
Terpenes are constituents of essential oils obtained from
various parts of plants and are widely used in perfumes, fla-
vorings and in topical formulations.1,2) Terpenes are less
toxic compounds with low irritancy and designated as gener-
ally recognized as safe (GRAS) by FDA and were reported to
enhance the percutaneous absorption of both hydrophilic and
lipophilic drugs.1,2) They belong to various chemical classes
like hydrocarbons, alcohols, oxides and ketones. The oxide
terpenes were reported to increase the permeation of vari-
ous drugs including 5-fluorouracil,2) caffeine,1) diclofenac
sodium3) and tamoxifen.4) Ethanol and propylene glycol
(PG), widely used solvents in pharmaceutical formulations,
are common vehicles for terpenes in transdermal studies.5)

These solvents were reported to enhance permeation of many
drugs and to have synergy with some terpenes in permeation
enhancement.6—8) The low systemic toxicity and local tolera-
bility profiles for both solvents are well established.5)

The stratum corneum (SC), the uppermost layer of the
skin, is primarily responsible for the resistance to drug per-
meation. Terpenes can increase the permeation by one or
more of the following mechanisms: interacting with the SC
lipids and/or keratin, and increasing the solubility of the drug
into SC lipids.2) However, the interaction of terpenes with SC
from various solvents may not be similar due to differences
in physico-chemical properties of these solvents and their in-
teractions with SC. These interactions can be determined by
instrumental methods, such as, Fourier transform infrared
spectroscopy (FT-IR) and differential scanning calorimetry
(DSC). The FT-IR provides information about the molecular
and conformational changes in SC lipids and proteins,
whereas DSC provides information about their thermotropic
behaviour.9) Therefore both methods provide independent
and complementary data about the interaction of terpenes
with SC in the presence of different solvents. The partition-
ing of a drug from terpenes in 50% v/v ethanol or 100% v/v

PG to SC can be determined by using drug-SC binding stud-
ies.

Haloperidol (HP), an antipsychotic drug, is a lipophilic
drug and has low molecular weight (375.9). It is given in a
low daily dose (3—10 mg) in maintenance therapy to prevent
the relapse of the psychosis. The suitability of HP for the de-
velopment of transdermal formulation was discussed else-
where.10,11) In this work, effects of 5% w/v (1) limonene
oxide and 5% w/v a-pinene oxide in 50% v/v ethanol or in
100% v/v PG on the permeation and partition of HP through
human skin and the mechanisms of interaction of terpenes in
either solvents with SC, using FT-IR and DSC were studied.
Since ethanol at greater than 50% v/v causes excessive dehy-
dration of the skin and was also reported to have counterpro-
ductive effect on the permeation enhancement of some drugs,
50% v/v ethanol was therefore chosen as one of the solvents
in this study.4,12) Pinene oxide at 5% w/v concentration is
miscible with both 50% v/v ethanol and 100 v/v PG; whereas
limonene oxide at 5% w/v concentration is miscible with
100% v/v PG, but can only be dispersed in 50% v/v ethanol.

MATERIALS AND METHODS

Materials Haloperidol, droperidol, DL-lactic acid, antibi-
otic antimycotic solution (1003) and sodium di-hydrogen
phosphate monohydrate were purchased from Sigma Chemi-
cal Company and (1) limonene oxide (97%), a-pinene oxide
(97%) from Aldrich Chemical Company. All other chemical
reagents were of at least reagent grade and all materials were
used as supplied.

Analytical Method Drug concentrations were deter-
mined by reversed phase HPLC (C18 column, Hewlett
Packard Pte Ltd., Germany) at 254 nm. The mobile phase
consisted of 0.05 M phosphate buffer pH adjusted to 3 and
acetonitrile in the ratio of 50 : 50. Droperidol was used as an
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In this study, two terpenes with the same functional group; limonene oxide and pinene oxide were used at
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therapeutic plasma concentration and daily-permeated amounts of the drug. Limonene oxide showed higher en-
hancement in both solvents, which was attributed to its less bulky structure. The terpenes in both solvents did
not increase the partition of HP. Instrumental studies showed that these terpenes in 50% v/v ethanol extracted
the SC lipids, disrupted the bilayer packing and partially fluidised the lipids. Limonene oxide in 100% v/v PG
possibly disrupted the lipid bilayer, whilst leaving the overall bilayer structure intact and pinene oxide in the
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internal standard. The flow rate was 1.3 ml/min and injection
volume was 100 m l. The retention times of the internal stan-
dard and drug were approximately 4 and 6.5 min, respec-
tively. The mean peak area ratios of the drug and the internal
standard in 0.03% (v/v) lactic acid were linearly related to
the drug concentrations for the samples containing 1 mg/ml
to 7 mg/ml (r50.9999). The intraday and interday coefficient
of variations for all concentrations varied from 2.45% to
9.81%.

Solubility Studies Excess of HP was added to 50% v/v
ethanol or 100% v/v PG containing antibacterial antimycotic
solution (1 in 100 dilution) with or without enhancers and
stirred for 24 h at 3261 °C over an immersible magnetic stir-
ring bed kept in a water bath. These samples were filtered
through 0.45 mm teflon filter units using a gas-tight syringe
(Hamilton Pte Ltd., Switzerland). Saturated drug concentra-
tions were determined by HPLC in triplicate after appropri-
ate dilution with 0.03% lactic acid solution. Dilution with
lactic acid solution phased out the terpenes but upon vortex-
ing, the terpenes dispersed uniformly throughout the sample,
thereby facilitating further dilution to the concentration of
the drug within the range of the calibration curve. The final
samples used for analysis were clear solutions. Saturated
drug solutions were used for the permeation studies.

Preparation of Human Epidermis Malay and Chinese
female skins were obtained from plastic surgery performed at
the Singapore General Hospital, Singapore. Because human
skin is in short supply, skins of both races were used assum-
ing that the permeation and enhancement mechanism would
be similar. Malay skin was used for permeation, SC binding
and FT-IR studies and Chinese skin was used for DSC stud-
ies. Epidermal membranes were prepared by heat separation
technique.13) Whole skin was immersed in water at 60 °C for
2 min, followed by careful removal of the epidermis. Samples
were stored at 280 °C until used. Prior to permeation experi-
ments, membranes with SC side up were floated over 0.9%
(w/v) sodium chloride solution containing antibacterial an-
timycotic solution (1 in 100 dilution) at 2161 °C for 3 d.

Preparation of Stratum Corneum The human epider-
mal membranes with SC side up were incubated in petri-
dishes over filter papers imbibed with 0.1% (w/v) trypsin in
0.5% (w/v) sodium bicarbonate solution at 3761 °C for
3 h.13) The SC was removed, thoroughly washed and dried in
a vacuum dessicator. After 24 h, SC was dipped in acetone
solution for 20 s to remove sebaceous lipids and dried again.

Permeation Studies Amber glass Franz-type diffusion
cells were used for these permeation studies. The fully hy-
drated human epidermis was mounted between the donor and
receptor compartments and excessive skin at the sides was
trimmed off to minimize lateral diffusion. SC was arranged

to face towards the donor compartment and the available skin
area for permeation was approximately 1 cm2. Prior to
mounting, high vacuum silicone grease was applied onto the
donor and receptor compartments. Care was exercised to pre-
vent the spread of the grease to the permeation area of the
skin. One-ml of saturated drug solution in 50% v/v ethanol
or 100% v/v PG with or without enhancers was added to the
donor compartment. Saturated solutions were used for the
diffusion experiments to ensure a maximal chemical poten-
tial of the drug. Since the solubility of HP in 0.03% lactic
acid solution is approximately 1 mg/ml,10,11) 0.03% lactic
acid solution containing 1% v/v antibacterial antimycotic so-
lution was placed in the receptor compartment to create a
pseudo-sink condition. The pH of the receptor solution was
approximately 3 but that did not affect the integrity of the
epidermis as consistent flux values were obtained from all
the permeation experiments of the current and the earlier ex-
periments.10,11) The receptor solution was thoroughly de-
gassed to prevent the formation of bubbles beneath the mem-
brane. An antibacterial and antimycotic solution was added
to both donor and receptor solutions to maintain the integrity
of the skin throughout the experiment and to minimize the
microbial contamination in samples during the analysis. The
donor compartment was covered with parafilm to minimize
the evaporation of the solution. The sampling port was oc-
cluded with aluminum foil for the same purpose. The diffu-
sion cells were placed over a heater/stirrer block (PermeGear,
U.S.A.), which was covered to minimize the degradation of
the drug from light and the content of the receiver compart-
ment was stirred at 3761 °C. Aliquots of 300 m l were with-
drawn periodically and replaced with the same volume of re-
ceptor fluid for 48 h.

Stratum Corneum Binding Studies Binding of the
drug to the pulverized SC from the control or terpene solu-
tions was determined.14) The SC was pulverized in a mortar
with pestle and the particles that passed through 48-mesh but
retained by 80-mesh sieve were used (180—300 mm). Ap-
proximately 1 mg of SC powder was hydrated over saturated
potassium sulphate solution for 3 d. One ml of sub saturated
drug solution in 50% v/v ethanol or 100% v/v PG with or
without enhancers was added to SC powder and with fre-
quent vortexing, the system was allowed to equilibrate at
2161 °C for 2 d, same duration as that of the permeation
studies. The supernatant solution, which was obtained at the
end of 2 d by centrifugation, was analyzed for the drug con-
tent. The amount of the drug bound to SC was calculated by
subtracting the amount of the drug present in the supernatant
from the initial drug concentration.

Fourier Transform Infrared Spectroscopy (FT-IR) SC
was cut into small circular discs with an approximate diame-
ter of 1.5 cm and floated over 0.9% (w/v) sodium chloride so-
lution containing an antibacterial and antimycotic solution
for 3 d. Then these discs were thoroughly blotted over filter
paper and the FT-IR (JASCO, FT/IR-430) spectra were
recorded in the frequency range 400 to 4000 cm21, with
2 cm21 resolution. Each spectrum was an average of 60
scans. The SC discs were kept in 1.7 ml of 50% v/v ethanol
or 100% v/v PG with or without 5% w/v terpenes (1 cm2 of
the SC treated with 1 ml of enhancer solution) at 2161 °C
for 2 d, same as the duration of permeation studies. After 2 d,
the SC discs were thoroughly washed, blotted dry and the FT-
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Fig. 1. Chemical Structures of Terpene Enhancers



IR spectra were taken. Each sample served as its own con-
trol.

Differential Scanning Calorimetry Approximately
2060.5 mg of SC was taken and hydrated over saturated
potassium sulphate solution for 3 to 4 d. Then the SC was
blotted to obtain 20—25% hydration and kept in 12 ml of
50% v/v ethanol or 100% v/v PG with or without 5% w/v en-
hancer for 48 h or 7 ml of 50% v/v ethanol with or without
5% w/v enhancer for 12 h at 2161 °C. After the enhancer
treatment, the SC was removed and blotted to obtain hydra-
tion of 20—25%, sealed in aluminium hermetic pans and
equilibrated for 1 h prior to the DSC measurement (TA in-
struments, U.S.A.). The scanning rate was at 2 °C/min over
the temperature range 10 °C to 140 °C.

percentage of hydration5{(weight of the hydrated SC2weight of the dry

SC)/weight of the dry SC}3100

Permeation Parameters The cumulative amount of
drug ‘Q’ permeated through the skin with area ‘A’ in time ‘t’
from the donor solution at constant concentration ‘Co’ to the
receptor phase at the sink condition was described by Oka-
mato and co-workers15) according to the following equation:

(1)

Where K9 is the activity parameter and D9 is the diffusion pa-
rameter. A non-linear regression program (Graph Pad
PrismTM, San Diego, CA, U.S.A.) with n55 was used to fit
the equation to the experimental data and K9 and D9 values
were calculated. The following equations were used to calcu-
late the permeability coefficient (P), lag time (Lt) and flux (J)
from K9 and D9 values.

P5K9 ·D9 (2)

Lt51/6D9 (3)

J5P ·Co (4)

Where Co is the saturated solubility of the drug. Following
equations were used to evaluate the effect of the enhancers
on permeability coefficient, lag time and flux.

(5)

(6)

(7)

Where EI is the enhancer index, Kr is the coefficient of rela-
tive activity, Dr is the coefficient of relative diffusion.

It is possible to predict the steady state plasma concentra-
tions (Pss) through the human skin in vivo using the follow-
ing equation, if the drug were in a transdermal patch with an
area (Ta) of 16 cm2.

Pss5J ·Ta/Clp (8)

Clp is plasma clearance of HP, which is 36.5 l/h.16)

Therapeutic transdermal daily dose (Td) was calculated
from the equation 9 where F is the bioavailabilty in percent-
age after oral administration and Do is the oral daily dose

Td5Do ·F/100 (9)

The bioavailability of HP is 60% on average17) and its
daily maintenance oral dose is 3—10 mg.18)

Permeated daily doses (Dss) from 16 cm2 transdermal
patch was calculated from equation 10, where t is 24 h

Dss5J ·Ta · t (10)

RESULTS

Permeation Both limonene oxide and pinene oxide in
50% v/v ethanol and 100% v/v PG increased the solubility,
flux and permeability coefficient of HP significantly from
that of the controls (Table 1) (One-way ANOVA with Tukey
posthoc test) (Fig. 2). The enhancer index values indicate
that limonene oxide enhanced permeation more than pinene
oxide in both 50% v/v ethanol and 100% v/v PG and these
enhancers showed greater enhancement effects in 50% v/v
ethanol than in 100% v/v PG. Both enhancers in 50% v/v
ethanol or 100% v/v PG increased solubility of HP to a simi-
lar extent. The terpenes in 50% v/v ethanol did not signifi-
cantly increase the lag time from that of the control whereas
terpenes in 100% v/v PG significantly increased lag time
from that of the control. The predicted steady state plasma
concentration and daily-permeated amounts were signifi-
cantly higher with both enhancers in 50% v/v ethanol and
100% v/v PG from control values (Table 3).

SC Binding Studies The enhancers in both 50% v/v
ethanol and 100% v/v PG did not significantly increase the
partition coefficient of HP from that of the control values
(Table 4). In fact, both terpenes in 100% v/v PG and
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Table 1. Activity Parameter (K9), Diffusion Parameter (D9), Solubility (Co), Lag Time (Lt), Flux (J), and Permeability Coefficient (P) of Haloperidol and
Enhancer Index (EI) in the Absence and Presence of the Terpenes in 50% v/v Ethanol and 100% v/v PGa)

Enhancer K9 · 10 D9 · 102 Co (mg/ml) Lt (h) J · 103 (mg/cm2/h) P · 103 (cm/h) EI

50% v/v ethanol 0.5060.16 1.8060.46 0.6560.02 9.7262.72 0.5660.05 0.8560.09 —
Limonene oxide/50% v/v ethanol 9.5460.27 1.2860.05 1.8560.07* 13.0560.55 22.5461.04* 12.1860.17* 14.33
Pinene oxide/50% v/v ethanol 4.6960.99 1.6960.16 1.7460.09* 9.9560.92 13.5761.53* 7.8060.94* 9.18

Enhancer K9 · 102 D9 · 102 Co (mg/ml) Lt (h) J · 103 (mg/cm2/h) P·104 (cm/h) EI

100% v/v PG 0.2960.02 1.8860.14 2.7460.01 8.8860.69 0.1560.02 0.5560.05 —
Limonene oxide/100% v/v PG 3.2460.42 1.2060.21 4.0260.09* 14.1162.26* 1.5660.30* 3.9060.82* 7.09
Pinene oxide/100% v/v PG 2.1060.47 1.0860.03 4.3760.08* 15.4360.41* 0.9860.19* 2.2760.47* 4.13

a) Mean6S.D. (n53). * One-way ANOVA Tukey posthoc test (p,0.05).



limonene oxide in 50% v/v ethanol decreased the partition
coefficient compared to that of the control.

Fourier Transform Infrared Spectroscopy Many of
the IR spectra bands of SC can be attributed to lipid or pro-
tein molecular vibrations. The keratin backbone was reported
to give amide A, amide I and amide II peaks at ca. 3300
cm21, ca. 1650 cm21 and ca. 1550 cm21, respectively. The

hydrocarbon chains of lipids cause asymmetric and symmet-
ric CH2 vibrations at 2920 and 2850 cm21, respectively.19)

The heights and areas of these two CH2 peaks are propor-
tional to the amount of the lipids present in SC. So any ex-
traction of the lipids by the enhancer results in decreased
peak heights and smaller peak areas.5) Some enhancers may
fluidise the SC lipids, which can be noted from an increase in
bandwidths at half height of CH2 stretching peaks alone or a
shift of these peaks to a higher wave number associated with
an increase in bandwidths at half height.20) An increase in
bandwidth alone indicates increase in rates and amplitudes of
the translational and rotational motions of individual CH2

groups and acyl chains within the ordered environment. This
conclusion can be drawn when the frequency of lipid peaks
does not change after enhancer treatment and slight increases
occur only in the bandwidths. The shift of the peak to a
higher wavenumber associated with an increase in bandwidth
is due to the conversion of trans conformers to gauche con-
formers along the acyl chains, which indicates the decrease
in the degree of organisation of the lipid acyl chains. The
higher the gauche conformers along the acyl chain the higher
the fluidity of the lipids. The peak heights, areas and peak
widths at half height were measured after making base line
correction. The IR spectra of SC treated with 50% v/v
ethanol, 100% v/v PG, terpenes in 50% v/v ethanol and
100% v/v PG showed significant decreases in heights and
areas of lipid peaks compared to the IR spectra of SC prior to
the treatments (Paired ‘t’ test p,0.05) (Tables 5, 6). The per-
centage decreases in peak heights and areas were signifi-
cantly higher with the terpenes in 50% v/v ethanol compared
to 50% v/v ethanol alone (Table 5) (One-way ANOVA with
Tukey posthoc test) (Fig. 3). The greatest decreases in peak
height and area were observed with limonene oxide. The per-
centage decreases in peak heights and areas with terpenes in
100% v/v PG were not significantly different from that of the
pure PG with the exception of the peak area of asymmetric
CH2 stretching of SC treated with pinene oxide (Table 6, Fig.
3). Ethanol (50% v/v), 100% v/v PG, terpenes in 50% v/v
ethanol and limonene oxide in 100% v/v PG did not increase
the peak widths at half height where as pinene oxide in 100%
v/v PG increased peak widths (Tables 5, 6). The terpenes and
controls did not shift the frequency of lipid peaks.

Differential Scanning Calorimetry The thermogram of
hydrated SC showed three endotherms at 62 °C, 79 °C and
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Fig. 2. Time Course of Mean Cumulative Amounts of Haloperidol Permeated through 1 cm2 of Human Epidermal Membrane in the Absence and Presence
of 5% w/v Terpenes in [I] 50% v/v Ethanol and [II] 100% v/v PG and Their Corresponding Theoretical Fitting Curves

Key (j) control, (d) pinene oxide, (m) limonene oxide. Each point represents mean6S.D. (n53).

Table 2. Effect of Terpenes in 50% v/v Ethanol and 100% v/v PG on the
Permeation Profile of Haloperidol Expressed in Relation to the Relative Ac-
tivity Parameter (Kr), Relative Diffusion Parameter (Dr) and Relative Solu-
bility (Cr)

50% v/v ethanol 100% v/v PG
Enhancer

Kr Dr Cr Kr Dr Cr

Limonene oxide 19.08 0.74 2.85 11.17 0.63 1.47
Pinene oxide 9.38 0.98 2.68 7.24 0.58 1.59

Table 3. Predictive Permeated Daily Amounts (Dss) and Predictive
Plasma Levels (Pss) at Steady State Conditions for Haloperidol in Absence
and Presence of Terpenes in 50% v/v Ethanol and 100% v/v PGa)

50% v/v ethanol 100% v/v PG
Enhancer

Dss (mg/d) Pss (ng/ml) Dss (mg/d) Pss (ng/ml)

Control 0.2160.02 0.2460.03 0.0660.01 0.0760.01
Limonene oxide 8.6660.40* 9.8860.46* 0.6060.11* 0.6860.13*
Pinene oxide 5.2160.59* 5.9560.67* 0.3860.07* 0.4360.08*

a) Mean6S.D. (n53). Transdermal daily dose 1.8—6 mg/d. Therapeutic plasma con-
centration 0.8—5.15 ng/ml. * One-way Anova Tukey posthoc test (p,0.05).

Table 4. Partition Coefficients of Haloperidol in Powdered Human Stra-
tum Corneum/Control or Terpene Solutiona)

Partition coefficient
Enhancer

50% v/v ethanol 100% v/v PG

Control 88.61617.16 72.52617.16
Limonene oxide 53.1667.52 22.1464.43
Pinene oxide 102.35616.05 38.40611.82

a) Mean6S.D. (n53). Partition coefficient5concentration of haloperidol in 1000 mg
of powdered human stratum corneum/concentration of haloperidol in 1000 mg of con-
trol or enhancer solution.



95 °C. The first two peaks T1 and T2 were due to the melting
of the lipids and the third peak T3 was due to the denatura-
tion of protein.21) Many workers reported another lipid peak
at 32 °C but that was not observed in our experiments, which
may be due to the low enthalpy (DH) of this peak and there-
fore may require a slow heating rate.9) However, this peak is
unlikely to have major importance for investigating the
mechanism of action of permeation enhancers.22) There are
different explanations why lipids melt in two stages. Al-
though there is a wider acceptance that T1 is due to the melt-
ing of the lipid bilayer, the appearance of T2 is less clearly
understood. T2 might be due to the melting of the lipids as-
sociated with the keratin23) or due to the disruption of polar
head groups of lipids.24) It was recently suggested that the
non-random distribution of lipids in the intercellular bilayers,
led to the melting of SC lipids in two stages; T1 and T2.25)

Although lipids melt in two stages in the first heating run but
in the second run of the same sample only one lipid peak was
reported to appear and the enthalpy (DH) was approximately
equivalent to the sum of the enthalpies of the two lipid peaks
of the first run.26) An endothermic peak is due to the transi-
tion of one phase to the other phase by heat absorption. Tm

is the temperature at which these two phases of the transition
are at equilibrium and it is represented by the temperature at
the mid point of a peak. Cooperativity is related to the sharp-
ness of a peak, which increases as the discretion of a com-
pound corresponds to this phase transition in a sample in-
creases.9) Since the weight of the SC samples taken in all
DSC experiments was 2060.5 mg for the comparison of
thermograms, enthalpy values were equated with the peak
areas regardless of the weight of the sample in the equation;
DH5peak area/weight of the sample.

Treatment with 12 ml of 50% v/v ethanol for 48 h reduced
T1 and T2 peak areas, removed the protein peak and reduced
Tm1 and Tm2 by approximately 7.0 °C and 6.0 °C, respec-
tively (Fig. 4). Lipid and protein endotherms were not ob-
served upon treatment with terpenes in 50% v/v ethanol for
48 h. The treatment of SC with 12 ml of control or enhancer
solution for 48 h was to mimic the conditions of the perme-
ation experiment (12 cm2 of SC approximately weighed
20 mg). But a complete disappearance of peaks does not pro-
vide much information about the mechanism of action. So
the treatment time of terpenes in 50% v/v ethanol was re-
duced to 12 h and the volume of enhancer solution used for
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Table 5. Peak Height, Area and Width of Asymmetric and Symmetric CH2 Stretchings before and after Treatment of Stratum Corneum with 50% v/v
Ethanol or Terpenes in 50% v/v Ethanol Solutions for 48 h and Their Percentage Decreasea)

Peak height Peak area Peak width

Enhancer
Before After

% Decrease
Before After

% Decrease
Before After

% Decrease
treatment treatment treatment treatment treatment treatment

Asymmetric CH2 Stretching

Control 0.4860.00 0.4460.00 9.5560.55 15.5361.06 14.0261.10 9.7561.44 20.5960.53 19.6160.41 4.5360.57
Limonene oxide 0.3960.01 0.3160.01 21.0461.19* 12.2060.19 9.6560.20 20.8960.97* 19.3460.58 18.1760.56 6.0560.57*
Pinene oxide 0.3960.02 0.3460.01 13.0861.02* 12.1160.52 10.2560.40 15.3860.36* 18.7961.18 17.7361.12 5.6260.1

Symmetric CH2 Stretching

Control 0.2760.01 0.2560.01 6.3560.94 2.6360.19 2.4960.16 5.4560.68 8.4460.49 8.1360.43 3.6760.67
Limonene oxide 0.2360.01 0.1860.01 20.9961.46* 2.2360.19 1.7160.17 23.3962.39* 8.2460.42 7.8060.39 5.3260.57*
Pinene oxide 0.2360.01 0.2060.01 11.9460.15* 2.0960.09 1.7860.06 14.8460.51* 8.3260.51 7.9360.51 4.7660.36

a) Mean6S.D. (n53). Percentage decrease in peak height or area5{(peak height or area or width before treatment2peak height or area or width after treatment)3100}/peak
height or area or width before treatment. * One-way Anova Tukey posthoc test (p,0.05).

Table 6. Peak Height, Area and Width of Asymmetric and Symmetric CH2 Stretchings before and after Treatment of Stratum Corneum with 100% v/v PG
or Terpenes in 100% v/v PG Solutions for 48 h and Their Percentage Decreasea)

Peak height Peak area Peak width

Enhancer
Before After

% Decrease
Before After

% Decrease
Before After

% Decrease
treatment treatment treatment treatment treatment treatment

Asymmetric CH2 Stretching

Control 0.5060.07 0.4360.05 12.9162.60 16.2761.86 14.0461.41 13.5962.08 20.4960.37 19.2360.52 6.5960.96
Limonene oxide 0.4160.03 0.3660.02 12.2261.95 13.2260.83 11.5460.65 12.6861.18 18.9560.45 17.8560.32 5.8260.65
Pinene oxide 0.4260.01 0.3860.01 9.5861.41 13.3160.62 12.1360.59 8.8860.89* 18.5060.63 19.2760.59 24.1460.37*

Symmetric CH2 Stretching

Control 0.3060.06 0.2760.06 12.8561.89 3.1160.70 2.7160.56 11.6862.59 8.5060.52 8.1160.46 4.8160.80
Limonene oxide 0.2460.01 0.2160.01 11.8761.17 2.3360.15 2.0760.10 11.0761.21 8.3960.48 7.9860.49 4.8160.45
Pinene oxide 0.2560.00 0.2360.01 9.5761.36 2.4060.06 2.1460.04 10.8161.96 8.1360.20 8.3260.22 22.3260.22*

a) Mean6S.D. (n53). Percentage decrease in peak height or area5{(peak height or area or width before treatment2peak height or area or width after treatment)3100}/peak
height or area or width before treatment. * One-way Anova Tukey posthoc test (p,0.05).



treating the SC was also decreased to 7 ml. Ethanol (50%
v/v) after a 12 h treatment reduced lipid peak areas, removed
protein peak and decreased Tm1 and Tm2 by 5 °C and 3 °C,
respectively (Fig. 5). Limonene oxide in 50% v/v ethanol
after a 12 h treatment produced a single large endotherm in
the place of T1 and T2 peaks and the protein endotherm was
absent. Pinene oxide after a 12 h treatment decreased cooper-
ativity and peak area of T1 and removed T3 but did not ap-
pear to have much effect on T2. Pinene oxide also decreased
Tm1 and Tm2 by 26 °C and 24 °C, respectively. Treatment
with 12 ml of 100% v/v PG alone for 48 h did not show sig-
nificant effect on the peak areas and cooperativities of T1 and
T2 from that of the untreated SC but reduced Tm1 and Tm2
by approximately 4.0 °C and 3.0 °C, respectively (Fig. 6).
Limonene oxide in 100% v/v PG did not appear to have
much effect on the peak areas of T1 and T2 but appear to in-
crease their cooperativities after a 48 h treatment. Pinene
oxide in 100% v/v PG reduced T1 and T2 peak areas.
Limonene oxide decreased Tm1 and Tm2 by 2 °C and 3 °C,
respectively, whereas pinene oxide decreased the same transi-
tion temperatures by 5.5 °C and 6 °C, respectively from the
control values. PG (100% v/v) and both terpenes in 100%
v/v PG removed the protein endotherm after a 48 h treatment.

DISCUSSION

An enhancer increases the permeation of the drug through
the epidermis either by increasing the activity parameter of
the drug in SC, or by decreasing the tortuous intercellular
pathway in SC, or by both.16) The relative activity parameter
(Kr) indicates the effect of enhancer on the activity parame-
ter of the drug in SC whereas the relative diffusion parameter
(Dr) relates to the lag time. The higher the Kr and Dr values,
the higher the activity parameters and the lower the lag time
values, respectively. An increase in activity parameter and/or
a decrease in diffusion path length can be due to either one or
more of the following mechanisms: fluidisation of SC lipids,
extraction of lipids, increasing the solubility of the drug in
SC, enhancer interaction with the keratin. Since both ter-
penes in 50% v/v ethanol or 100% v/v PG increased Kr but
decreased Dr below unity, the permeation enhancements
were mainly due to an increase in the activity parameter of
the drug in SC (Table 2). Since, limonene oxide in both sol-
vents provided higher Kr values than pinene oxide in the
same solvents, limonene oxide is an effective enhancer for
HP permeation. Both these terpenes provided higher Kr val-
ues in 50% v/v ethanol than in 100% v/v PG, 50% v/v
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Fig. 3. Typical IR Spectra of SC Showing Reduction in CH2 Stretching Bands

[I] Untreated and treated with 50% v/v ethanol with or without 5% w/v terpenes for 48 h. Top to bottom: SC untreated, SC treated with 50% v/v ethanol, pinene oxide/50% v/v
ethanol, limonene oxide/50% v/v ethanol. [II] Untreated and treated with 100% v/v PG with or without 5% w/v terpenes for 48 h. SC untreated (– · · –), SC treated with 100% v/v
PG alone (· · · ·), limonene oxide/100% v/v PG (– – –), pinene oxide/100% v/v PG (——).



ethanol was the effective solvent system to enhance the per-
meation of HP. The terpenes in both solvents provided rela-
tive solubility parameter (Cr) values above one. Since the Cr
values are higher for 50% v/v ethanol than for 100% v/v PG,

terpenes in 50% v/v ethanol showed a greater effect on the
solubility of HP. Permeation enhancement also depends on
the chemical potential of the drug in the vehicle. Although
terpenes provided Cr values greater than one, as saturated
drug solutions were used for diffusion studies, the chemical
potential of the drug was at maximum and equal in all the
solvent systems.

For the oral dose of 3—10 mg per day, the steady state
plasma concentration of HP would be in the range of 0.8—
5.15 ng/ml.16,27) As per Eq. 9, the therapeutic transdermal
daily dose (Td) is 1.8—6 mg for the same oral dose. Since
HP permeation from 50% v/v ethanol and 100% v/v PG
without enhancers provided only sub-therapeutic plasma lev-
els and sub-therapeutic daily-permeated doses, enhancers are
required to increase HP permeation (Table 3). Although ter-
penes in both solvents enhanced the HP permeation, only ter-
penes in 50% v/v ethanol provided sufficient therapeutic
plasma concentration and permeated daily amount. Terpenes
in 100% v/v PG enhanced HP permeation only to sub-thera-
peutic levels. The limonene oxide in 50% v/v ethanol system
could give dose and formulation flexibility because it in-
creased plasma concentration and daily permeated amount of
HP above the upper limit of its therapeutic range.

Terpenes in both solvents did not increase the solubility of
HP in SC lipids from that of the controls as their partition co-
efficients were not greater than those of the controls (Table
4). The lower partition values with terpene solutions com-
pared to the controls could be due to the lower chemical po-
tential of the drug in terpene solutions than in the controls as
the drug concentration used was the same and sub-saturated
in both control and terpene solutions. The chemical potential
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Fig. 4. DSC Thermograms of SC Untreated and Treated with 12 ml of
50% v/v Ethanol with or without 5% w/v Terpenes for 48 h

Top to bottom; untreated SC hydrated to 20—25%, SC treated with 50% v/v ethanol,
limonene oxide/50% v/v ethanol and pinene oxide/50% v/v ethanol.

Fig. 5. DSC Thermograms of SC Untreated and Treated with 7 ml of 50%
v/v Ethanol with or without 5% w/v Terpenes for 12 h

Top to bottom; untreated SC hydrated to 20—25%, SC treated with 50% v/v ethanol,
limonene oxide/50% v/v ethanol and pinene oxide/50% v/v ethanol.

Fig. 6. DSC Thermograms of SC Untreated and Treated with 12 ml of
Propylene Glycol with or without 5% w/v Terpenes for 48 h

Top to bottom; untreated SC hydrated to 20—25%, SC treated with propylene glycol,
limonene oxide/100% v/v PG and pinene oxide/100% v/v PG.



of a solute in a solution increases with its concentration and
reaches to a maximum at saturation. Since saturated solubili-
ties of HP in terpene solutions are higher than that of the
controls (Table 1), the chemical potential of the drug was
lower in terpene solutions at the same drug concentrations
compared to controls, therefore, the lower leaving tendency
resulted in a lower partition coefficient value.

The thermograms of SC treated with 50% v/v ethanol for
48 h showed reductions in T1 and T2 peak areas (Fig. 4). Ab-
sence of these endotherms after a 48 h treatment with the ter-
penes in 50% v/v ethanol was possibly due to a decrease in
peak areas of these transitions to the baseline. The peak area
reduction could be due to either the fluidisation of the lipids
at the experimental temperature (2161 °C) or the extraction
of lipids.28) The IR spectra of SC treated with 50% v/v
ethanol and terpenes in 50% v/v ethanol showed decreases in
peak heights and areas of CH2 stretchings (Table 5, Fig. 3)
but these peaks did not either shift to higher frequencies or
their peak widths increased, indicating that 50% v/v ethanol
and terpenes in 50% v/v ethanol extracted the lipids, but did
not fluidise the lipids. Limonene oxide in 50% v/v ethanol
extracted the largest amount of lipids followed by pinene
oxide in 50% v/v ethanol and 50% v/v ethanol alone. Only
15—20% lipids were extracted after a 48 h treatment with
terpenes in 50% v/v ethanol. This might not have led to the
complete absence of T1 and T2 endotherms. The broadening
of these peaks due to a decrease in cooperativities of T1 and
T2 could explain the absence of these peaks. A decrease in
cooperativity indicates a disruption of the lipid bilayer.21) Al-
though lipid endotherms were not observed in the first heat-
ing run, probably the second run could have shown the pres-
ence of the lipids as the second run of untreated SC was re-
ported to show a single lipid endotherm with larger peak area
than the T1 and T2 peak areas of the first run. Leopold et
al.28) reported the presence of a considerable amount of lipids
in the SC after treatment with lipophilic vehicles. This was
shown from the presence of lipid endotherm in the second
heating run, although there was a complete disappearance of
lipid endotherms during the first run.

The decrease in Tm of lipid transitions in the thermograms
of SC treated with 50% v/v ethanol and pinene oxide in 50%
v/v ethanol for 12 h (Fig. 5) could be due to the melting point
depression of SC lipids, which was reported with oleic acid
and other terpenes.25,26) Since Tm1 was depressed to around
36 °C by pinene oxide and the onset temperature of this lipid
transition was approximately 29 °C, the T1 lipid subset,
would partially be in a fluid state at the physiological temper-
ature (ca. 32 °C) of the skin, thereby facilitating the higher
permeation of HP. Yamane et al.21) reported that a decrease in
Tm was similar in spite of increasing the terpene treatment
time from 1 to 6 h and 8 h. So Tm1 and onset temperature of
T1 endotherm would be approximately at 36 °C and 29 °C,
respectively after a 48 h pinene oxide treatment and this
should result in a shift of CH2 stretching bands in IR spec-
trum to a higher wavenumber and an increase in their peak
widths due to the fluidisation of lipids. But no change in
peak frequency or peak width was observed and this could be
due to the low temperature at which the IR experiment was
conducted (2161 °C, less than physiological temperature).
Pinene oxide decreased the cooperativity of T1, which was
due to the disruption of the lipid bilayer at this lipid subset.

Limonene oxide in 50% v/v ethanol after a 12 h treatment
produced a single large endotherm, which could be due to
the coalescence of T1 and T2 endotherms. Limonene oxide
probably disrupted lipid bilayer that resulted in the broaden-
ing of T1 and T2 peaks and therefore led to their coales-
cence. Cornwell et al.25) also reported that nerolidol broad-
ened and coalesced T1 and T2 endotherms and attributed it
to the disruption of lipid bilayer. Since this single large en-
dotherm reached the baseline at around 80 °C, limonene
oxide decreased Tm2 as the untreated SC showed Tm2 at ap-
proximately 79 °C. The effect of limonene oxide on Tm1
could not be observed properly due to the coalescence of T1
and T2.

The IR spectra of SC treated with 100% v/v PG with or
without terpenes decreased the heights and areas of CH2

stretchings, indicating that lipids were extracted from SC
(Table 6, Fig. 3). Since 100% v/v PG and terpenes in 100%
v/v PG extracted lipids similarly, the lipid extraction could be
primarily caused by 100% v/v PG. PG (100% v/v) and
limonene oxide in 100% v/v PG did not fluidise lipids as the
lipid peak frequencies and peak widths were not increased.
Pinene oxide, did not introduce gauche conformers along
acyl chains as there was no shift in the frequency of the lipid
peaks. It, however, enhanced lipid fluidity by increasing the
rates and amplitudes of the translational and rotational mo-
tions of individual CH2 groups and acyl chains as band-
widths were slightly increased.

In the thermogram of SC treated with 100% v/v PG for
48 h, a minimal difference in enthalpies or cooperativities of
T1 and T2 was observed compared to the untreated SC (Fig.
6). The same observation was reported earlier with 100% v/v
PG25) and it was also reported that 100% v/v PG did not de-
crease lipid bilayer reflections of SC in small angle X-ray
diffraction8) and these observations were attributed to the dis-
ruption of lipid bilayers whilst leaving overall bilayer struc-
ture intact. The thermogram of SC treated with pinene oxide
in 100% v/v PG for 48 h showed a decrease in the peak areas
of T1 and T2. Since lipids were not extracted by pinene
oxide as shown in IR spectrum, a decrease in lipid en-
dotherms was due to the fluidisation of lipids, which was in
agreement with the increase in band widths of CH2 stretch-
ings in the IR studies. A decrease in the peak widths of CH2

stretchings was observed in IR spectra of SC treated with
50% v/v ethanol, 100% v/v PG and terpenes in 50% v/v
ethanol and 100% v/v PG except pinene oxide in 100% v/v
PG (Tables 5, 6). In the absence of lipid fluidity in all these
cases, the decrease in peak heights and areas probably re-
duced the peak widths.

Limonene oxide in 100% v/v PG increased the cooperativ-
ities of lipid endotherms, which could be due to an increase
in lipid bilayer cohesion.21) An increase in bilayer cohesion is
possible with oxide terpenes, which can align within the lipid
bilayer and form hydrogen bonds with the polar head group
of SC lipids.29,30) So limonene oxide possibly disrupted the
bilayer by aligning within hydrocarbon chains and by form-
ing bonds with polar head group of lipids, whilst leaving the
overall bilayer structure intact or enhancing its periodicity.
Pinene oxide, despite capable of forming hydrogen bonds,
did not increase the cooperativities of lipid endotherms. This
difference in action between two oxide terpenes in 100% v/v
PG could be attributed to their molecular orientations.
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Limonene oxide is a monocyclic terpene whereas pinene
oxide is a bicyclic terpene (oxide ring is not counted) (Fig.
1). Therefore, the insertion of limonene oxide between hy-
drocarbon chains would be easier than pinene oxide due to its
less bulky structure than the latter. Cornwell et al.30) reported
that the monocyclic sesquiterpenes increased the permeation
of 5-flurouracil more than highly bunched cyclic sesquiter-
penes, attributing it to molecular orientations within the lipid
bilayer. Since 100% v/v PG and terpenes in 100% v/v PG de-
creased Tm of lipid endotherms similarly and this decrease
was not much lower than the Tm values of untreated SC, the
m.p. depression of lipids might not have an effect on the per-
meation enhancement of HP. Ethanol (50% v/v) and terpenes
in 50% v/v ethanol after the 12 h and 48 h treatments and
100% v/v PG and terpenes in 100% v/v PG after a 48 h treat-
ment removed protein endotherm probably by dehydrating
the SC.

The interaction of terpenes with SC differed in 50% v/v
ethanol and 100% v/v PG, although these terpenes in both
solvents enhanced the permeation of HP. The two terpenes in
50% v/v ethanol showed similar mechanisms, but showed
different mechanisms in 100% v/v PG. Terpenes in 50% v/v
ethanol extracted lipids and disrupted the lipid bilayer pack-
ing. But these modes of action did not appear to be the major
mechanisms of enhancement in 100% v/v PG. Limonene
oxide in 100% v/v PG disrupted lipid bilayer probably by
aligning within hydrocarbon chains, whilst leaving overall bi-
layer structure intact whereas pinene oxide in 100% v/v PG
fluidised lipids by increasing the movement of CH2 groups
and acyl chains within the ordered environment.

Although terpenes in both solvents enhanced permeation
of HP by various mechanisms, they also increased lag time
(Table 1), which could possibly be due to a gradual increase
in SC permeability. Cornwell et al.30) reported that some
sesquiterpenes increased the lag time despite increasing the
permeation of 5-fluorouaracil and this was attributed to the
gradual increase in membrane permeability produced by the
slow redistribution of the enhancers within the SC and conse-
quently a conditioning of the membrane in the early stages of
the diffusion process.

In conclusion, the interaction of enhancer with SC varied
in 50% v/v ethanol and 100% v/v PG. Structurally similar
enhancers may have similar or different modes of action de-
pending upon the solvent system. Both terpenes showed a
similar action in 50% v/v ethanol but different actions in
100% v/v PG. However, these terpenes in 50% v/v ethanol or
100% v/v PG did not increase the partition of the drug into
SC and limonene oxide showed higher enhancement activity
than pinene oxide in 50% v/v ethanol or 100% v/v PG. Al-
though the terpenes enhanced permeation of HP in both
these solvents, 50% v/v ethanol appeared to be the more suit-
able vehicle as terpenes in 50% v/v ethanol was predicted to
deliver HP at the desired therapeutic plasma concentration

and therapeutic permeated daily doses.
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