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Purpose. A theoretical design of percutaneous penetration en-
hancement in which prodrug derivation and enhancer application are
combined is proposed based on the skin diffusion model and it is
experimentally verified.

Methods. Employing acyclovir as a model drug, the hypothesis was
tested by synthesis of its prodrugs and evaluation of their in vitro
permeation in the rat skin, with or without a penetration enhancer, 1-
geranylazacycloheptan-2-one(GACH).

Results. Among five acyclovir prodrugs, those with higher lipophilicit-
ies (propionate, butyrate, valerate, and hexanoate prodrugs) showed
greater skin penetration than those of hydrophilic prodrugs (acetate),
when administered in combination with GACH. Furthermore, the
observed enhancement ratios were in good agreement with those pre-
dicted by theoretical consideration.

Conclusions. Thus, skin permeation of prodrugs applied with an
enhancer can be predicted and optimized by model analysis.

KEY WORDS: prodrug-enhancer combination; percutaneous absorp-
tion; acyclovir; 1-geranylazacycloheptan-2-one.

INTRODUCTION

Recently, some methodologies for improving skin perme-
ation of poorly absorbed drugs, such as application of penetra-
tion enhancers (1), prodrugs (2), and iontophoresis (3) have
been established. In addition, two or more of these approaches
have been combined to increase drug absorption more effi-
ciently (4). Although some approaches have helped improve
skin permeation of drugs, these delivery systems have been
developed only through trial and error. The mechanisms of
skin permeation of drugs and/or its enhancement have been
examined from various points of view. Nevertheless, there have
been few reports on optimization of drug absorption rationally
achieved based on these mechanisms.

For rational design of drug absorption enhancement, a
pharmacokinetic model which enables us to analyze skin perme-
ation of drugs quantitatively and comprehensively is necessary.
For this purpose, several kinetic models have been developed
(5,6). We developed a two-layer skin diffusion model with polar
and nonpolar routes in the stratum corneum, which can explain
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the mechanism of skin permeation of various drugs and the
effects of enhancers on it, based on physicochemical view-
points (7).

In the present study, a method of percutaneous absorption
enhancement of acyclovir is theoretically designed based on
the action mechanism of a penetration enhancer 1-geranylaza-
cycloheptan-2-one (GACH) which has already been revealed
by the diffusion model analysis (7). Based on the relationship
between the enhancement effect of GACH and physicochemical
properties of the drug, skin permeation of the drug was hypothe-
sized to be enhanced most effectively by synthesizing a prodrug
with the optimal lipophilicity for the enhancer. In this experi-
ment, acyclovir was used as a model compound which shows
little enhancing effect by GACH. Various prodrugs of acyclovir
were synthesized to evaluate their skin permeabilities in the
presence of GACH and their permeabilities were compared
with those predicted theoretically.

THEORETICAL BACKGROUND

Laplace-transformed equations representing drug perme-
ation were previously derived from Fick’s diffusion law based
on a two-layer skin diffusion model with polar and nonpolar
routes in the stratum corneum (7). The Laplace transform for
the amount of drug appearing in the receptor across the skin
under the finite-dosing condition is expressed as follows (7);

Q = ZsXo(Z,p sinh d, + Z, sinh d,;)/s/g(s) )]

where s is the Laplace operator with respect to time and X, is
the initially applied dose, and Z4, Z,,, Z,, g(s), d,, and d,,
substituted for the equations demonstrated in our previous
report (7).

The penetration amount at any time was calculated from
Eq. (1) using a fast inverse Laplace transform FILT algorithm
(8) on the main frame computer M-382 of the Kyoto University
Data Processing Center. In this analysis, the partition coefficient
for the nonpolar route (K,,) was related to the octanol-water
partition coefficient (PC,,) based on a linear free-energy rela-
tionship (9).

IOg Knp =a lOg Kocl./w + B (2)

where the values of « and B are 1.3 and —3.0 for control, 1.1
and —0.9 for treatment with 51.0 pmol of GACH, respectively.
The partition coefficients for polar route (K,) in the stratum
corneum was assumed to be unity as we used water for the
vehicle (10). Since there is little difference in the permeation
of drugs with diverse lipophilicity through the tape stripped
skin (7), we assume that the partition coefficient (Ky) between
the vehicle and viable skin layer is one regardless of lipophilicity
of the drug. The diffusion parameter in each route was indepen-
dent of the species of drugs. Each parameter was referred from
our previous report on the analysis of skin penetration of drugs
with different lipophilicities (7).

Fig. 1 shows the relationship between the penetration
amount over 24 hr in the finite dose system and the PC,.yy
value of drug with or without GACH. Without the enhancer,
the relationship between skin permeation and PC,, of drug
is bell-shaped. The drug with a logarithm of PC,y, of 1.7
shows the highest permeation under this condition. If we try
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Fig. 1. Relationship between octanol/water partition coefficient of
drugs and skin penetration with or without GACH calculated with
penetration parameters reported previously (16). Dotted and solid lines
represent skin penetration without and with GACH, respectively. Skin
penetration is expressed as the amount of drug penetrating within 24
hr in the finite dose system. The following parameters were used in
this simulation: DL = 40(hr™'); D,/L2 = 15(hr™'); DJLE =
0.06(hr™"); K, V,, = 0.000015(cm®); K4V = 0.7(cm’); log K, Vap(cm®)
= 1.3*log PC,cyw — 3.0 (without enhancer); log K,,,,Vnp(cm3) =
1.1¥log PCyyw — 0.9 (with GACH 25.5pumol).

» Prodrug 1

to enhance the permeation of hydrophilic drugs by using a
prodrug approach independently, it is necessary to drastically
alter the physicochemical properties of the drug. However, in
this case, the approach may be restricted by an increase in
molecular size due to chemical modification or the more serious
problem of a decrease in water solubility. Thus, percutaneous
absorption of drugs could not be markedly improved by the
prodrug approach alone, except in some cases (2).

GACH, which increases the partitioning of most drugs
into the nonpolar route, enhances drug permeation by shifting
the relationship between the penetration amount and PCy,, to
the left. The PC,,, value of drug showing maximal permeation
in the presence of GACH decreased in comparison to that
without the enhancer. Here, skin permeation of highly hydro-
philic drugs is still little enhanced, whereas that of drugs with
an intermediate hydrophilicity/lipophilicity balance would be
markedly enhanced. On the other hand, skin permeation of
highly lipophilic drugs would be decreased by the enhancer.
Thus, GACH would show the most extensive enhancement
effect for drugs with a logarithm of PC,.y, of —0.3 under the
present condition.

Based on these relationships, an effective approach to
increasing drug absorption can be found. By synthesis of a
prodrug with log PC,, of around —0.3, skin permeation of
a drug can be markedly enhanced by GACH. This approach
may be applicable to a wide range of drugs, because it is
not necessary to alter the physicochemical properties of drugs
greatly as in the simple prodrug approach.

We have further expanded our theoretical analysis to treat
several problems relating to several experimental conditions
such as finite/infinite dosing manner and animal species (7,11).
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Fig. 2. Relationship between octanol/water partition coefficient of drug
and enhancement effect of GACH under different conditions. In the
finite dose system the enhancement effect is defined as the amount of
drug penetrating within 24 hr with GACH divided by that without
GACH, while in the infinite dose system it is defined as the ratio of
permeability coefficient of drug with GACH to that without GACH
treatment (control). The following parameters were used in this
simulation: D,/L2 = 40(guinea pig) or 60(rat)(hr™'); D,/L? =
1.5(hr™'); DYL3 = 0.06(guinea pig) or 0.08(rat)(hr™'); KV, =
0.000015(guinea pig) or 0.00007(rat)(cm?®); K4V4 = 0.7(guinea pig)
or 3.5(rat}(cm’); log KppVi(cm®) = 1.3*log PCooy — 3.0 (without
enhancer); log Kannp(cm3) = l.1*log PCyeyy = 0.9 (with GACH
25.5pmol).

Under an infinite dosing condition, the enhancement effect by
the enhancer can be defined as an increase in permeability
coefficient, while it is expressed by the penetration amount at
a special time-point under the finite-dosing condition. Based
on a two-layer model with parallel routes, the permeability
coefficient through intact skin (P) is calculated from the follow-
ing equation:

1/P = Ly/(K,DoAf + KyyDopA(l — 0)) + L/KDA  (3)

Fig. 2 shows the relationship between the enhancement effect
and PC,,, of drugs in both finite and infinite dose systems in
guinea pig skin, simulated by using the penetration parameters
obtained previously (7). Here, the enhancement effect in the
finite dose system was calculated at 24 hr. We can obtain the
simulation curve for rat skin using the parameters obtained
previously (11). In Fig. 2, the simulated relationship between
enhancement effect of GACH and log PC,, values of drugs
in the infinite dose system with rat skin is shown. In the present
study, experiments were carried out under this condition (7,11).

In the theoretical design, we did not take metabolism mod-
ality in the skin into account, because if the rate-limiting step
of drug permeation is through the stratum corneum, metabolism
in the viable skin shows little effect on total penetration. There-
fore, we can predict the penetration profile of hydrophilic pro-
drugs (Kcpw < 1) regardless of regeneration manner.

MATERIALS AND METHODS

Materials

GACH was synthesized by Kuraray Co., Japan. Acyclovir
was kindly supplied by Nippon Wellcome K.K., Japan. Acyl
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chlorides and other materials were obtained commercially from
Nacalai Tesque Inc., Japan.

Synthesis of Acyclovir Prodrugs

Acyclovir was esterified in dry N,N-dimethylformamide
with 3 equivalents of corresponding acyl chloride and 4-dimety-
laminopyridine at room temperature for 48 hr. The reaction
mixture was evaporated under reduced pressure. The obtained
residues were slurried in 15 ml of NaOH solution (pH of 9.0
* 0.2). Upon standing at 4°C for 5 hr, the precipitate was
filtered off, washed with cold NaOH solution, and recrystallized
from ethanol to give a white crystal (12). The purity of the
prodrugs was confirmed by HPLC to be more than 98%. Melting
points were measured using a micro-melting point apparatus
(MP-S3, Yanagimoto Co., Japan).

Determination of Solubility

The solubility of acyclovir and its prodrugs in water and
octanol at 37°C were determined after suspending excess com-
pounds in the solvents (3 ml) for 24 hr with agitation. The
mixtures were centrifuged at 5000 rpm (RL-100, Tomy Seiko
Co., Japan), filtered using a Cosmonice-filter with a pore diame-
ter of 0.45u.m (Nacalai Tesque Inc., Japan), and diluted with the
corresponding solvents for determination. The ratio of solubility
between octanol and water is considered to be a partition coeffi-
cient between them (PCcys)-

In Vitro Skin Penetration Experiment

The full-thickness abdominal skin of a Wistar strain male
rat weighing about 200 g was excised after removal of hair
with an electric clipper. In this procedure, we adhered to the
“Principles of Laboratory Animal Care.” After the underlying
adipose tissue was removed, the skin was punched out into a
3-cm diameter disk and mounted on a flow-through type diffu-
sion cell with the epidermal side facing the donor cell (exposed
area 3.14 cm?) as previously described (11). The apparatus was
thermostated at 37°C in a water bath throughout the experiment.

The skin mounted on the diffusion cell was pretreated with
0.2 ml of an ethanolic solution containing 0, 6.4, and 25.5 wmol
of GACH. Six hours later, ethanol remaining in the donor cell
was evaporated with a hair dryer and a 2-ml aliquot of 5%
(w/v) drug suspension in phosphate-buffered saline (PBS) was
applied. The suspension was prepared by stirring PBS con-
taining the compounds for 24 hr at 37°C. The dermal side of
the skin was continuously washed with PBS containing strepto-
mycin sulfate (50 mg/l, Sigma Chemical Co., MO) and penicil-
lin G potassium salt (30 mg/l, Wako Pure Chemicals Industries,
Ltd., Japan) which flowed at a rate of 5 ml/hr. The receptor
fluid was collected every 60 min for 12 hr. Each sample was
mixed with an equivalent amount of methanol for deproteination
and analyzed by HPLC after filtration with a Cosmonice-filter
with 0.45 wm of pore diameter (Nacalai Tesque Inc., Japan).

HPLC Analysis

The amounts of acyclovir and its prodrugs were determined
using an HPLC system (Shimadzu Co., Japan), consisting of a
Shimadzu Model LC-6A pump, a variable-wavelength Shi-
madzu SPD-6A UV detector operated at 250 nm, and a Shi-
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madzu SIL-6B auto injector with a fixed injection volume of
20 pl. The stationary phase was Cosmosil 5C,g packed column
(size, 4.6 X 150 mm), Nacalai Tesque, Inc., Japan. The mobile
phases for acyclovir and its prodrugs were mixtures of methanol
and water flowing at 0.8 ml/min.

RESULTS

Table I summarizes the physicochemical properties of
acyclovir and its prodrugs. The melting point of each ester is
lower than that of acyclovir. The solubility of acyclovir acetate,
propionate, and butyrate in water was about one half as high
as that of acyclovir, while prodrugs with a longer acyl chain
gave fairly decreased solubilities with an increasing number
of carbons. The PC,,, values of the prodrugs also markedly
increased with an increase in the number of carbons.

Fig. 3 shows the penetration profiles of acyclovir and
prodrugs through the rat skin pretreated with various amounts
of GACH. In the case of prodrugs, both prodrugs and the
regenerated acyclovir appeared in the receptor fluid. Table II
summarizes the steady-state flux for penetration of acyclovir
and acyclovir prodrugs through the skin. The ratio of intact
prodrug flux appearing in the receptor fluid to total flux
increased with the number of carbons of the prodrugs.

GACH only slightly enhanced skin penetration of
acyclovir and its acetate (Table II), but it markedly improved
the permeation of other prodrugs with an increasing dose of
enhancer. Furthermore, GACH dose-dependently increased the
ratio of intact prodrug appearance to total appearance for all
the prodrugs.

In Fig. 4, the enhancement effects of prodrug approach
alone (a) and prodrug/enhancer combination (b) on acyclovir
penetration are presented against PC,., of prodrugs, together
with the theoretical curves estimated based on the present con-
sideration. Here, the enhancement effect is defined as the ratio
of permeability coefficient of total acyclovir under each condi-
tion to the corresponding control value. The control values are
permeability coefficient of acyclovir in Fig. 4a, and that of each
prodrug without GACH in Fig. 4b. The theoretical curves were
predicted using penetration parameters of each compound

Table I. Chemical Structures and Physicochemical Properties of
Synthesized Acyclovir Prodrugs

H
4+ CH,(CHp).CO0l —> Mﬁ:?
Aol

(o}

H CH 4CH 2,CO0
Solubility
n m.p. (°C) (mM)© PCoct/w?
Acyclovir (AC) 260~262 11.9 0.0123
AC acetate 0 242~245 4.89 0.0578
AC propionate 1 218~220 5.73 0.212
AC butyrate 2 220~222 4.64 0.402
AC valerate 3 206~208 2.50 0.702
AC hexanoate 4 213~215 0.741 3.352

“Drug solubility in water was determined at 37°C.
bn-Octanol/water partition coefficient (PC,y.,) Was calculated as a ratio
of solubilities in water and n-octanol at 37°C.
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Fig. 3. Time courses of total acyclovir amount penetrating through the rat skin pretreated with ethanolic solution
of 0 (A), 6.4 (&), and 25.5 pmol (@) of GACH. Acyclovir and its prodrugs were applied in suspension. In the
case of the prodrug application, the sum of acyclovir and prodrugs appearing in the receptor is shown. Each point
represents the mean + S.D. value of at least three experiments.

obtained previously with guinea pig and rat skin (7,11). The
enhancement effects observed by the prodrug approach (Fig.
4a) and prodrug/enhancer combination approach (Fig. 4b) were
in good agreement with the theoretical effects.

DISCUSSION

Our previous study on prodrug/enhancer combination
revealed that the enhancement effect of GACH was larger for
acyclovir butyrate (PC,.yw, = 0.40) than for acyclovir (PCyyy
= 0.012) (13). This might not be enough to validify the theoreti-
cal basis of the designing prodrug/enhancer combination shown
in Fig. 1. In the present study, therefore, additional prodrugs
with different side chains were synthesized to evaluate their skin
permeability. The physicochemical properties of the prodrugs
summarized in Table I are similar to those reported by Shao
et al. (14).

The enzymatic activity is sometimes decreased during in
vitro experiments (15). Since the ratio of steady-state fluxes of
both prodrug and acyclovir were constant for all prodrugs during
the experimental period (18hr), we considered that the enzy-
matic activity was basically constant.

Without GACH, the acyclovir prodrugs showed similar
skin permeability. The skin permeability of its hexanoate with

a 300-fold larger PC,, value was only two times higher than
acyclovir. This may correspond to the observation of Acker-
mann et al. (10) and our theoretical prediction that the skin
permeability of highly hydrophilic drugs is constant regardless
of their lipophilicities since they mainly permeate through an
aqueous pathway in the stratum corneum. Actually, the skin
permeability of these prodrugs could be precisely predicted by
using our diffusion model considering a polar route (Fig. 4a).
As suggested by the theoretical curve, extremely higher lipo-
philicity is needed for prodrugs for sufficient improvement of
skin permeation. Even if a prodrug with sufficiently higher
lipophilicity were synthesized, its low solubility in the vehicle
may prevent its application. Although we synthesized a more
lipophilic prodrug, decanoate (PC,y, = 201), we could not
measure its penetration amount due to its low solubility (data
not shown). GACH improved skin permeation of propionate,
butyrate, valerate, and hexanoate to be much greater than that
of the hydrophilic drugs (acyclovir and acetate). This is because
penetration across the nonpolar route, which is the main action
site of GACH, becomes dominant as the lipophilicity of the
prodrug increases. Although the prodrug/enhancer combination
increased the original acyclovir absorption about six times, the
effect of prodrug derivation was poor especially that evaluated
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Table I1. Steady-State Flux for Penetration of Acyclovir and Acyclovir Prodrugs

Intact
Flux (pg/hr)? GACH prodrug
GACH Dose treatment/ flux/total
Drug (pmol) acyclovir prodrug Total control ratio flux ratio
acyclovir 0 342 = 1.18 — 342 + 1.18 1 —
6.4 5.58 * 0.77 — 5.58 = 0.77 1.63 —
25.5 11.5 = 3.6 — 11,5 = 3.6 3.37 —
acyclovir acetate 0 0.99 = 0.14 0.45 = 0.18 1.43 £ 0.13 1 0.31
6.4 1.24 * 0.15 1.59 £ 0.29 2.82 + 0.34 1.97 0.56
25.5 273 = 0.06 423 + 1.04 6.96 = 1.10 4.84 0.61
acyclovir propionate 0 0.88 = 0.16 0.31 + 0.08 1.19 = 0.20 1 0.26
6.4 1.55 = 0.37 1.37 £ 0.34 292 *+ 0.61 2.46 047
25.5 6.98 + 0.43 124 £ 2.5 19.4 = 2.3 16.3 0.64
acyclovir butyrate 0 1.60 = 0.19 0.11 = 0.06 1.71 = 0.17 1 0.06
6.4 3.27 * 031 0.53 + 0.19 3.81 = 0.28 2.21 0.14
25.5 149 = 0.5 648 * 0.66 21.0 = 0.6 12.3 031
acyclovir valerate 0 0.66 = 0.07 0.06 = 0.01 0.72 = 0.07 1 0.08
6.4 1.26 = 0.17 093 * 0.31 2.18 + 042 3.04 042
25.5 474 + 1.29 348 * 1.66 822 *+ 1.41 11.5 043
acyclovir hexanoate 0 0.35 = 0.10 0.03 *= 0.00 0.37 = 0.10 1 0.07
6.4 1.01 = 0.19 0.35 £0.14 1.37 = 0.27 3.66 0.26
25.5 2.82 + 0.37 1.62 * 0.71 444 * 0.66 11.86 0.36

“Steady-state flux was obtained from the slopes of the linear portions of penetration profiles.

according to the absolute acyclovir amount base. However, we
expect that absorption enhancement becomes higher in the in
vivo experiment with high enzymatic activity.

As shown in Fig. 4b, the observed enhancement effects of
GACH on prodrugs are in good agreement with those predicted,
showing that penetration enhancement by the prodrug/enhancer
combination is realized as estimated based on diffusion
model analysis.

For all the prodrugs, GACH increased the ratio of prodrug
appearing in the receptor to total acyclovir. There are two
possible reasons for this phenomenon, i.e., saturation of enzy-

matic reaction due to an increase in prodrug concentration and
the direct effect of the enhancer on esterase. Previously (13),
we did not consider the saturation of enzymatic reaction since
oleic acid did not show such an effect although it also extremely
increased the skin penetration of prodrugs. The direct effect on
esterase might also be supported by the fact that even for
acyclovir acetate for which the penetration was not greatly
enhanced, GACH increased the appearance of prodrug form in
the receptor (Table II).

Although we have systematically studied the action mecha-
nism of GACH using guinea pig skin, we used rat skin in this
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Fig. 4. Comparison of penetration enhancement ratio by prodrug derivation (a) and GACH (b)
with the predicted one based on a diffusion model. Penetration enhancement ratio by prodrug
derivation was defined as the permeability coefficient of prodrug divided by that of acyclovir. On
the other hand, the enhancement ratio of GACH was defined as the permeability coefficient of
each prodrug with GACH divided by that without the enhancer. To calculate the theoretical
enhancement effects, the following parameters were used: D/L? = 60(hr™!); D,/L2 = 1.5(hr™");
DyLI = 0.08(hr™'); KV, = 0.00007(cm?®); KVy = 3.5(cm’); log KV, (cm®) = 1.3*log
PC,cyw — 3.0 (without enhancer); log Kannp(cm3) = 1.1*log PCepny — 0.9 (with GACH 25.5 pmol).
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experiment because rats are superior to guinea pigs in the in
vitro/in vivo correspondence. In previous analysis of drug
absorption between rats and guinea pigs based on a diffusion
model, we found that there are no differences in the action
mechanism of enhancers and the differences in apparent perme-
ation of drugs can be corrected with the penetration parameters
for the polar route and the viable layer. Taking these points
into account, we could predict the skin penetration enhancement
by a prodrug/enhancer combination (Fig. 4).

In conclusion, skin permeation of prodrugs applied with
an enhancer can be predicted and optimized by model analysis.
This combined approach would be applicable to a wide range
of drugs, since extreme alteration of the physicochemical prop-
erties of drugs is not necessary as in single prodrug application.
In addition, the amount of an enhancer necessary to improve
drug absorption might be reduced by optimizing physicochemi-
cal properties of prodrugs based on theoretical design.
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