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The objective of this work was to investigate the effect of oxygen containing terpenes (carvacrol,
menthol and carvone) at 5%w/v in hydroalcoholic mixtures (40% ethanol) on the permeation of LHRH
across newborn pig skin in vitro. In addition, the amount of LHRH retained in the skin after 24 h of
diffusion was determined. It was found that the passive permeation of LHRH was very limited.
Although percutaneous absorption of LHRH improved in the presence of the enhancers, a significant
enhancement was observed only with carvacrol, an aromatic terpene. The rank order of enhancement
ratio for skin permeation was found to be carvacrol > carvone > menthol. The enhancers also affected
the retention of LHRH in the skin. The rank order of enhancement ratio for skin retention was
carvone > carvacrol > menthol. The results of the in vitro skin metabolism study of LHRH using fresh
newborn pig skin showed that the degradation products were detected and the amount of the de-
graded LHRH increased with increasing duration of incubation time.

1. Introduction

The stratum corneum, the outermost layer of the epider-
mis, is generally considered to be the rate-limiting barrier
for the drug transportation across the skin (Barry 1983).
In order to overcome this barrier property, various skin
permeation techniques, utilizing both chemical and physi-
cal strategies, have been employed (Trommer and Neubert
2006). Amongst these approaches, the use of penetration
enhancers which reversibly reduce the barrier of the stra-
tum corneum is one of the most effective, popular and
simple methods. A wide range of chemical substances in-
cluding terpenes have been shown to promote the percuta-
neous absorption of permeants (Akimoto and Nagase
2003; Williams and Barry 2004; Herai et al. 2007)
Luteinizing hormone releasing hormone (LHRH), also
known as gonadotropin releasing hormone (GnRH), is a
potent decapeptide used for the treatment of several disor-
ders including hypogonadism, endometriosis, female infer-
tility and prostatic carcinoma. In mammals, the primary
structure of LHRH is pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-
Pro-Gly.NH2. It is synthesized in the cell bodies of the
hypothalamic neurons and is transported by the hypothala-
mic-hypophyseal portal system to the anterior pituitary
gland. It acts on the pituitary to selectively stimulate the
gonadotrope cells to release luteinizing hormone (LH) and
follicle stimulating hormone (FSH). LH and FSH bind to
receptors in both the testis and the ovary and stimulate
gonadal production of sex steroids and gametogenesis, re-
spectively (Schneider et al. 2006). LHRH is not therapeu-

tically effective when taken orally because it undergoes
proteolytic enzyme degradation in the gastro-intestinal
tract, extensive first-pass hepatic metabolism, and has a
short elimination half-life of 4.5 min. LHRH is hydrophi-
lic, of large molecular weight (1182), and positively
charged at physiological pH (Heit et al. 1994); thus pas-
sive transdermal delivery is very limited and enhancement
strategies are essential. One strategy is the use of ionto-
phoresis to improve the transport of LHRH across the
skin. Since LHRH is positively charged at physiological
pH, it can, in principle, be subjected to iontophoresis. Sev-
eral studies have described details of the iontophoretic de-
livery of LHRH (Miller et al. 1990; Srinivasan et al. 1990;
Heit et al. 1993; Raiman et al. 2004). Another approach is
the use of chemical enhancers, alone or in combination
with iontophoresis. For example, it has been found that
pretreatment of pig epidermis by N-methyl 2-pyrrolidone
and isopropyl myristate significantly promotes the perme-
ability of LHRH compared with a control (Bhatia and
Singh 1997). When a combination of enhancer pretreat-
ment (oleic acid/propylene glycol) with iontophoresis is
compared with iontophoresis alone or enhancer pretreat-
ment alone the percutaneous absorption of LHRH through
human epidermis is greatly enhanced (Smyth et al. 2002).
In addition, the use of terpenes as penetration enhancers
has been suggested. Terpenes have GRAS (generally re-
cognized as safe) status granted by the U.S. Food and
Drug Administration (FDA). In addition, terpenes appear
to have high percutaneous enhancing abilities, with low
skin irritancy and low systemic toxicity. As skin penetra-
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tion enhancers, terpenes have been employed directly or
in combination with propylene glycol or ethanol (Corn-
well and Barry 1995; Moghimi et al. 1996; Vaddi et al.
2002a, b; Songkro et al. 2003). Several authors have re-
ported that there is a synergistic effect on the transport of
drugs (i.e. diclofenac sodium and tamoxifen) through the
skin when terpenes are used with ethanol or propylene
glycol (Obata et al. 1991; Takayama and Nagai 1994;
Yamane et al. 1995; Zhao and Singh 2000). In addition, it
has been reported that 5% linolenic acid or 5% limonene,
a nonpolar hydrocarbon terpene, in combination with
ethanol significantly enhances the passive flux of LHRH
through human epidermis treated with enhancers (Bhatia
and Singh 1999). A similar finding has been reported in
porcine epidermis when limonene (5%) in combination
with ethanol is used alone or in combination with ionto-
phoresis (Bhatia and Singh 1998). Although several
LHRH studies have focused on the use of hydrocarbon
terpenes as penetration enhancers, the effect of other types
of terpenes (i.e. oxygen containing polar terpenes) has not
been well investigated.
In the current study, the oxygen containing polar terpenes
carvacrol, menthol and carvone were selected to be used
as skin penetration enhancers for LHRH transport. These
enhancers were chosen because they have remarkable pe-
netration enhancing activity for several drugs, in particular
propranolol hydrochloride as shown in our previous study
(Songkro et al. 2003b). Carvacrol (5% in 50% ethanol)
has been shown to improve the percutaneous absorption
of haloperidol across rat skin in vitro (Vaddi et al. 2002a).
Moreover, of all the terpenes studied, carvacrol (5% in
40% ethanol) has exhibited the greatest penetration en-
hancement for the permeation of propranolol hydrochlor-
ide across newborn pig skin in vitro (Songkro et al.
2003b). Menthol has been found to accelerate the permea-
tion of ketoprofen (Rhee et al. 2001) and ketotifen
(Kimura et al. 2007). Carvone (5%) in combination with
ethanol (50%) showed penetration enhancing activity for
5-fluorouracil (Gao and Singh 1997) and carvone in a
mixture of ethanol : glycerin : phosphate buffer solution
(60 : 10 : 30) enhanced the skin penetration of diclofenac
sodium (Nokhodchi et al. 2007).
The effects of selected terpenes on the percutaneous ab-
sorption of LHRH were studied in vitro using a modified
Franz diffusion cell. The concentration of these terpenes
was set at 5% (w/v) as this concentration has been shown
to give effective enhancement on the skin permeability of
propranolol hydrochloride (Songkro et al. 2003b). Addi-
tionally, in an attempt to further accelerate the percuta-
neous absorption of LHRH, terpenes combined with ethan-
ol (40% v/v) were used. Due to restrictions on the use of
human skin, a validated skin membrane model was chosen
in this study using excised skin of newborn pigs that had
died of natural causes shortly after birth, as previously
described (Songkro et al. 2003a).
In addition to acting as a diffusional barrier, skin is a me-
tabolically active organ and the most metabolically active
layer is found to be the viable epidermis below the stra-
tum corneum (Tauber 1982). The metabolic processes that
are catalyzed by the enzymes present in skin affects the
bioavailability and the pharmacological and toxicological
activity of drugs. In contrast, if there is no metabolism of
the drug in the viable epidermis there will be free passage
of the unchanged drug into the systemic circulation. When
compared with other mucosal membranes, skin contains
fewer proteolytic enzymes (Lee 1988). Therefore, first-
pass metabolism of drugs absorbed through skin is re-

duced when compared to other membranes. Bi and Singh
(1998), who studied the metabolism of LHRH in several
intact pig tissues (i.e. buccal, liver, nasal and skin) and in
tissue homogenates, have indicated that skin had minimal
proteolytic activity towards LHRH, particularly when the
skin is intact. Furthermore, the same authors (Bi and
Singh 2000) have found that the degradation of LHRH in
the skin can be further minimized by the use of suitable
proteolytic enzyme-inhibitors such as bestatin.
In addition to overcoming the diffusion barrier, the stabi-
lity of LHRH in skin needs to be considered. For this
reason, the potential for metabolic deactivation of LHRH
by the skin was also evaluated by exposing the LHRH
solution to freshly excised newborn pig skin.

2. Investigations, results and discussion

The amount of LHRH that permeated through newborn
pig skin was expressed as the cumulative amount perme-
ated per unit area. The plots of cumulative permeation of
LHRH versus time for each terpene are shown in Fig. 1.
The permeation parameters of LHRH are summarized in
the Table.
As seen from Fig. 1, passive transport of LHRH through
newborn pig skin was extremely low when no enhancer
was used (control). This is partly due to the large molecu-
lar weight of the compound (MW 1182). In the control,
the amount of LHRH that penetrated through newborn pig
skin in the first 10 h could not be detected by HPLC ana-
lysis. For the first 4 h the permeation of LHRH was
slightly enhanced by the terpene enhancers when com-
pared with the control. From 8–24 h, the cumulative
amount of penetrated drug was greatest with carvacrol
(p < 0.5). According to the permeation parameters shown
in the Table, the three terpenes showed a tendency to in-
crease the permeation of LHRH across the skin; however,
only carvacrol significantly enhanced the penetration of
LHRH compared to the control (p < 0.05). Menthol and
carvone, which were effective for transdermal delivery of
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Fig. 1: Permeation profiles of LHRH through full-thickness newborn pig
skin over 24 h. Each data point is the mean � SEM (3 � n � 4)



propranolol hydrochloride (Songkro et al. 2003b), did not
significantly promote the permeation of the decapeptide.
The ERp of carvacrol was 112.5, whereas the ERp of car-
vone and menthol were about 30 and 13, respectively.
Based on the chemical structures of the terpenes, it is rea-
sonable to assume that the remarkable enhancing activity
of carvacrol can be attributed to its phenolic nature rather
than to the presence of a hydroxyl group. The effects of a
phenolic structure on the penetration enhancing ability of
terpenes have been reported previously (Kunta et al. 1997;
Songkro et al. 2003b).
The accumulation of LHRH in skin was significantly in-
creased with carvone and carvacrol when compared to
control (p < 0.05) (Table). Overall, carvone showed the
greatest enhancing activity in skin retention of LHRH
(ERsc ¼ 4.5).
Based on the LHRH data and the data from propranolol
hydrochloride in our previous investigation (Songkro et al.
2003b), it was noted that carvone, the enhancer with mod-
erate penetration enhancing activity, was likely to retain
the permeants in the skin better than carvacrol, the enhan-
cer with greatest penetration enhancing activity.
It has been suggested that the retention of permeants in
the skin is related to the log K (octanol/water) values; the
higher the log K values attain, the greater the skin reten-
tion of permeants (Potard et al. 2000). With respect to the
log K values, it was surprising that the accumulation of
LHRH in skin by terpenes was in the order of carvo-
ne > carvacrol > menthol, even though the calculated log
K of terpenes was in the order of carvacrol (3.23) >
menthol (3.02) > carvone (2.83). This was, at least in
part, due to the fact that octanol cannot precisely mimic
the heterogeneous structure of the stratum corneum. Ow-
ing to the polar nature of LHRH, hydrogen bonding be-
tween LHRH and each terpene or skin components (i.e.
keratin, ceramides) is likely to occur. In this case, it is
likely that the strongest hydrogen bonding occurs between
carvone and the drug thus producing a much higher
amount of drug retained within the skin.
In view of the low skin permeation of LHRH in the cur-
rent investigation, further studies using these terpenes with
physical enhancement methods such as iontophoresis are
suggested.
The ratio of cumulative amount permeated into receptor
fluid at 24 h was divided by the skin content of LHRH at
24 h and plotted as shown in Fig. 2. The highest ratio was
obtained with carvacrol followed by carvone and menthol.
This ratio may indicate whether an enhancer is suitable
for transdermal drug delivery or local drug targeting in
skin. In this case, the ratio between these two parameters
was less than 1, suggesting that these terpenes enhanced
accumulation of the drug within the skin rather than en-
hancing permeation of the drug through the skin into the

receptor fluid. Nevertheless, it may be concluded that car-
vacrol was more effective in enhancing the permeation of
LHRH through the skin than carvone or menthol.
During the in vitro skin permeation experiments, degrada-
tion products of LHRH were detected after 12 h of per-
meation. The amount of degradation products found in the
skin extracts and 50% methanol washes was very low
(less than 5%). However, higher percentages of metabo-
lites were observed in the receptor fluid, for example,
15% of degraded LHRH was detected at 24 h when carva-
crol was used as enhancer.
The percutaneous parameters used to determine the corre-
lation between skin penetration and skin accumulation of
LHRH are shown in Figs. 3 and 4. As seen from Fig. 3,
no correlation existed between the permeability coefficient
and the skin accumulation of LHRH (R2 ¼ 0.0909). Simi-
larly, there was no correlation between the amount of
LHRH in the receptor fluid at 24 h and the skin accumula-
tion of LHRH (R2 ¼ 0.1272) (Fig. 4). Lack of correlation
between skin permeation and retention has been reported
previously (Kumar et al. 1992; Songkro et al. 2003b).
As seen from Fig. 5, no degradation products were found
in the control (fresh skin incubated in IPB at 32 �C).
However, there were degradation products of LHRH after
it was incubated with excised fresh skin and IPB. In the
current experiment, two peaks of degradation products
were found at the retention time of 4.9 and 8.2 min. The
amount of degraded LHRH increased with the length of
the incubation period whilst the amount of intact LHRH
decreased with increasing incubation time. After 2 h, only
5% degradation products were detected. By 12 h, the
amount of degraded LHRH had increased to 90%.
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Table: Effect of terpenes on the permeation parameters of LHRH through newborn pig skin

Enhancer n JSS (mg/cm2/h)
(mean � SEM)

P (�10�4) (cm/h)
(mean � SEM)

ERP Q24 (mg/cm2)
(mean � SEM)

SC24 (mg/cm2)
(mean � SEM)

ERSC

None (control) 4 0.0072 � 0.0082 0.14 � 0.16 1.0 0.25 � 0.15 5.37 � 0.45 1.0
Menthol 3 0.0904 � 0.0179 1.81 � 0.36 12.9 2.14 � 0.41 12.69 �1.46 2.4
Carvone 3 0.2116 � 0.0066 4.23 � 0.13 30.2 4.12 � 0.28 24.28 � 4.03* 4.5
Carvacrol 4 7.8730 � 0.6325* 15.75 � 1.26 112.5 12.34 � 1.68 15.14 � 0.47* 2.8

5% terpene in 40% ethanol
n ¼ number of determinations
Q24, cumulative amount of LHRH permeated in receptor fluid at 24 h
SC24, skin content of LHRH at 24 h
ER, enhancement ratio calculated as permeation parameter after enhancer treatment divided by the corresponding parameter from control (control ¼ 1.0)
* There were significant differences in the skin parameters (JSS or SC24) (p < 0.05, ANOVA)
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Interestingly, the amount of degraded LHRH occurring in
the skin metabolism study was much greater than that in
the skin permeation experiments. This was possibly due to
the fact that in the cutaneous metabolism study, the
LHRH solution was in direct contact with viable layers of
skin whilst in the permeation experiment, the large mole-
cular weight of LHRH limited its transport across skin
and therefore the majority of LHRH remained in contact
with the stratum corneum (nonviable layer). In addition,
the higher amount of degradation products of LHRH in
receptor fluid, which was in direct contact with the dermal
side, indicated that the degradation was in part due to the
dermis. This is in accord with the study by Miller et al.
(1990) who found that solutions of LHRH (Sörensen’s
phosphate buffer) contacting the stratum corneum of hair-
less mouse skin were stable over 40 h while solutions con-
tacting the dermal side were unstable. The authors con-
cluded that LHRH was metabolized when in contact with
the dermal side of hairless mouse skin.
Since the skin is metabolically active and LHRH has a short
in vivo half-life, it is not surprising that skin enzymes could
cause the degradation of LHRH. Thus, for LHRH delivery
via a transdermal route, the metabolic degradation by the
enzymes present in the skin needs to be taken into account.
In conclusions, carvacrol was the most suitable penetration
enhancer for percutaneous absorption of LHRH since the
permeation of LHRH was significantly enhanced by carva-

crol. In addition, degraded LHRH was observed during the
skin permeation experiment. Carvone was able to retain
LHRH in the skin more than carvacrol or menthol. In both
permeation and retention studies, menthol showed the least
effects for LHRH. No correlation could be found between
skin permeation and skin retention of LHRH. The skin me-
tabolism study revealed that enzymes present in the viable
layers of skin could metabolize the decapeptide LHRH.

3. Experimental

3.1. Chemical agents

LHRH was obtained from American Peptide Company (Sunnyvale, CA,
USA). Carvacrol (98%), menthol (99%) and carvone (98%), were obtained
from Aldrich Chemical Company, Inc. (WI, USA) and used as supplied.
Sodium dihydrogen orthophosphate monohydrate, disodium hydrogen
orthophosphate anhydrous, sodium chloride, acetonitrile (HPLC grade), tri-
fluoroacetic acid (100%, HPLC grade), sodium hydroxide and absolute
ethanol were supplied by BDH Laboratory Supplies (U.K.). All chemicals
were at least reagent grade except where specified. Water was purified by
a Milli-Q System (Millipore) which yielded a resistivity 18.2 MWcm and
was used to prepare all the solutions.

3.2. Skin preparation

Newborn pigs (Sus scrofa, Duroc male�Large White female) that had
died of natural causes shortly after birth were obtained fresh from a local
farm (Dunedin, New Zealand). The study was carried out with the ap-
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Fig. 5: HPLC chromatograms of LHRH incubated with fresh full thickness
newborn pig skin at 32 �C. Key: A, control chromatogram of skin
incubated in isotonic phosphate buffer pH 7.4; B, chromatogram of
LHRH incubated with skin for 2 h; C, chromatogram of LHRH
incubated with skin for 12 h. Key: 1 and 2, degradation products;
3, intact LHRH



proval of the Otago University Animal Ethics Committee, University of
Otago, New Zealand. A tissue retrieval approval form was sufficient for
the use of newborn pig skin.
The full thickness flank skins of newborn pigs weighing 1.4–1.8 kg were
used. The epidermal hair at the flank area was clipped with electric hair
clippers. The hair was carefully removed as close as possible to the skin
without damaging the skin. The skin was then rinsed under running tap
water in order to remove hair from the surface and then excised with a
scalpel and a number 24 surgical blade. The subcutaneous fat and under-
lying tissues were carefully dissected from the dermal surface. The skin
pieces were rinsed with isotonic phosphate buffer pH 7.4 (IPB), blotted
dry with paper towels, wrapped in aluminium foil and stored at �20 �C
for up to a month (Harrison et al. 1984). The skin samples were allowed to
thaw, then were cut into 4.5� 4.5 cm2 pieces, placed in IPB and hydrated
at room temperature overnight. The in vitro experiments were conducted
on samples obtained from a minimum of 3 newborn pigs. Before the in vi-
tro skin permeation experiments, the integrity of skin was determined by
measurement of electrical resistance using silver chloride electrode system.
Only skin pieces with electrical resistance greater than 20 kcm2 were ac-
ceptable (Songkro et al. 2003a).

3.3. LHRH formulation

LHRH (0.05% w/v) and each terpene (5% w/v) were prepared in a hydro-
alcoholic mixture containing 40% v/v ethanol. A control formulation con-
tained only LHRH in a hydroalcoholic mixture.

3.4. In vitro skin permeation and retention studies

The experiments were performed in a modified Franz’s diffusion cell
(Hanson Model 57–6M, Hanson Research Corporation, California, USA).
The skin piece was mounted between the donor and the receptor compart-
ments of the diffusion cell which was maintained at 37 �C. The skin sam-
ple was placed with the epidermal side facing towards the donor compart-
ment and the dermal side bathed by the receptor fluid. The diffusion cell
and skin were firmly clamped together providing a 1.77 cm2 area exposed
for diffusion. The donor (2.5 ml) and receptor compartments (6.5 ml) were
filled with degassed IPB and the receptor medium was stirred at a speed of
200 rpm using a magnetic stirrer (Variomag1 Telemodul 40 S, Germany).
The electrodes were made from silver wire (1.00 mm diameter, 99.99%
purity) obtained from a local company (Clyde Hill Glass, Dunedin, NZ).
The electrode system was Ag/AgCl. The silver chloride electrode was pre-
pared by electroplating Ag wire in 3 M potassium chloride to form a layer
of AgCl. After equilibration of skin at 37 �C for 1 h, the Ag electrode was
introduced into the donor chamber while the AgCl electrode was posi-
tioned below the skin, via the sampling port of the receptor compartment
in order to complete a circuit across the skin membrane. Resistance meas-
urements were made by applying a small electrical potential across the
electrodes (0.3 V) which were connected in series with the power supply
and with a highly sensitive multimeter (Fluke Corporation, Washington,
USA). Utilising Ohm’s law, the measurement of current was used to calcu-
late the resistance. After the electrical resistance measurement, the IPB was
removed from the donor compartment. One ml of each drug formulation
was applied onto the skin surface and covered in order to prevent evapora-
tion. At least three replications were performed for each formulation. At
suitable time intervals (1, 2, 3, 4, 6, 8, 10, 12, and 24 h), 500 ml samples
were removed from the receptor compartment and replenished immediately
with an equal volume of fresh buffer (37 �C). Samples were assayed for
LHRH by HPLC.
The retention of LHRH in the skin was determined following the method
of Michniak et al. (1993) with slight modifications. At the end of a given
time interval (24 h), the skin samples were removed from the diffusion
cells and washed briefly in 50% methanol. The contact time of the skin
with 50% methanol was minimized so that only surface LHRH was re-
moved from the skin. The skin samples were cut with scissors and were
then homogenized in 10 ml of 50% methanol using a DIAX 900 homoge-
nizer (Heidolph, Germany) at a medium setting. The skin homogenate was
centrifuged using a (KR-20000T centrifuge (Kubota Tokyo, Japan) at
15,000 rpm (3000 g) for 20 min. Supernatants were collected and frozen at
�20 �C until HPLC analysis.
Recovery experiments were performed on six individual diffusion cells.
The drug content in 50% methanol washes, representing the total donor
concentration remaining after 24 h, the skin drug content measured in mg
per diffusion area and the total corrected receptor concentration (mg/6.5 ml)
at 24 h were added up. These results yielded greater than 75% recovery of
the original concentration of LHRH. Loss of LHRH may have occurred
through side diffusion in the skin, adsorption onto the glass surface of the
diffusion cell, removal in the skin homogenate, or possible degradation of
the model compound by cutaneous enzymes.

3.5. In vitro skin metabolism study

The method used in this study was modified from that reported in previous
publications by Miller et al. (1990) and Bi and Singh (2000). Fresh skin

samples were prepared identically to those used in the permeation studies.
During the experiment, screw-cap glass vials containing 50 mg/ml of LHRH
in IPB were maintained in a shaking water bath (32 �C). The total volume of
solution in each vial was 5 ml. A 1.77 cm2 piece of skin was added to each
vial after 30-min temperature equilibration. Three vials contained LHRH so-
lution and newborn pig skin. A fourth vial contained only skin and IPB and
served as a control. At appropriate time intervals (from 0–24 h), 200 ml sam-
ples were withdrawn and analyzed using HPLC for the parent LHRH peak as
well as additional peaks due to LHRH metabolism.

3.6. HPLC analysis of LHRH

LHRH and LHRH degradation products were measured by isocratic liquid
chromatographic assay (Wen et al. 2002). A Jupiter C18 column
(250� 4.6 mm, 5 micron, Phenomenex, California, USA) was used to de-
termine the amount of model compound. The HPLC system consisted of a
Shimadzu pump (model LC-10 AT VP, Shimadzu, Japan) and a Shimadzu
UV-Visible detector (model SPD-10 AVP, Shimadzu, Japan). The mobile
phase consisted of 0.1% trifluoroacetic acid in 21% (v/v) acetonitrile in
water adjusted to pH 2.5 with sodium hydroxide. The injection volume
was 100 ml and the flow rate was 1 ml/min at room temperature. The ab-
sorbance was detected at 215 nm. The linearity range for this method was
between 1–30 mg/ml. The retention time for the parent molecule was
15 minutes. Peak areas were analyzed and monitored for changes over the
time course of the experiments. Validation of the method was performed to
ensure that the coefficient of variation was less than 5%, both intra-day
and inter-day. The detection limit of LHRH (signal-to noise ratio of 3 : 1)
was 56 ng/ml.

3.7. Data analysis

The cumulative amount of the drug permeation (Qt) was calculated from
Eq. (1) (Zhang et al. 2007):

Qt ¼ VrCt þ
Pt�1

i¼0
VsCi ð1Þ

where Ct is the drug concentration of the receptor fluid at each sampling
time, Ci is the drug concentration of the ith sample, and Vr and Vs are the
volumes of the receptor fluid and the sampling solution, respectively. Data
were expressed as the cumulative drug permeation per unit of skin surface
area, Qt/S (S ¼ 1.77 cm2). The cumulative amount of drug in the receptor
fluid per unit area of skin was plotted against time (T). The steady-state
fluxes (JSS) were calculated from the linear portion of the slope using line-
ar regression as shown in Eq. (2):

JSS ¼ DQt=ðDT:SÞ ð2Þ
The apparent permeability coefficient (P) was calculated from Eq. (3):

P ¼ JSS=DC ð3Þ
where DC is the concentration gradient and is related to the donor and
receptor concentrations. However, in the present study, the receptor con-
centration can be neglected as sink conditions apply. Therefore, DC can be
assumed to be equal to the donor concentration (Roy and Manoukian
1995).
The enhancement ratio (ER) for the skin parameter was calculated from
Eq. (4) (Goodman and Barry 1988).

ER ¼ skin parameter for enhancer treated skin

skin parameter for control
ð4Þ

Statistical analysis of the data was performed using one-way analysis of
variance (ANOVA). Differences were considered significant at p < 0.05. A
Tukey’s comparison test was used if the ANOVA indicated that there was
a significant difference. Minitab release version 12.1 (Minitab Inc., State
College, PA, USA) was used for statistical analysis.
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