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Abstract

The aim of this study was to apply a novel simultaneous optimization technique incorporating an artificial neural
network (ANN) to a design of a ketoprofen hydrogel containing O-ethylmenthol (MET). For model formulae, 12
kinds of ketoprofen hydrogels were prepared. The amount of ethanol and MET were selected as causal factors. A
percutaneous absorption study in vivo in rats was performed and irritation evoked on rat skin was microscopically
judged after the end of the experiments. The rate of penetration (R,,), lag time (#,) and total irritation score (TIS) were
selected as response variables. A set of causal factors and response variables was used as tutorial data for ANN and
fed into a computer. Nonlinear relationships between the causal factors and the release parameters were represented
well with the response surface predicted by ANN. The optimization of the ketoprofen hydrogel was performed
according to the generalized distance function method. The observed results of R, and TIS, which had a lot of
influence on the effectiveness and safety, coincided well with the predictions. It was suggested that the multi-objective
simultaneous optimization technique incorporating ANN was quite useful for optimizing pharmaceutical formulae
when pharmaceutical responses were nonlinearly related to the formulae and process variables. © 1997 Elsevier
Science B.V.
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1. Introduction

Many studies have discussed percutaneous ab-
sorption enhancers and the mechanisms of their
enhancing activity (Barry, 1987; Okamoto et al.,
1988; Kadir and Barry, 1991). Recently, we syn-
thesized O-alkylmenthol and O-acylmenthol
derivatives and investigated their enhancing activ-
ities for the percutaneous absorption of ketopro-
fen from the hydrogel in rats (Negishi et al., 1995;
Nakamura et al.,, 1996). It was observed that
O-ethylmenthol (MET) was the most promising
compound with a great promoting action and
relatively low skin irritancy. For an efficacious
transdermal gel formula, we want to use sufficient
amounts of enhancer and solvent to obtain a
favorable drug absorption. At the same time, the
vehicle components affecting the drug absorption
should be kept as low as possible to avoid skin
irritation. From the above reviewed data, it is not
obvious how to choose the optimal formula. A
response surface method (RSM) has often been
applied to solving an optimization problem in
pharmaceutical formulations (Shirakura et al.,
1991; Takayama and Nagai, 1991; Levison et al.,
1994; Ohara et al., 1996). However, prediction of
pharmaceutical responses based on the second-or-
der polynomial equation (PNE), which is com-
monly used in RSM, is often limited to a very low
level, resulting in poor estimates of optimal for-
mulae. In order to overcome the shortcomings in
RSM, we recently developed a novel optimization
technique in which an artificial neural network
(ANN) was incorporated. A multi-objective
simultaneous optimization of sustained-release
tablet formulae containing Trapidil was success-
fully achieved using this technique (Takahara et
al.,, 1997). ANN is a learning system based on a
computational technique which attempts to simu-
late the neurological processing ability of the hu-
man brain (Achanta et al., 1995). Theoretical
details of a hierarchical ANN has been given
elsewhere. Briefly, the ANN has one input layer,
one or more hidden layers and one output layer.
Each layer has some units. The units in neighbor-
ing layers are fully interconnected with links. The
strengths of connections between two units are
called ‘weight’”. ANN leans to an approximate

non-linear relationship by a procedure called
‘training’, varying weight values. It has success-
fully been applied to solving various problems in
pharmaceutical research field such as product de-
velopment (Hussain et al., 1991; Takahara et al.,
1997), estimating diffusion coefficients (Jha et al.,
1995), predicting the mechanism of drug action
(Weinstein et al., 1992) and predicting pharma-
cokinetic parameters (Hussain et al., 1993; Brier
et al., 1995; Gobburu and Shelver, 1995; Smith
and Brier, 1996).

Fig. 1 shows a typical flow of the optimization
technique, where ANN is applied to a nonlinear
prediction of response variables by a combination
of causal factors. The multi-objective simulta-
neous optimization, the last process in Fig. 1, was
performed according to the generalized distance
function method (Khuri and Conlon, 1981;
Takayama and Nagai, 1991):

S(X) = (Z[{FD,(X) — FOi(X)}/SDi]Z)l/’z (1)

where S(X) is the distance function generalized by
the standard deviation, SD;, of the observed val-
ues for each response variable, FD,(X) is the
optimum values of each response optimized indi-
vidually over the experimental region and FO;(X)
is the simultaneous optimum value. The simulta-
neous optimum can be estimated by minimizing
S(X) under the restriction of the experimental
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Fig. 1. Flow of the multi-objective simultaneous optimization
technique incorporating ANN.
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region. The aim of this study was to apply a novel
simultaneous optimization technique incorporat-
ing ANN to a design of a ketoprofen hydrogel
containing MET as an absorption enhancer.

2. Materials

MET was synthesized by the method described
by Leffler and Calkins (1955) and was character-
ized by elemental analysis, nuclear magnetic reso-
nance (NMR) spectroscopy (Jeol GSX 270F,
Tokyo, Japan) and gas chromatography (GC)
(Shimadzu GC-7A, Kyoto, Japan). The purity of
this compound was over 99%. Ketoprofen was
purchased from Sigma (St. Louis, MO). Car-
boxyvinylpolymer, marketed as Hiviswako 105®,
was generously supplied by Wako Pure Chemical
Industries (Osaka, Japan). The other chemicals
used were of reagent grade.

3. Methods
3.1. Preparation of the hydrogel

As model formulations, 12 kinds of ketoprofen
hydrogels composed of carboxyvinylpolymer, tri-
ethanolamine, ethanol, MET and water were pre-
pared according to 2-factor spherical second-order
composite experimental design (Khuri and Cor-
nell, 1987) (Table 1). The amounts of ethanol (X;)
and MET (X,) were selected as causal factors. The
amounts of ketoprofen, carboxyvinylpolymer and
triethanolamine were fixed at 0.30, 0.15 and 0.20 g,
respectively. The total amount of each hydrogel
was adjusted to 10.0 g by the addition of water.

Ketoprofen was dissolved in ethanol containing
MET. Separately, carboxyvinylpolymer and tri-
ethanolamine were dissolved in water. Both com-
ponents were then mixed well and the resulting
hydrogel was stored at room temperature for 24 h
under air-tight conditions prior to use.

3.2. Percutaneous absorption study

Male Wistar rats weighing 180-200 g were
anesthetized with a carbamic acid ethyl ester solu-

Table 1
Experimental design and model formulae of ketoprofen hy-
drogels

Formulation X, Ethanol (%) X, MET (%)
1 J2 500 0 150
2 -2 200 0 150
3 0 350 J2 3.00
4 0 350 -J2 0
5 1 456 1 256
6 1 456 —1 044
7 —1 244 1 256
8 —1 244 —1 044
9 0 350 0 1.50
10 0 350 0 1.50
11 0 350 0 1.50
12 0 350 0 1.50

The amounts of ketoprofen, carboxyvinyl polymer and tri-
ethanolamine were fixed at 0.30, 0.15 and 0.20 g, respectively.
The total amount of each hydrogel was adjusted to 10.0 g by
the addition of water.

tion (25%, 3 ml/kg intraperitoneally (i.p.)) and
secured on their backs. Their abdominal hair was
gently removed with an electric clipper. A glass
cell with a 16 mm inner diameter and 10 mm in
height, was attached on the shaved abdominal
skin with a cyanoacrylate type of adhesive (Aron
Alpha A®, Tokyo, Japan) and filled with the test
hydrogel (1 ml) under occlusive conditions. Blood
samples (300 pl) were taken via the jugular vein 1,
2, 4, 6 and 8 h after application. Each blood
sample was centrifuged (13000 rpm, 3 min) and
the plasma sample (100 pl) was thoroughly mixed
with methanol (300 pl) containing an appropriate
amount of p-hydroxybenzoic acid n-butyl ester as
an internal standard. The mixture was centrifuged
again (13 000 rpm, 3 min) to precipitate the dena-
tured proteins. The sample was filtered through a
disposable filter unit (Sample prep® LCR4(T)-LG,
Japan Millipore, Yonezawa, Japan). The concen-
tration of ketoprofen in the filtrate was analyzed
using a high-performance liquid chromatography
(HPLC) system (Shimadzu, LC-5A, Kyoto,
Japan) equipped with a variable wavelength ultra-
violet monitor (Shimadzu, SPD-6A). The flow rate
was 1 ml/min and elution was carried out at room
temperature. The other analytical conditions were
as follows: column, STR ODS-II, 150 x 4.6 mm
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1.d. (Shimadzu); ultraviolet detection, 254 nm;
mobile phase, 0.057% phosphoric acid/methanol
(35:65).

3.3. Evaluation of skin irritation

Irritation evoked by model formulae on rat skin
was microscopically judged after the end of exper-
iments on percutaneous absorption. The site of
application of each formula on the skin was ex-
cised from rats. The separated skins were fixed in
10% neutral carbonate-buffered formalin for at
least 24 h before routine processing and then cut
vertically against the skin surface at the central
region at a width of 4 mm. Each section was
dehydrated using a graded series of ethanol solu-
tions and embedded in paraffin wax. Tissues were
divided into small pieces (~3 xm in thickness)
and stained with hematoxylin and cosin. All sec-
tions were examined by light microscopy (Op-
tiphoto, Nikon, Tokyo, Japan).

3.4. Computer programs

Computation was carried out on a desktop
computer (PC-9801 BX4, NEC, Tokyo, Japan).
The curve fitting program MULTI, made by Ya-
maoka et al. (1981), was used to estimate the
pharmacokinetic parameters. The computer pro-
gram ANNOP, written by us, was used for the
simultaneous optimization for multi-objective
problems in which ANN was incorporated (Taka-
hara et al., 1997). The part of ANN which was
based on an extended Kalman filter algorithm was
written with reference to a program made by
Murase et al. (1994).

4. Results and discussion
4.1. Percutaneous absorption in vivo in rats

In order to evaluate the percutaneous absorp-
tion in vivo in rats, the rate of penetration (R,) of
ketoprofen was estimated from a simple pharma-
cokinetic model based on the assumption that the
rate of penetration of ketoprofen absorbed from
the hydrogel is constant after a lag time according

to the following equation (Takayama and Nagai,
1991):

C Rp {l-i-ﬂ_kloe“(ltl‘)

Bl Vakio o—p
n ko — o e fU- rL)} )
a—p

where C is the plasma concentration, R, is the
rate of penetration, ¢ is time, ¢, is the lag time, V,
is the distribution volume of the central compart-
ment, k,, is the elimination rate constant from the
central compartment and « and f are the hybrid
first-order rate constants. The mean values of V,
ki, o and f, estimated previously, were used in
this study to determine R, and #; values
(Takayama and Nagai, 1991). Results are summa-
rized in Table 2. A wide variation in these
parameters among the experiments was observed.
It was indicated that they were greatly affected by
changes in the levels of causal factors such as
ethanol and MET. Consequently, they were se-
lected as response variables for seeking the opti-
mal formulation of the ketoprofen hydrogel.

4.2. Skin damage

Skin irritation 8 h after application of ketopro-
fen hydrogels was pathologically investigated. The
microscopic findings were graded in five levels of
irritation, from no change (level 0) to a marked
one (level 4) according to epidermis liquefaction

Table 2
Experimental values of response variables

Formulation R, (mg/h) t,. (h) TIS
1 1.45 0.900 17
2 0.468 0.626 4
3 1.84 0.190 16
4 0.00499 1.08 0
5 1.36 0.854 16
6 0.422 0.931 14
7 1.56 0.235 11
8 0.273 0.956 1
9 0.918 0.904 12

10 1.06 0.954 13

11 1.37 0913 17

12 1.08 0.929 17
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Fig. 2. Microphotographs of vertical section of rat skin 8 h after application of ketoprofen hydrogels containing MET. H & E stein;

x 100; (a) formula 3; (b) formula 4; and (c) formula 9.

and collagen fiber swelling in the dermis and
hypodermis, together with edema and inflamma-
tory cell infiltration, as well as degeneration of
skin appendages. Fig. 2 shows microscopic photos
of rat skin 8 h after application of the model
formulae (formulae 3, 4 and 9 in Table 1). Al-
though the hydrogel not containing MET caused
no change in any tissues, all the other hydrogels
containing MET induced epidermis liquefaction.
Further, the more MET the hydrogels contained,
the more skin damage they caused. A total irrita-
tion score (TIS) was obtained by summation of
each irritation score and used as an index of skin
damage caused by the application of ketoprofen
hydrogels. Results are summarized in Table 2. It
was indicated that TIS was greatly affected by
changes in the levels of causal factors. Conse-
quently, this was selected as a response variable.

4.3. Graphical evaluation

Two causal factors corresponding to different
levels of ethanol and MET were used as each unit
of the input layer. The output layer was com-
posed of three response variables, i.e. R, #; and
TIS, respectively. A set of causal factors and
response variables was used as tutorial data for

ANN and fed into a computer. Figs. 3 and 4
show the three-dimensional diagrams of each re-
sponse variable as a function of X; (amounts of
ethanol) and X, (amounts of MET). Nonlinear
relationship between the causal factors and the
response variables were represented with the re-
sponse surface predicted by ANN (Fig. 3). On the
other hand, PNE exhibited relatively plain sur-
faces for all responses (Fig. 4). Further, PNE
predicted negative values in the boundary region
of the experimental limits. They were out of phys-
ical reality as can be seen in Fig. 4. Generally, the
quantitative relationships between causal factors
and response variables in vivo are thought to be
complex and nonlinear. It was suggested that
ANN was more useful than PNE in cases when
approximations of such relationships were re-
quired.

4.4. Simultaneous optimization

Optimization of a ketoprofen hydrogel was per-
formed according to the generalized distance
function defined in Eq. (1) under the restriction of
the experimental region. The optimal values of
individual response variables, FD;(X), were calcu-
lated before simultaneous optimization was car-
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ried out; i.e. the individual maximum R, the
minimum #; and the minimum TIS values, respec-
tively. The simultaneous optimal solutions esti-
mated by ANN as a function of training times
and the number of units in a hidden layer are
given in Tables 3 and 4. These solutions were
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Fig. 3. Response surfaces of R, #; and TIS predicted by ANN
as a function of the amounts of ethanol and MET. (a) R,; (b)
t;; and (c) TIS.

Rp (mg/h)

35
Ethano (%) %0

Fig. 4. Response surfaces of R, #; and TIS predicted by PNE
as a function of the amounts of ethanol and MET. (a) R,; (b)
t;; and (c) TIS.

nearly stable irrespective of changes in ANN
structure and training times. Thus, the average
values were adopted as the optimal values (23.4%
as ethanol and 2.21% as MET, respectively). The
predicted and the experimental response variables
for the optimal formula are given in Table 5. The
observed results of R, and TIS coincided well
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Table 3

Simultaneous optimal values of X (ethanol, %) estimated as a
function of training times and the number of units in a hidden
layer

Training times Number of units in a hidden layer

3 4 5 6 7
100 23.2 228 228 231 233
200 22.0 228 234 234 232
300 23.0 228 243 233 233
400 23.5 229 245 234 235
500 23.5 229 244 236 232
600 234 235 245 231 235
700 234 235 246 237 235
800 21.8 21,5 245 227 232
900 234 235 248 238 236
1000 234 21,5 240 240 235

with the predictions although the result of ¢ did
not. The difference between the predicted and the
experimental #; value was = 30 min. In order to
predict ¢; more precisely, other experiments such
as an in vitro permeation study are required.
However, R, and TIS, which had a lot of influ-
ence on the effectiveness and safety, were satisfac-
torily predicted. We suggested that the
multi-objective simultaneous optimization tech-
nique incorporating ANN was quite useful for
optimizing pharmaceutical formulae when predic-
tions of pharmaceutical responses based on PNE
were limited to low levels.

Table 4

Simultaneous optimal values of X, (MET, %) estimated as a
function of training times and the number of units in a hidden
layer

Training times Number of units in a hidden layer

3 4 5 6 7
100 2.19 237 238 241 219
200 2.24 238 246 218 215
300 2.40 238 215 219 224
400 2.18 238 214 218 218
500 2.18 239 215 218 240
600 2.18 218 214 204 218
700 2.18 2,18 214 217 218
800 221 216 214 211 210
900 2.18 2,18 213 217 218
1000 2.18 215 216 216 218

Table 5
Predicted and experimental response variables for the optimal
formula

Reponse Predicted Experimental®
R, (mg/h) 1.45 1.214+0.19
. (h) 0.264 0.713 + 0.106
TIS 9.42 108+ 1.0

2 The mean + S.D. of four determinations.
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