also grateful to Associate Professor Mitsuru Hashida,
Faculty of Pharmaceutical Sciences, Kyoto University, and Dr. Hideo Komatsu,
Pola Laboratories, for their worthwhile suggestions and discussions.

I wish to thank Lecturer Kiyoshi Yamaoka, Faculty of Pharmaceutical
Sciences, Kyoto University, for providing the computer program MULTI(FILT).

Encouragement and helpful suggestions of Instructors Akira Yamamoto and
Yoshinobu Takakura, Faculty of Pharmaceutical Sciences, Kyoto University, and
collaborators of Faculty of Pharmaceutical Sciences, Kyoto University, are
gratefully acknowledged.

The author is deeply indebted to Makiko Ohyabu, Hiroko Tsukahara, Kenji
Muta, Fumiyoshi Yamashita, and Kyoko Saito for their assistance with the

experiments,

104



1.

10.

11.
12.

13.

14,

References

M. A. Longer, D. L. Middleton, and J. R. Robinson: in "Drug Delivery
Devices: Fundamentals and Applications," P. Tyle (ed.), Marcel Dekker, New

York, 1988, pp. 3-15.

. S. K. Govil: in "Drug Delivery Devices: Fundamentals and Applications," P.

Tyle (ed.), Marcel Dekker, New York, 1988, pp. 385-419.

. J. Hadgraft: Pharm. Int., 5, 252-254 (1984).

B. Idson: Drug Cosmet. Ind., 30-33 (1985).

. R. B. Stoughton: Arch. Dermatol., 118, 474-477 (1982).
. R. B. Stoughton and W. 0, McClure: Drug Develop. Ind. Pharm., 9, 725-744

{1983).

J. Ziegenmeyer: in "Dermal and Transdermal Absorption," R. Brandau and B.
H. Lippold (eds.), Wissenschaftliche Verlagsgesellschaft mbH, Stuttgart,
1982, pp. 73-89.

B. W. Barry: "Dermatological Formulations,”" Marcel Dekker, New York, 1983,
pp. 160-172.

H. Okamoto, M. Ohyabu, M. Hashida, and H. Sezaki: J. Pharm. Pharmaceol.,
39, 531-534 (1987).

H. Okamoto, H. Tsukahara, M. Hashida, and H. Sezaki: Chem. Pharm, Bull.,
35, 4605-4608 (1987).

H. Okamoto, M. Hashida, and H. Sezaki: J. Pharm, Sci., 77, 418-424 (1988).
T. Yamana, A. Tsuji, E. Miyamoto, and O. Kubo.: J. Pharm. Sci. 66, 747-749
(1977).

H. Sasaki, £. Mukai, M. Hashida, T. Kimura, and H. Sezaki: Int. J. Pharm.,
15, 49-59 (1983).

J. H. Draize: in "Appraisal of the Safety of Chemicals in Foods, Drugs and

105



5.,

16,
17.

18.

19.

20.

21.

22,

23.
24.

25.

26.

27.

Cosmetics,"” Assoc. Food and Drug Officials of the U.S., Austin, Tex.,
1959, pp. 46-48.

L. Phillips, M. Steinberg, H. I. Maibach, and W. A. Akers: Toxicol. Appl.
Pharmacol., 21, 369-382 (1972).

R. F. Fedors: Polym. Eng. Sci., 14, 147-154 (1974).

A. Martin, J. Swarbrick, and A. Cammarata. "Physical Pharmacy, 3rd ed.,"
Lea & Febiger, Philadelphia, 1983, pp. 272-313.

A. N. Paruta, B. J. Sciarrone, and N. 6. lordi: J. Pharm, Sci., 51, 704-
705 (1962).

M. Hashida, E. Mukai, T. Kimura, and H. Sezaki: J. Pharm. Pharmacol., 37,
542-544 (1985).

E. Mukai, K. Arase, M, Hashida, and H. Sezaki: Int. J. Pharm., 25, 95-103
(1985).

Higuchi, T.: in "Skin: Drug Application and Evaluation of Environmental
Hazards. Current Problems in Dermatology, vol. 7," Simon, G. A., Paster,
Z., Klingberg, M. A., and Kaye, M. (eds), S. Karger, AG, Basel, 1978, pp.
121-131.

K. Sugibayashi, K. Hosoya, Y. Morimoto, and W. I. Higuchi: J. Pharm.
Pharmacol., 37, 578-580 (1985).

R. J. Scheuplein: J. Invest. Dermatol., 48, 79-88 (1967).

B. W. Barry: "Dermatological Formulations", Marcel Dekker, New York, 1983,
pp. 49-94.

H. Okamoto, H. Komatsu, M. Hashida, and H. Sezaki: Int. J. Pharm., 30, 35-
45 (1986).

H, Komatsu, H. Okamoto, K. Miyagawa, M. Hashida, and H. Sezaki: Chem.
Pharm. Bull., 34, 3423-3430 (1986).

M. Hashida, H. Okamoto, and H. Sez;ki: J. Pharmacobic—Dyn. 11, 636-644

106



28.
29.
30.
31.

32.

33.
34,
35.
36.
37.

38.
39.
40,
41.

42,
43,
44,
45,
46.

(1988).

Y. Yano, K., Yamaoka, and H. Tanaka: Chem. Pharm. Bull., in press.

K. Kubota and T. Ishizaki: J. Pharmacokin. Biopharm., 13, 55-72 (1985).

K. Kubota and T. Ishizaki: J. Pharmacokin. Biopharm., 14, 409-439 (1986).
C. R. Behl, G, L. Flynn, T. Kurihara. N. Harper, W. Smith, W. I. Higuchi,
N. F. H. Ho, and C. L. Pierson: J. Invest. Dermatol., 75, 346-352 (1980).
C. R. Behl, M. Barrett, G. L. Flynn, T. Kurihara, K. A, Walters, 0. G.
Gatmaitan, N. Harper, W. I. Higuchi, N. F. H. Ho, and €. L. Pierson: J.
Pharm. Sci., 71, 229-234 (1982).

D. Southwell and B, W. Barry: Int. J. Pharm., 22, 291-298 (1984),

R. J. Sheuplein and I. H. Blank: J. Invest. Dermatol., 60, 286-296 (1973).
R. Sheuplein and L. Ross: J. Soc. Cosmet. Chem., 21, 853-873 (1970).

D. L. Sekura and J. Scala; Adv. Bio].-Skin.. 12, 257-269 (1972).

B. J. Aungst, N. J. Rigers, and E. Shefter: Int. J. Pharm., 33, 225-234
{1986).

E. R. Cooper: J. Pharm. Sci., 73, 1153-1156 (1984).

K. A. WaTters and 0. Olejnik: J. Pharm. Pharmacol., 35 Suppl., 79p (1983).
M. J. Karnovsky: Am, J. Pathol., 97, 211-222 (1979).

G. M. Golden, J. E. McKie, and R, 0. Potts: J. Pharm. Sci., 76, 25-28
(1987).

C. Prottey and T. Ferguson: J, Soc. Cosmet. Chem., 26, 29-46 (1975).

A. M. Kligman and W, M, Wooding: J. Invest. Dermatol., 49, 78-94 (1967).
R, E. Kellum and E. Robert: Arch. Dermatol., 97, 722-726 (1968).

T. Ray and R. E. Kellum: J. Invest. Dermatol., 57, 6-9 (1971).

H. H. Raller: in "Safe and Efficacy of Topical Drugs and Cosmetics,” A, M,
Kligman and J. J. Leyden, James - (eds.), Grune & Stratton, 1982, pp. 311~
337,

107



47.

48.

49.

50.

51,

52.

53.

54.

55,

56.

57.

58.

59.

60.

61.
62.

T. Nakagawa, M Takehara, and H. QGishi: Chem. Pharm. Bull., 24, 1774-1778
{1976). .

M. Takehara, T. Nakagawa, Y. Ushio, K. Narahara, and H. Oishi: Chem.
Pharm. Buil., 24, 1779-1783 (1976).

J. Clank: "Mathematics of Diffusion," Oxford University, London, 1975, pp.
42-61.

E. Touitou: Int. J. Pharm., 43, 1-7 (1988).

H. Okamoto, M, Hashida, and H. Sezaki: J. Pharm. Sci., submitted.

H. Okamoto, M. Hashida, and H. Sezaki: J. Pharm. Sci., submitted.

T. Kurihara-Bergstrom, G. L. Flynn, and W. I. Higuchi: J. Invest.
Dermatol., 89, 274-280 (1987).

S. M. H. Al-Saidan, A. B. Selkirk, and A. J. Winfield: J. Invest.
Dermatol., 89, 426-429 (1987).

M. Yamada, Y. Uda, and Y. Tanigawara: Chem. Pharm. Bull., 35, 3399-3406
(1988).

H. Okamoto, F. Yamashita, K. Saito, and M. Hashida: Phafm. Res., in press,
T. Higuchi: J. Soc. Cosmet. Chem., 11, 85-97 (1961).

M. Katz and B. J. Poulsen: in "Handbook of Experimental Pharmacology," O.
Eichler, A. Farah, H. Herken, and A, D. Weich (eds.), Vol. 28, Academ{é
Press, New York, 1971, pp. 103-174.

B. W. Barry: "Dermatological Formulations," Marcel Dekker, New York, 1985,
pp. 95-126,

P. V. Raykar, M-C. Fung, and B. D. Anderson: Pharm. Res., 5, 140-150
(1988).

R. P, Waranis and K. B, Sloan: J. Phafm. Sci., 76, 587-595 (1987).

G. L. Flynn, 5. H. Yalkowsky, and T. J. Roseman: J. Pharm. Sci., 63, 479-
510 (1974). | '

108



63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

G. L. Flynn, H. Durrheim, and W. I. Higuchi: J. Pharm. Sci., 70, 52-56
(1981).

d. T. Penniston, L. Beckett, D. L. Bentley, and C. Hansch: Mol,
Pharmacol., b, 333-341 (1969).

N. V. Sheth, D. J. Freeman, W. I. Higuchi, and S. L. Spruance: Int. J.
Pharm., 28, 201-209 (1986).

P. K. Wotton, B. Mollgaard, J. Hadgraft, and A. Hoelgaard: Int. J. Pharm,
24, 19-26 (1985),

J. S. Turi, D. Danielson, and W. Woltersom: J. Pharm. Sci., 68, 275-280
(1979).

P. H. Dugard and R. C. Scott: Int. J. Pharm., 28, 219-227 (1986).

K. B. Sloan, S. A. M. Koch, K. G. Siver, and F. P. Flowers: J. Invest.
Dermatol., 87, 244-252 (1986).

K. B. Sloan, K. G. Siver, and S. A, M. Koch: J. Pharm. Sci., 75, 744-749
(1986).

R. P. Waranis, K. G. Siver, and K. B. Sloan: Int. J. Pharm., 36, 211-222
(1987).

H. J. Schaeffer, L. Beauchamp, P. Miranda, G. B. Elion, D. J. Bauer, and
P. Collins: Nature, 272, 583-585 (1978).

S. L. Spruance, M. B. McKeough, and J. R, Cardinal: Antimicrob. Agents
Chemother., 25, 10-15 (1984).

B. W. Barry: J. Controlled Release., 6, 85-97 (1987).

109



