International Journal of Pharmaceutics, 103 (1994) 179-186

179

© 1994 Elsevier Science B.V. All rights reserved 0378-5173 /94 /$07.00

1JP 3381

Effect of d-limonene on the transdermal permeation
of nifedipine and domperidone

A.C. Calpena, J. Lauroba, M. Suriol, R. Obach and J. Domenech

Pharmacokinetics and Biopharmaceutics Laboratory, School of Pharmacy, University of Barcelona, Barcelona (Spain)

(Received 27 April 1993)
(Modified version received 29 July 1993)
(Accepted 3 August 1993)

Key words: Domperidone; Nifedipine; Transdermal penetration; Rat skin; Human skin; Enhancer;
d-Limonene

Summary

The aim of this research is to study the profile of transdermal permeation of nifedipine and domperidone. Permeation studies
were carried out using the skin of hairless rat and human skin as a membrane mounted in a permeation system in vitro. The
influence of the type of skin used and the presence of d-limonene on the transdermal penetration of these drugs were studied. The
drugs studied permeate approx. 3 times faster through rat skin than through human skin. The type of skin has no influence on the
lag time. d-Limonene increases the values of the permeability constant (Kp), flux (J) and lag time (7)) for both drugs, but not the
lag time for domperidone when human skin is used. The effect of the enhancer on the enhancement index (EI) of domperidone
varies with the type of skin used (EI = 15.7 (rat skin) and EI = 7.7 (human skin)). When human skin is used, although penetration is
increased by d-limonene, the concentration values predicted at steady state are below therapeutic levels for both studied drugs.

Introduction

Various studies have demonstrated that the
transdermal pathway may be a suitable alterna-
tive to the oral route in the administration of
drugs with systemic activity. The advantages pro-
vided for the dosification of drugs in transdermal
therapeutic systems (TTS) (Berba and Benakar,
1990; Thomas and Pfister, 1991; Wester and
Maibach, 1992) are well known. Thus, drugs with
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a high intrinsic pharmacological activity that are
used in pathologies that require relatively long-
term therapy are studied in order to determine
whether they are suitable for formulation in a
TTS.

In the field of antihypertensive drugs, and also
in antiemetics, it has been shown that certain
drugs can be formulated as TTS, for example,
clonidine (Weber and Drayer, 1984) in the former
case and scopolamine (Shaw et al., 1987) in the
latter. Further, calcium antagonists and ortho-
pramides, owing to their pharmacological, phar-
macokinetic and physico-chemical properties, may
also be suitable candidates for formulation as
TTS for the treatment of hypertension (Lowenthal



180

et al.,, 1986) and vomiting (Schmitt and Shaw,
1986).

Studies carried out with this aim indicated that
both nifedipine, among a series of calcium antag-
onists (Diez et al., 1991), and domperidone,
among a series of antiemetics (Blanes et al., 1990),
have a poor profile of cutaneous permeation.

The aim of this study was to determine whether
the use of the enhancer d-limonene, which has
been shown to possess suitable activity as a en-
hancer of cutaneous permeation (Takayama and
Nagai, 1991; Takayama et al., 1991; Williams and
Barry, 1991a), produces substantial improvements
in the permeation profile of nifedipine and dom-
peridone. Differences between the transdermal
penetration of these two drugs were also studied
using rat or human skin as permeation mem-
brane.

Materials and Methods

All experiments were performed under sub-
dued lighting conditions in order to avoid the
effects of light on the drugs.

Materials

Nifedipine was supplied by Chemo Ibérica
(Spain) and domperidone was from Janssen Far-
macéutica S.A. (Belgium). d-Limonene was from
Fluka S.A. (Germany). HPLC-grade methanol
and acetonitrile and analytical-grade ethanol and
monosodium phosphate were from E. Merck
(Germany).

Analytical method

The content of the samples of nifedipine and
domperidone were analysed by HPLC using a
Kontron chromatograph (HPLC system 400, Kon-
tron Instruments, Zurich, Switzerland), equipped
with two pumps (model 420), with a 432 variable
UV detector, 460 autosampler and 450 data sys-
tem. Working conditions were as follows:

Nifedipine: column, Merck Lichrocart 125-4
LiChrospher 100 RP-18 (5 wm); mobile phase,
phosphate (KH, PO, 1.36 g/1, pH 4.5)-acetonitrile

solution (30:70 v/v); flow rate, 1 ml/ min; wave-
length, 237 nm. The technique was exact and
precise, with a percentage coefficient of variation
(CV%) between 0.251 and 4.09, and a relative
error (%E) between —2.44 and 2.85 for a range
of concentrations between 0.195 and 50 g/ ml.

Domperidone: column, Novapack C-18 ref.
5NVC 184, particle size 4 (um) with internal
diameter of 5 mm; mobile phase, phosphate
(KH,PO, 1.36 g/1, pH 4.5)-acetonitrile solution
(60:40 v/v); flow rate, 1 ml/min; wavelength,
274 nm. The technique was exact and precise,
with a percentage coefficient of variation (CV%)
between 0.98 and 9.98, and a relative error (9% F)
between —6.85 and 3.70 for a range of concen-
trations between 0.39 and 25 pg/ml.

Solubility determination

The solubility of nifedipine was determined in
an ethanol / water solution of 50% (v /v), and that
of domperidone in an ethanol / water solution of
70% (v/v), by addition, in both cases, of an
excess of the drug to the ethanol. The mixture
was then completed with water and stirred for 24
h at 37°C. After centrifugation (2000 X g) for 5
min, an aliquot of the supernatant was filtered
(nylon, 0.22 um), and used for determination of
the concentration of each substance by HPLC.
The study was performed for each drug, in the
presence and absence of enhancer. Solubility val-
ues were measured in triplicate.

Permeation membrane

Dorsal full-thickness skin of male hairless rats
(Charles River, Italy), aged 9-15 weeks and
weighing 190-250 g, was used as a permeation
membrane. Animals were housed under standard
conditions (20 + 2°C, 50% relative humidity and
12 h light/dark cycle), and provided with food
and water ad libitum until the day of the experi-
ment.

Human skin, provided by a plastic surgery clinic
(Clinica Planas, Barcelona), was also used as a
permeation membrane. The skin was abdominal,
obtained from healthy women aged between 20
and 50 years. Sections of 400 pm thickness were
prepared with a dermatome (Aesculap, Germany).



Skin permeation procedure

A system of nine amber glass improved Franz
diffusion cells, with a diffusional area of 3.14 cm?
(FDC 400, Crown Glass Co., Somerville, NY) was
used for permeation studies. Rats were killed by
cervical dislocation and a circular section, of ap-
prox. 25 mm diameter, of full-thickness skin was
excised from the dorsal site, and then carefully
freed of subcutaneous fat. After thawing, the
human skin was cut into slices of 400 pm with a
dermatome, from which sections about 25 mm in
diameter were obtained. Rat and human skin
sections were hydrated at 4°C in normal saline
solution for 24 h, and then mounted between the
donor and receptor compartments of the cells
and clamped with the dermal side in direct con-
tact with the receptor medium. The working con-
ditions were as follows:

Nifedipine: The receptor fluid, with a volume
of approx. 15 ml, which was maintained in the
lower part of the cell at 37 4 0.5°C by means of a
circulating-water jacket, was a 50% ethanol/
water solution (v/v). In the donor compartment,
1 mi of a saturated solution of nifedipine (in the
presence of solid) in ethanol/water (50% v/v)
was applied on the stratum corneum side in the
absence and presence of enhancer.

The donor compartment was covered with
parafilm to prevent evaporation. Samples (500
wl) were withdrawn periodically from the recep-
tor liquid and replaced by the same volume of the
receptor medium, kept at 37°C. The samples were
analyzed for drug content by the HPLC proce-
dure mentioned above.

Domperidone: The receptor fluid for domperi-
done was a 70% ethanol / water solution (v/v). In
the donor compartment, 1 ml of a solution of
domperidone at a concentration of 1 mg/ml in
ethanol /water (70% v/v) was applied on the
stratum corneum side in the absence and pres-
ence of enhancer. After each sample was re-
moved, the totality of the donor liquid was re-
placed in order to maintain a constant concentra-
tion of the drug in the compartment throughout
the experiment, and the donor compartment was
covered with parafilm to prevent evaporation.
The sampling technique was as described for
nifedipine.
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Data analysis

As described by Okamoto et al. (1986), the
partition parameter P, and the diffusion parame-
ter P, are defined by Eqns 1 and 2, respectively:

P=KL (1)
P,=D/L? (2)

where D is the diffusion constant, L denotes the
thickness of the membrane and K is the partition
coefficient of the drug between the membrane
and the donor solution.

The values of P, and P, were estimated by
fitting Eqn 3, which is derived according to Fick’s
second law of diffusion, to the experimental re-
sults (accumulated permeated amount/ time), as
follows:

1 2 = (-1
P,,t—-....————
=)

n=1

Q= (APICD)

nz

Xexp(—Pznzw-zt)J (3)

where Q, is the total amount of drug appearing
in the receptor fluid in time ¢, A represents the
area of application and C, is the constant con-
centration of the drug in the donor solution.
Since it is difficult to determine the real diffusion
barrier thickness correctly, two directly related
parameters, P, and P,, were used. They were
calculated using a nonlinear least-squares regres-
sion programme (MULTI) (Yamaoka et al., 1981).
The permeability constant (K o) the lag time (7))
and the flux (J) were calculated from the follow-
ing equations:

KP&Pl - P, (4)
T,=1/(6P,) (5)
J=C0-Kp (6)

The amounts permeated at 24 h (Q,,) were
calculated from Eqn 3, where ¢t =24 h.
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TABLE 1

Solubility of nifedipine in a 50% ethanol / water solution {v / v},
and of domperidone in a 70% ethanol / water solution (v / v} in
the absence and presence of the enhancer (n= 3} (mean + SD)

Drug Enhancer Solubility
(mg/ml)
Nifedipine -~ 6.5140.10
d-limonene 5% 7.82+0.06
Domperidone ~ 6.8440.32
d-limonene 5% 14.54+0.74

Assuming that extrapolation of the data ob-
tained in vitro to what would happen in vivo is
speculative, the present study measured the
transdermal dose (D,), the amount permeated at
24 h (X,,), the dose permeated daily (D) and
the plasmatic concentration at steady state (C),
supposing that a 16 cm? patch would be a reason-
able size for treatment. The following equations
were used:

Dy=D, - [1-E] (7

where D is the daily oral dose and E denotes
the extraction ratio,

X24 = QZA : TTSarea/A (8)

where TTS,,., is the theoretical surface area of
the patch (16 cm?) and A denotes the area of
permeation of the cell (in our case 3.14 cm?).

DSS :] : Trsarea ’ t (9)

TABLE 2

where J is the flux obtained when the donor
compartment of the Franz cell contains a super-
saturated solution of the drug, and ¢ denotes the
time; (since D is the dose permeated daily, ¢ is
equal to 24 h).

CSS = J : TTSarea/ Cl (10)

where Cl is the plasma clearance. In order to
evaluate the effect of the permeation promoter
assayed (d-limonene at 5%) on the lag time, the
flux and the permeability constant (Ito et al.,
1988; Williams and Barry, 1991b), the following
equations were used:

X, = [ P, }(with enhancer)
/[ P, J(without enhancer) (11)

where X, is the coefficient of relative activity and
P, is the partition parameter of Eqn 3.

C, = [C,](with enhancer)

/[ C, J(without enhancer) (12)
where C, is the relative solubility of the drug in
the vehicle in the presence and absence of the
enhancer.

D, = [ T,](without enhancer)

/1T, }(with enhancer) (13)

Values of the constant of permeability (K ,), flux (J) and lag time (T,) for nifedipine and domperidone in rat and human skin, in the
presence or absence of d-limonene, together with the enhancer index (EI)

Drug Membrane Enhancer K, Ty J El
(ecmh H(x10H (W) (mg h™! em~2)(x 10?)
(mean + SD) (mean + SD) (mean + SD)
Nifedipine rat skin - 1.46 + 0.40 14.5+3.2 0.95 +0.26
d-limonene 5% 4.29 + 0.69 54+46 334 +0.54 29
human skin - 0.54 £ 0.19 126 +£23 034 +£0.12
d-limonene 5% 1.66 + 0.28 40+25 129 +0.22 31
Domperidone rat skin - 0,75 +0.19 274 +35 0.075 £ 0.019
d-limonene 5% 11,77 + 1.40 3.6+ 1.0 1.18 +0.14 15.7
human skin - 0.25+0.13 193+ 7.8 0.025 £ 0.013
d-limonene 5% 1.88 + 0.62 203 + 6.4 0.18 +0.062 7.7




TABLE 3

Effect of d-limonene (5%) on the permeation parameters of
nifedipine and domperidone using rat and human skin expressed
as relative values of flux (1.), constant of permeability (K ),
constant of activity (X,), coefficient of diffusion (D,) and
solubility (C,)

Drug Membrane J, K, X, D (

rat skin 35 29 11 27 12
humanskin 3.8 3.1 098 3.2

Nifedipine

Domperidone rat skin 153 157 21 75 21
humanskin 7.2 7.7 81 095

where D, is the relative coefficient of diffusion
and T, denotes the lag time.

J,=X,-D,C, (14)
K, =X,"D, (15)

where J, and K, are the fluxes and the con-
stants of relative permeability in the presence
and absence of enhancer.

Statistical methods

Comparisons of mean values of the parameters
of permeation obtained in the presence and ab-
sence of enhancer, using both rat and human
skin, were performed following the method of
Williams et al. (1992), by the application of a
non-parametric statistical test, in our case the U
test of Mann Whitney. Values were considered to
be significant at p < 0.05.

183

Results and Discussion

The solubilities of the drugs in the vehicle in
the absence and presence of the enhancer are
listed in Table 1. The permeation parameters
obtained for nifedipine and domperidone in the
absence and presence of enhancer, using rat and
human skin as permeation membrane are given
in Tabie 2. Table 2 also shows the values of the
enhancement index (EI = K (with enhancer)
/K (without enhancer). The effects of the en-
hancer on the permeation parameters of nifedip-
ine and domperidone according to Eqns 11-15
are shown in Table 3. The values of the parame-
ters of prediction according to Eqns 7-10, in the
absence and presence of enhancer, using human
skin as permeation membrane, are given in Table
4. The permeation profiles of the mean amounts
permeated in the absence and presence of en-
hancer, using rat and human skin as permeation
membrane, are represented in Figs 1 and 2 for
nifedipine and domperidone, respectively.

Nifedipine

Influence of skin type The results of the ex-
periments carried out indicate that, for nifedip-
ine, there are statistically significant differences
(p < 0.05) between the mean values of the per-
meability constant (K ), the value obtained with
rat skin being approx. 3-fold that found for hu-
man skin (Table 2). As a consequence, significant
differences (p < 0.05) were also found between
mean flux values, which were also approx. 3-fold
higher when using rat skin than in human skin

TABLE 4
Relevant parameters for nifedipine and domperidone used to formulate a therapeutic transdermal system with d-limonene 5%
Drug D,? D" X4 © C°© Ct Cle
(mg) (mg) (mg) (ng/ml) (ng/ml) (/h)
{mean + SD) {mean + SD} {mean + SD)
Nifedipine 30 13 415+ 096 498 + 0.85 25+04 6-51 83.0
Domperidone 30 11 0.22 + 0.08 833+273 83427 18 421

2 Oral daily dose. ® Theoretical daily transdermal doses. ¢ Predicted of permeated amount during the first 24 h. 9 Predicted
permeated amounts under steady-state conditions. © Predicted plasma levels at steady state. ¢ Therapeutic plasma concentrations.

£(learance.
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Fig. 1. Time course of the mean permeated amounts of
nifedipine and corresponding theoretical fitting curves. (a) (®)
Nifedipine in rat skin with enhancer, () nifedipine in rat
skin without enhancer; (b) () nifedipine in human skin with
enhancer, (o) nifedipine in human skin without enhancer.

(Table 2). However, no significant difference (p
< 0.05) was found between the mean values of
lag time (7). For this parameter, the value ob-
tained was practically the same in rat skin (7} =
14.5 h) and in human skin (7, = 12.6 h) (Table 2).
This value is slightly higher than 10% of a reason-
able mean application time of 3 days.

Influence of enhancer For nifedipine the
presence of the enhancer (d-limonene 5%) in the
formulations assayed led to significant differences
(p <0.05) between mean values of permeation
(K,, T, and J) when rat skin was used. In the
presence of enhancer, the permeability constant
and the flux increased almost 3-fold (Table 2).
d-Limonene reduced the lag time (T}) of nifedip-
ine by about 50% (Table 2). According to Egns
14—-15, the increases in K, and J and the de-

crease in 7, are due to the fact that the penetra-
tion promotor enhances the diffusion of the drug
(D, = 2.7), since the coefficient of relative activity
(X, =1.1) and the relative solubility in the vehi-
cle (C, = 1.2) remain practically constant (Table
3).

When human skin was used, the presence of
d-limonene in the nifedipine formulations also
led to statistically significant (p < 0.05) differ-
ences between the mean values of the permeation
parameters. The values of both K, and J in-
crease about 3-fold. In this case, the lag time (7))
in the presence of enhancer was approximately
one third of that obtained in the absence of
enhancer. In human skin the reduction in the lag
time of nifedipine in the presence of d-limonene
and the increases in the values of K, and J are

Permeated amounts (mg)

Time (h)

b)

Permeated amounts (mg)
o

A e

0 10 20 30 40 50 60 70
Time (h)

Fig. 2. Time course of the mean permeated amounts of
domperidone and corresponding theoretical fitting curves. (a)
(®) Domperidone in rat skin with enhancer, (@) domperidone
in rat skin without enhancer; (b) (¢) domperidone in human
skin with enhancer, ( o) domperidone in human skin without
enhancer.




also due to the fact that the penetration promo-
tor enhances the relative diffusion of the d1u5
(D, = 3.2), since the relative coefficients of activ-
ity (X, =0.98) and solubility (C, = 1.2) remained
practically constant, according to Eqns 14 and 15
(Table 3).

The fact that the reduction in lag time was
slightly more marked in human skin than in rat
skin is attributable to the greater activity of the
enhancer on the relative coefficient of diffusion
of the drug in human skin (D, = 3.2) than in rat
skin (D, = 2.7). Moreover, it could be considered
that, according to the estimated enhancement
index, (EI) (Table 2), the promotional activity of
d-limonene on nifedipine is constant, irrespective
of the type of skin used (EI = 2.9 in rat skin and
EI = 3.1 in human skin).

Domperidone

Influence of type of skin used The type of skin
influences the permeability constant (K ) and
flux (J) of domperidone, and statistically signifi-
cant differences (p < 0.05) were found between
the mean values of these parameters. The value
of K, in rat skin in this case was also 3-fold that
found for human skin (Table 2), and obviously
the flux value (J) was also 3 times greater in rat
skin than in human skin (Table 2). Again, the
type of skin did not influence the lag time for
domperidone, since no significant difference (p
> 0.05) was found between the mean values ob-
tained for this parameter, which were greater
than those determined for nifedipine (7, =274 h
in rat skin, and 7, = 19.3 h in human skin) (Table
2).

Influence of enhancer In the case of domperi-
done, the presence of d-limonene in the formula-
tion led to significant differences (p <0.05) in
the permeation parameters (Kp, J and T)) in rat
skin, with respect to those obtained without the
enhancer. The values of K  and J increased
15-fold (Table 2). Moreover, the lag time dimin-
ished approx. 7-fold in the presence of the en-
hancer (Table 2). According to Eqns 14 and 15,
the increase in Kp and J was due, on the one
hand, to the rise produced by d-limonene in the
relative coefficient of activity of the drug (X, =
2.1) and, on the other, the increase produced in
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attributed to the considerable increase in the
relative coefficient of diffusion of the drug in the
presence of d-limonene in the case of rat skin
(D, =17.5) (Table 3).

When human skin was used, the presence of
d-limonene led to a significant (p <0.05) in-
crease in both K, and J of approx. 7-fold (Table
2). However, the lag time was not significantly
(p > 0.05) affected by the presence of d-limonene
(Table 2). As can be seen in Table 3, according to
Eqgns 14 and 15, the increases in the flux (J) and
permeability constant (K ) of domperidone pro-
duced by d-limonene are due to the fact that the
enhancer increased the relative coefficient of ac-
tivity of the drug (X, = 8.1). The relative solubil-
ity in the vehicle (C, =2.1) has no practical ef-
fect, since the experiments with and without en-
hancer were performed at a constant concentra-
tion (1 mg/ml), the relative diffusion coefficient
(D, = 0.95) remaining practically constant. Thus,
consistent with the observation that the constant
for diffusion of the drug across human skin was
unaffected by the presence of d-limonene, the lag
time did not vary.

It is worth pointing out that, in contrast to
what was found for nifedipine, in the case of
domperidone the promotional action of d-
limonene was greater in rat skin, as judged on the
basis of the value of the enhancement index
obtained (EI = 15.7 in rat skin and EI=7.7 in
human skin) (Table 2).

Notwithstanding the foregoing, it is worth
commenting that, when human skin was used as a
permeation membrane, although the enhancer
assayed led to a marked improvement in the
permeation profile of nifedipine and domperi-
done, increasing the values of flux (J) and per-
meability constant (K ) while at the same time
reducing the lag time in both cases, the presence
of 5% d-limonene in the formulations assayed
does not permit the prediction of therapeutic
plasmatic concentrations under steady-state con-
ditions (Table 4).

In conclusion, under our experimental condi-
tions and for the drugs assayed, the type of skin
has a significant influence on the permeability
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constant (K ) and the flux (J): permeation of
these drugs through rat skin is approx. 3-fold
greater than in human skin. This result is in
agreement with the average obtained from a se-
ries of data published for various drugs (Cleary,
1984). However, the type of skin did not influence
the lag time, which in both cases remained practi-
cally constant. On the other hand, our results
indicate the difficulty in the prediction of the
transdermal penetration of substances through
rat and human skin, since the effect of the en-
hancer on the enhancement index (EI) may vary
with the type of skin and as a function of the drug
assayed. d-Limonene at 5%, under our experi-
mental conditions, has proved to be a satisfactory
enhancer, since it increased the value of K, and
J, and reduced 7, in the case of nifedipine, but
not in the case of domperidone in human skin.
This may be because the enhancer, in this case,
does not modify the relative coefficient of diffu-
sion of the drug. However, when human skin was
used, the addition of 5% d-limonene to the for-
mulations did not improve the penetrability of
either drug to such values as would allow fluxes
to be achieved that would permit the prediction
of therapeutic plasmatic concentrations under
steady-state conditions.
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