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Abstract

Incorporating edge activators (surfactants) into liposomes was shown previously to improve estradiol vesicular skin delivery;
this phenomenon was concentration dependent with low or high concentrations being less effective. Replacing surfactants with
limonene produced similar behaviour, but oleic acid effects were linear with concentration up to 16% (w/w), beyond which it
was incompatible with the phospholipid. This present study thus employed high sensitivity differential scanning calorimetry
to probe interactions of additives with dipalmitoylphosphatidylcholine (DPPC) membranes to explain such results. Cholesterol
was included as an example of a membrane stabiliser that removed the DPPC pre-transition and produced vesicles with a higher
transition temperatureTf,). Surfactants also removed the lipid pre-transition but reddgednd co-operativity of the main
peak. At higher concentrations, surfactants also formed new species, possibly mixed micelles withTa, |0 formation
of mixed micelles may explain reduced skin delivery from liposomes containing high concentrations of surfactants. Limonene
did not remove the pre-transition but redudggdand co-operativity of the main peak, apparently forming new species at high
concentrations, again correlating with vesicular delivery of estradiol. Oleic acid obliterated the pre-transitidp. arftethe
co-operativity of the main peak were reduced with oleic acid concentrations up to 33.2 mol%, above which there was no further
change. At higher concentrations, phase separation was evident, confirming previous skin transport findings.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ing surfactant concentration in liposomes raised the
maximum flux of ES up to a particular concentration,
Skin delivery of estradiol (ES) from lipid vesicles beyond which the flux decreased. This reflected the
containing surfactants (sodium cholate, Span 80 and need to optimise individually the additive concentra-
Tween 80) or penetration enhancers (oleic acid and tion in lipid vesicles. These additives, termed “edge
limonene) was studied previousliél(Maghraby et al., activators”, have been reported to confer elastic prop-
2000a,h. Too high or too low concentrations of sur- erties to lipid vesicles, allowing dramatically improved
factants in liposomes were less effective in delivering delivery of encapsulated agents to and through skin
ES through human epidermis in vitro. Thus, increas- (Cevc et al., 1996
Span 80 and Tween 80 were found to be as effective
"+ Corresponding author. Tel:44-1274-234760; as s_odium chola_te as edge activators in phosphatidyl-
fax: +44-1274-234760. choline (PC) vesiclesH] Maghraby et al., 200QaRe-
E-mail address: B.W.Barry@Bradford.ac.uk (B.W. Barry). placing surfactants with oleic acid produced a direct

0378-5173/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2004.02.024



144

relationship between the transepidermal flux of ES and
oleic acid concentration. However, oleic acid concen-
trations above 16% (w/w) were difficult to investigate

due to an incompatibility between oleic acid and PC.
In contrast, replacing surfactants by limonene pro-
duced a trend similar to that obtained with surfactant-
containing vesicles, where the maximum flux of ES

increased on increasing limonene concentration in
the vesicles to a optimal concentration, beyond which

the flux decreased. This indicates that penetration en-

hancement is not the main factor in vesicular delivery
of ES to skin, since a declining effect with concen-
tration would not be expected, especially as the drug
was used at saturation (maximum thermodynamic
activity) in all systems. In addition, the results sug-

gest that limonene may be a possible candidate as an

effective edge activatol| Maghraby et al., 200Qb
Accordingly, the aim of this work is to investigate

interactions of edge activators and penetration en-

hancers (oleic acid and limonene) with vesicular mem-

branes and to correlate such interactions with edge

activating properties. Cholesterol, a well-known mem-
brane stabiliser, was included as a positive control to
compare its effects with those obtained with the edge

activators (surfactants) or with penetration enhancers.

Differential scanning calorimetry has been used to

investigate the interactions of cholesterol, surfactants,

penetration enhancers, drugs and proteins with lipid
membranesRapahadjopoulos et al., 1975; Ganesan
et al., 1984; Rolland et al., 1991; Spink et al., 1991;
McMullen et al., 1993, 1999; Lo and Rahman, 1995;
Castile etal., 1998Here, we have employed high sen-

sitivity differential scanning calorimetry (HSDSC) to

monitor the interactions of cholesterol, surfactants and
penetration enhancers with phospholipid bilayers. Al-
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systems are very similar; 0.05 for PC/watédrfog

et al., 198% and 0.049 for DPPC/wateBayerl et al.,
1989, suggesting similar interactions of the surfactant
with both phospholipids. The concentrations of each
additive tested included those used in the skin experi-
ments, with additional concentrations included to ob-
tain clearer profiles of additive/vesicle interactions.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC) (99%),
(+)-limonene (97%), oleic acid (95%), sodium cholate
(99%), sorbitan monooleate (Span 80) and poly-
oxyethylene sorbitan monooleate (Tween 80) were
purchased from Sigma Chemical Co., St Louis, MO,
USA. Cholesterol (99%) was from Aldrich Chemical
Co., UK. Water was double distilled.

2.2. Preparation of liposomes

Lipid vesicles containing fixed concentration of
DPPC (5mg/ml) with increasing concentrations of
the test additives were prepared by mechanical shak-
ing. The phospholipid and the additive (cholesterol,
surfactants or penetration enhancer) were dissolved
in chloroform:methanol, 2:1 v/v. The organic solvent
was evaporated under a stream of nitrogen gas at
50°C (above the lipid transition temperature). The
deposited lipid film was hydrated with distilled water
for 1 h by intermittent vortexing and heating at 5D
The liposome dispersion was swollen at room tem-
perature for 2h. These vesicles were stored <t 4
overnight to ensure complete hydration, degassed by

though phosphatidylcholine (PC) was used as the main hath sonication for 3 min and analysed by HSDSC.

vesicular lipid in skin permeation studies, especially

those involving surfactants and penetration enhancers,2.3. High sensitivity differential scanning calorimetry

dipalmitoylphosphatidylcholine (DPPC) was selected
as a model phospholipid in the calorimetric studies.

A Micro Calorimetry System Differential Scan-

This choice was based on the fact that DPPC is one of ning Calorimeter (MCS DSC) from MicroCal Inc.,

the most widely used models for studying interactions
with lipid bilayers. Its transition temperaturg.{) can

Northampton, MA, USA, was used; the system was
controlled by MicroCal observer data acquisition soft-

be easily measured as it has a narrow main endother-ware linked to the MicroCal Origin data analysis soft-

mic peak Montenegro et al., 199@nd further struc-
tural information can be gleaned from effects on the
pre-transition peak of the lipids. In addition, the distri-
bution coefficients for sodium cholate in the two lipid

ware. The instrument was calibrated for heat capacity
using electrical pulses of known power; temperature
calibration employed sealed paraffin hydrocarbon
standards of known melting transition temperatures.
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Degassed sample and reference (water) were loaded (i) The transition enthalpyAH, is the actual heat

into the corresponding cell using a needle syringe, required for the entire transition, normalized per
which was introduced to just above the bottom of mol. This is calculated from the area under the
the DSC cell. Firm and rapid injection of the last transition peak.

100-20Qul removed any trapped air bubbles. Both (iii) The temperature width at half peak height,
reference and sample cells were filled completely to ATy, is the sharpness of the phase transition.
maintain equal volumes and thus to standardise the This parameter is very sensitive to the pres-
amount of sample lipid from run to run. The samples ence of any impurities and can be taken as a
and reference were then heated from 10 t6 ®G(at measure for the co-operativity of the transition;
1°C/min. A baseline, run before each determination ATy is inversely proportional to co-operativity
by loading the reference solution (water) in both sam- (co-operative units measure the number of phos-
ple and reference cells, was subtracted from individual pholipid molecules undergoing simultaneous
results on data analysis. transition).

2.4. Data analysis The Student’$-test was used for statistical analysis.

For each sample the reference data were subtracted
and the excess heat capacity function was normalized 3. Results
for phospholipid concentration. The HSDSC trace is ) )
a plot of the excess heat capacity as a function of -1+ Thermotropic phase behaviour of pure DPPC
temperature. According oo and Rahman (1995)he liposomes

following parameters were calculated: Throughout this study, pure DPPC liposomes were

(i) The transition midpointTy, is the temperature at  used as the control (zero concentration of additives).
which the transition is half completed (the peak Fig. lillustrates an HSDSC trace of pure DPPC vesi-
point). cles (top trace). Pure DPPC vesicles showed a typical
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Fig. 1. Examples of the high sensitivity differential scanning calorimetric traces of dipalmitoylphosphatidylcholine liposomes, containing
increasing concentrations of cholesterol.
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Table 1
Parameters of the main transition of dipalmitoylphosphatidylcholine liposomes containing cholesterol or sodium cholate
Re Tm (°C) Enthalpy (kcal/mol) ATy2 (°C)

Cholesterol concentration (mol%)
0 41.43 (0.028, 5) 8.4240 (1.1, 5) 0.7242 (0.0030, 5)
9 40.42 (0.070, 3) 4.7720 (0.20, 3) 0.7210 (0.0017)
17 40.19 (0.0038, 3) 3.8600 (0.24, 3) 0.8435 (0.12, 3)
26 40.23 (0.083, 3) 1.9670 (0.34, 3) 2.8870 (0.49, 3)
32 43.06 (1.4, 3) 0.7203 (0.067, 3) 2.0500 (0.97, 3)
45 39.34 (0.036, 3) 0.5201 (0.14, 3) 6.0200 (1.7, 3)
50 No transition - -

Cholate (mol%)
0 0 41.43 (0.028, 5) 8.424 (1.1, 5) 0.7242 (0.0030, 5)
8.2 0.022 41.15 (0.032, 3) 7.708 (1.1, 3) 0.7243 (0.0015, 3)
15.9 0.047 40.91 (0.013, 3) 7.710 (0.54, 3) 0.7253 (0.0055, 3)
21.7 0.069 40.67 (0.26, 3) 7.666 (0.28, 3) 0.7230 (0.0027, 3)
29.9 0.11 40.82 (0.052, 4) 8.053 (0.35, 4) 0.7858 (0.12, 4)
42.2 0.18 40.44 (0.19, 4) 7.646 (0.60, 4) 0.8350 (0.14, 4)
55.6 0.31 40.23 (0.14, 3) 7.379 (0.056, 3) 0.8113 (0.097, 3)
66.7 0.50 39.18 (0.62, 3) 5.295 (0.67, 3) 1.5300 (0.74, 3)
75.0 0.75 37.59 (0.34, 3) 4.790 (0.48, 3) 2.6600 (1.9, 3)
80.0 1.0 24.58 (0.78, 3) 4.467 (0.48, 3) 22.4200 (3.8, 3)

Cholate is expressed as total concentration (mol%) and as effective molarRgtioA(T1/, is the temperature width at half peak height
and Re is the effective molar ratio of cholate to DPPC. Values within parentheses are S.D. and number of replicates, respectively. Mean
values to four significant figures to allow presentation of S.D.

profile with a pre-transition peak at 35.58 and Table 1summarises the parameters calculated for
the main transition peak at 41.4G, agreeing with the overall main transition endotherm of DPPC vesi-
published dataMabrey-Gaud, 1981; Rolland et al., cles containing cholesterdtig. 1shows that incorpo-
1991; Lo and Rahman, 19R5No post-transition rating cholesterol into DPPC vesicles produced asym-
peaks were detected by this technique compared with metric endothermic peaks with a shoulder towards the
those recorded by FT-Raman spectroscdmmwson higher temperature side of the transition.

et al., 1998. Table lrevealed that the transition temperature de-
creased with increasing cholesterol concentration up
to 26 mol%, where it started to increase again. The en-
thalpy decreased with increasing cholesterol content
and reached zero at 50 mol% where no endothermic
transition was detected, possibly due to formation of
species with no detectable transition at the tempera-
ture range studied. The temperature width at half peak
height (ATy/2), which is inversely proportional to the
co-operativity of the transition, increased with choles-
terol up to 32 mol% then fell, but remained higher than
the control before disappearance of the transition.

3.2. Interactions of cholesterol with phospholipid
membrane

HSDSC investigated the effects of cholesterol, a
membrane stabiliser, on the thermotropic phase be-
haviour of DPPC bilayers to compare these effects
with those produced by edge activators and enhancers
Fig. 1shows examples of the HSDSC traces of DPPC
liposomes containing increasing concentrations of
cholesterol.

Incorporating cholesterol into DPPC liposomes
at 9-50mol% removed the pre-transition endotherm 33 |nteractions of edge activators (surfactants)
of pure DPPC vesiclesF(g. 1) agreeing with re- ity phospholipid membrane
ports that cholesterol incorporated into bilayers above
5 mol% abolished the pre-transition endotheiey, Three surfactants—sodium cholate, Tween 80 and
1990; McMullen et al., 1993, 1994; McMullen and Span 80—were studied. Tween 80 and Span 80 are
McElhaney, 199h mixtures but our presentation here considers the main
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species. Before dealing with the interactions of indi-
vidual surfactant with the lipid bilayer, it is relevant

147

surfactants tested at higher concentration ranges com-
pared with those tested in the skin work to ensure

to comment on the affinity of these surfactants for full coverage of the possible interactions between

lipid and water. Accordingly, the HLB (hydrophilic/
lipophilic balance), which gives a measure of the

surfactants and vesicles.

physicochemical properties of surfactants in terms of 3.3.1. Interactions of sodium cholate with lipid

their affinity for, or solubility in, water or lipids, can be

membrane

considered. HLB values are 4.3 and 15 for Span80and A wide range of concentrations of sodium cholate

Tween 80, respectivelyA{twood and Florence, 1983

(from zero up to 80 mol%, total molar concentration

and we calculated the HLB for sodium cholate to be of cholate to lipid) in DPPC liposomes was studied

16.7. Based on these HLB values, the affinity for lipids
is expected to be in the order of Span 80Tween
80 > sodium cholate. Considering the distribution of

(Table ). Fig. 2shows the effects of (a) lower concen-
tration of sodium cholate on the pre-transition peak
(snapshot shown to emphasise pre-transition) and (b)

surfactant between lipid and aqueous components of high cholate concentration on the main transition en-

the liposomes, there will be an effective molar ratio
(Re) of surfactant to lipid. This effective molar ratio

dotherm.
Increasing sodium cholate concentration abolished

describes the actual amount of surfactant in liposomes the pre-transition endotherrkify. 2), which was only

relative to the lipid concentration, and can be calcu-

lated Almog et al., 198%, we aim to correlate our pre-
vious findings on transdermal estradiol delivery from

PC vesicles containing different edge activator con-

detected for the control (0 mol%) and with the low-
est tested concentration (8.2 mol%, total cholate). At
8.2mol%, the pre-transition endotherm had a of
2827+ 0.47°C, enthalpy of 013 4 0.0090 kcal/mol

centrations with interactions detected between DPPC and ATy/» of 249 + 0.14°C (S.D.,n = 3), com-
and various edge activators at several concentrations.pared with T, of 3558 + 0.35°C, enthalpy of
Since the permeation experiments used liposomes0.7880+ 0.24 kcal/mol andATy, of 1.9774+0.27°C

containing 50 mg/ml of lipids but the HSDSC interac-
tion investigation employed 5 mg/ml lipid, it is impor-

(S.D.,n = 5), for the control. Above 8.2 mol% the
pre-transition enthalpy was abolished completely

tant to compare systems in terms of the molar ratios (Fig. 23. Thus, at low concentration of sodium

of lipid to edge activator. The distribution coefficients
for sodium cholate in the two lipid systems are very
similar; 0.05 for PC/waterAlmog et al., 198% and
0.049 for DPPC/wateBayerl et al., 1989 The latter
value was used to calculai for sodium cholate.

 L+1/K
where Dy is the total detergent concentration (mM),
L is the total lipid concentration (mM) anid is the

distribution coefficient of surfactant between lipid
and water, which is governed by

Dy
~ LDy
whereDy, is the detergent concentration in the bilayer
(mM) and Dy, is detergent concentration in water
(mM).

For Tween and Span we did not calculate e

Re

K

cholate, theT, of the pre-transition decreased, the
enthalpy reduced and the transition broadened, com-
pared with the control. Increasing cholate concentra-
tion removed the pre-transition endotherm between
8.2 and 15.9 mol%.

Incorporating sodium cholate into DPPC liposomes
at low levels did not change the shape of the main
transition endotherm. At 42.2 mol%&R{ = 0.18) the
transition started to broaden. It became asymmetric
on the lower temperature side with 55.6 mol% cholate
(Re = 0.31). The broadening increased and the asym-
metry became clearer at higher cholate levels, sug-
gesting the formation of a new species that has a
broad transition at loweT,. Eventually at 80 mol%
(Re = 1), this new species became promindfig( 2).
Table 1clarifies these effects. Th&y, gradually de-
creased with increasing cholate concentration but fell
sharply at 80 mol% where the new species was promi-
nent. There was no significant change:£ 0.05) in

as theK values were not available. Data are thus the transition enthalpy until a cholate concentration
presented as total molar ratios (surfactant/lipid) with of 66.7 mol% Re = 0.5) where the enthalpy signif-
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Fig. 2. Effect of sodium cholate at (a) low concentrations on the pre-transition endotherm of dipalmitoylphosphatidylcholine vesicles and
(b) high concentrations on the main transition endotherm of DPPC liposomes.

icantly decreasedH < 0.01). This decrease contin- attributed to the presence of more than one species.
ued with increasing cholate concentration. The tem- Bayerl et al. (1989)eported similar results.

perature width at half peak height, which is inversely

proportional to the co-operativity of the transition, in- 3.3.2. Interactions of Tween 80 with lipid membrane
creased along with decreasing enthalpy. This indicates Tween 80, a nonionic surfactant with a large head
reduced co-operativity of the transition, which can be group (containing about 20 polyoxyethylene units) and
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Table 2

Effect of Tween 80 on the phase behaviour of dipalmitoylphosphatidylcholine liposomes

149

Tween concentration (mol%)

Tm (°C)

Enthalpy (kcal/mol)

ATy (°C)

Pre-transition

0
2.9
5.9

10.0

12.3

194

27.2

48.0¢

Main transition

0
2.9
5.9

10.0

12.3

19.4

27.2

48.0

35.58 (0.35, 5)
33.80 (0.11, 3)
32.48 (0.016, 3)
31.63 (1.3, 3)
31.46 (1.4, 3)
31.36 (1.8, 3)

41.43 (0.028, 5)
41.15 (0.0010, 3)
40.92 (0.012, 3)
40.74 (0.30, 3)
40.65 (0.43, 3)
40.50 (0.29, 3)
40.71 (0.097, 3)
40.46 (0.14, 3)

0.7880 (0.24, 5)
0.9573 (0.034, 3)
0.6970 (0.076, 3)
0.5000 (0.076, 3)
0.5920 (0.0010, 3)
0.4953 (0.25, 3)

8.424 (1.1, 5)
8.144 (0.22, 3)
8.006 (0.015, 3)
7.656 (0.090, 3)
7.372 (0.38, 3)
6.876 (0.76, 3)
7.012 (0.56, 3)
5.589 (0.43, 3)

1.977 (0.27, 5)
3.005 (0.12, 3)
2.852 (0.27, 3)
3.055 (0.14, 3)
2.814 (0.14, 3)
2.811 (0.37, 3)

0.7242 (0.0030, 5)
0.7232 (0.0050, 3)
0.7253 (0.0038, 3)
0.8080 (0.13, 3)
0.8833 (0.28, 3)
1.2890 (0.97, 3)
2.7480 (0.13, 3)
2.9670 (0.36, 3)

ATy, is the temperature width at half peak height. (*): The pre-transition was not detected for 27.2 and 48.0 mol% Tween. Values within
parentheses are S.D. and number of replicates, respectively. Mean values are to four significant figures to allow presentation of S.D.

HLB of 15, is miscible with water. Thus it is expected ally the main transition peak split into two at 48 mol%.
that Tween 80 will distribute between the lipid and wa- This new peak had &, of about 35°C. FromFig. 3,

ter. Additionally, we included higher concentrations of it may be thought that the new peak detected atG35
Tween in the HSDSC work compared with those used is the pre-transition. However, the pre-transition peak
in skin work. Tween concentrations will be presented and the shoulder coexisted at 19.4mol% Tween,

as total concentrations.

Table 2presents relevant data aRdy. 3 shows the

then at 27.2 mol% the pre-transition disappeared and
the shoulder became clearer, before separating at

effects of increasing concentrations of Tween 80 on 48 mol%. Accordingly, it could be concluded that in-
the phase behaviour of DPPC vesicles.

The pre-transition endotherm was detected at low more than one species, indicating the coexistence
Tween concentrations (0—19.4 mol%). At 27.2mol% of vesicles and mixed micelles, most clearly seen at
the pre-transition peak was not seen. When ap- 48 mol% Tween.

parent, the pre-transition gradually decreased in

corporating Tween 80 into DPPC liposomes produced

Tm, enthalpy and co-operativity with increasing 3.3.3. Interactions of Span 80 with lipid membrane

Tween concentration before being abolished com-

pletely between 19.4 and 27.2 mol%able 2 and

Fig. 3.

Span 80 (sorbitan monooleate) has a relatively
small head group compared with Tween 80, as it
lacks the polyoxyethylene units. It has an HLB of

At low Tween concentrations, the shape of the 4.3 is lipophilic and immiscible with water and thus
main transition peak did not chang€&ig. 3. In-
creasing Tween concentrations broadened the mainhigh. Thus the effective molar ratio of Span 80 to
peak, which became asymmetric towards the lower DPPC in the vesicles is very close to the total molar
temperature side. This asymmetry became clearer atratio of Span to DPPC. Accordingly, Span concen-

19.4mol% Tween, where it appeared as a shoulder, trations will be presented as the total concentration
suggesting the occurrence of a new species. Eventu-(mol%).

its distribution coefficient between lipid and water is
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Fig. 3. Effect of Tween 80 on the phase behaviour of dipalmitoylphosphatidylcholine liposomes: (a) low concentrations and (b) higher
concentrations.

Fig. 4 shows the effects of increasing concentra- (0 mol%) and with the lowest tested concentration of
tions of Span 80 on the phase behaviour of DPPC Span 80 (8.3 mol%). At 8.3 mol%, the pre-transition
liposomes. endotherm had al, of 3128 £ 0.0057°C, en-

Increasing the concentration of Span 80 in lipo- thalpy of 02510+ 0.0025kcal/mol andAT;y,, of
somes abolished the pre-transition endothédfig. ). 2.533+ 0.12°C (S.D.,n = 3), compared with con-
This endotherm was only detected for the control trol values of Ty, of 35.58 £ 0.35°C, enthalpy of
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Fig. 4. Effects of Span 80 on the phase behaviour of dipalmitoylphosphatidylcholine liposomes.

0.7880+ 0.24 kcal/mol andA Ty, of 1.977+£0.27°C (Fig. 3). The temperature width at half peak height
(S.D.,n =5). (ATy/2) increased with Span 80 concentration, re-
Table 3presents the parameters calculated for the flecting decreased co-operativity of the main tran-
main transition endotherm of DPPC liposomes con- sition. These two parameters were very sensitive to
taining increasing concentrations of Span 80. changes in the Span concentration until 45 mol%,
Raising the concentration of Span 80 in liposomes above which no change ifin or ATy/> was apparent
broadened the main transition peak and redutgd (Table 3.

Table 3

Parameters of the main transition endotherm of dipalmitoylphosphatidylcholine liposomes containing Span 80 or oleic acid
Tm (°C) Enthalpy (kcal/mol) ATy2 (°C)

Span concentration (mol%)

0 41.43 (0.028, 5) 8.424 (1.1, 5) 0.7242 (0.0030, 5)

8.3 40.07 (0.12, 3) 8.601 (1.4, 3) 1.5710 (0.12, 3)
16.0 39.05 (0.96, 3) 8.095 (1.1, 3) 3.2030 (0.38, 3)
21.0 38.19 (0.096, 3) 8.551 (0.68, 3) 4.6460 (0.13, 3)
30.0 37.13 (0.31, 3) 7.699 (0.58, 3) 5.9480 (0.37, 3)
42.0 35.74 (0.82, 3) 8.730 (1.9, 3) 7.3970 (0.50, 3)
45.0 34.10 (0.37, 3) 7.913 (0.012, 3) 7.9600 (0.011, 3)
50.0 34.13 (0.029, 3) 8.317 (1.0, 3) 7.8300 (0.12, 3)

Oleic acid (mol%)

0 41.43 (0.028, 5) 8.424 (1.1, 5) 0.7242 (0.0030, 5)
12.0 39.65 (0.12, 3) 8.180 (0.18, 3) 0.9630 (0.0026, 3)
22.4 39.43 (0.036, 3) 8.779 (0.13, 3) 1.2090 (0.0010, 3)
33.2 39.19 (0.063, 3) 8.585 (0.20, 3) 1.0500 (0.14, 3)
39.4 39.19 (0.077, 3) 9.306 (1.1, 3) 1.0410 (0.14, 3)

ATy, is the temperature width at half peak height. Values within parentheses are S.D. and number of replicates, respectively. Mean values
are to four significant figures to allow presentation of S.D.
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Surprisingly, there was no significant change in the tion of oleic acid (39.4 mol%), a peak identical to the
enthalpy of the main transition with increasing Span previous concentration was detected.
80 concentration. Table 3revealed that th@,, of the main transition
initially fell at the lowest concentration of oleic acid
(12 mol%). Further concentration increases produced
smaller decreases i, up to 33.2mol%, above
which Ty, remained constant. There was no signif-

Penetration enhancers (oleic acid and limonene) icant change in the enthalpy of the transition with
were included in liposome formulations in increasing oleic acid concentration. The temperature width at
concentrations so as to deliver transdermal estradiol half peak height 4T1/2) increased with acid concen-
(ElI Maghraby et al., 200QbThe aim was to evaluate tration until a maximum at 22.4 mol%, after which
these enhancers as edge activators. For oleic acid,it fell, but always remained higher than that of the
concentrations above 16% (w/w) in PC were diffi- control. This indicated reduced co-operativity of the
cult to prepare due to physical incompatibility. At transition. This trend can be explained on the basis
the tested concentrations (0—-16%, w/w) there was a of the presence of the asymmetry at the first two
direct relationship between drug flux and oleic acid concentrations, which disappeared at 33.2mol%, at
concentration. For limonene, its incorporation into which ATy, started to decrease.
liposomes produced a similar trend to that obtained The formulation containing oleic acid at 50 mol%
with the tested surfactants; increasing limonene con- phase-separated (detected visually) and thus was not
centration in liposomes raised the transepidermal drug tested. It was reported that in oleic acid/DPPC mix-
flux up to a certain concentration, beyond which the tures, the maximum molar fraction of oleic acid to be
flux decreased. Accordingly, we used HSDSC studies included is 0.4 (40 mol%) and concentrations above
to attempt to explain these findings. this produced unstable emulsionBugquets et al.,

1999).

3.4. Interactions of penetration enhancers with
phospholipid membrane

3.4.1. Interactions of oleic acid with phospholipid
membrane
Fig. 5ashows the effects of increasing concentra-
tions of oleic acid on the phase transition behaviour  Table 4presents data andig. 5b shows thermo-
of DPPC liposomes. graphs of the effects of increasing limonene concen-
Liposomes containing oleic acid at 12—39.4mol% tration on the phase transition behaviour of DPPC li-
revealed no pre-transition endotherkig. 59. Thus, posomes.
the lowest tested concentration of oleic acid was suf- The pre-transition was detected with liposomes
ficient to abolish the pre-transition. containing limonene at all concentrations. Thg of
Table 3presents the parameters calculated for the the pre-transition decreased gradually with increasing

3.4.2. Interactions of limonene with phospholipid
membrane

main transition endotherm of DPPC liposomes con-
taining oleic acid.

Incorporating the acid into DPPC vesicles at
12 mol% broadened the main endotherm, with the
peak showing asymmetry towards the lower tem-

limonene up to 50 mol%; at 66.7 mol% an abrupt fall
in T, was seen. The enthalpy of the pre-transition
showed no clear trend, but generally decreased until
66.7 mol%, when it started to increase. The width
of the peak at half height increased initially before

perature side. At 22.4mol% the asymmetry became reducing again to be close to that of the control. Thus
clearer, suggesting the formation of a new species. limonene was unable to abolish the pre-transition
By 33.2 mol%, the asymmetry disappeared, implying endotherm of DPPC liposomes.

that this new species might have been transformed Fig. 5breveals that the main transition endotherm
into another type for which the transition was not was affected by limonene incorporation. The peak
detected in the experimental temperature range. How- width gradually increased up to 50 mol% of limonene,
ever, this explanation can be disputed as the enthalpyabove which the tested concentrations abruptly
was unchanged; possibly the formation of this new changed the peak shape; it broadened and became
species is a reversible process. At a higher concentra-asymmetric.
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Fig. 5. Effect of (a) oleic acid and (b) limonene on the phase transition behaviour of dipalmitoylphosphatidylcholine liposomes.

The Ty of the main transition decreased grad- 4. Discussion
ually with increasing limonene concentration up

to 50mol%, above whichT,, abruptly decreased
(Table 4. The enthalpy showed a trend of slight re-

In this section we report on the thermotropic be-
haviour of DPPC vesicle (control) so as to understand

duction with limonene concentrations except that of the origin of the transitions. This helps to explain the

70 mol%, which increased. ThaTy» of the transi-

effects of additives on the thermograptig. 6 illus-

tion rose gradually up to 50 mol%, above which it trates the conformational changes in the phospholipid
abruptly increased, indicating reduced co-operativity. bilayer structure along with its phase transition.
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Table 4

G.M.M. El Maghraby et al./International Journal of Pharmaceutics 276 (2004) 143-161

Effect of limonene on the phase behaviour of dipalmitoylphosphatidylcholine liposomes

Limonene (mol%) Tm (°C)

Enthalpy (kcal/mol) ATy (°C)

Pre-transition
0 35.58 (0.35, 5)

22.0 34.97 (0.14, 3)
375 32.46 (0.85, 3)
50.0 31.26 (4.4, 3)
66.7 18.44 (0.12, 3)
70.0 18.11 (0.015, 3)
Main transition

0 41.43 (0.028, 5)
22.0 41.36 (0.049, 3)
375 40.90 (0.013, 3)
50.0 40.66 (0.85, 3)
66.7 34.14 (0.14, 3)
70.0 32.83 (0.017, 3)

0.7880 (0.24, 5)

0.9796 (0.033, 3)
0.4200 (0.074, 3)
0.5866 (0.089, 3)
0.5936 (0.039, 3)
0.8850 (0.083, 3)

1.977 (0.27, 5)
2.170 (0.0047, 3)
2.491 (0.55, 3)
2.107 (1.1, 3)
2.052 (0.12, 3)
1.920 (0.0073, 3)

8.424 (1.1, 5)
7.526 (0.0050, 3)
7.555 (0.36, 3)
7.341 (0.13, 3)
7.250 (0.20, 3)

11.780 (0.43, 3)

0.7242 (0.0030, 5)
0.7197 (0.0032, 3)
0.8046 (0.14, 3)
1.0450 (0.56, 3)
7.2790 (0.18, 3)
7.8810 (0.29, 3)

ATy 2 is the temperature width at half peak height. Values within parentheses are S.D. and number of replicates, respectively. Mean values

are to four significant figures to allow presentation of S.D.

Below the DPPC pre-transition temperature, bilayer tions (rippled gel phasé). Above Ty, trans/gauche

lipids are in the highly ordered gel statkgj with
the hydrocarbon chains in an athns configuration

(tilted one-dimensional arrangement). This arrange-

rotational isomerisation along the chains laterally ex-
pands and decreases the thickness of the bilayer and
the system reverts to one-dimensional arrangements.

ment is favourable because the head groups of theThus the lipids become more fluid (liquid crystalline
phospholipids are relatively bulky, taking more space phasd.,—Janiak et al., 1976; Rolland et al., 1991t
compared with the hydrocarbon chains. The chains is thus clear that the presence of the bulky head group

thus tilt relative to the plane of the membrane to fill
the extra space created by the head grouyew(

1990. At the pre-transition temperature, lipids change
to two-dimensional assemblies with periodic undula-
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Fig. 6. Conformational changes in the phospholipid bilayer structure along with its phase transition (modifigRioftand et al., 1991
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anything that could compensate for the relative bulki- McElhaney, 199% In our investigation, a very small
ness of the head group can abolish the pre-transition. part of the sharp component was detected at 26 mol%
It has been reported that, at equal to or less cholesterol, but the broad peak was lost at 50 mol%
than 5mol%, cholesterol progressively decreased (Fig. 1). In our study, the main transition enthalpy de-
the temperature and enthalpy with no effect on the creased with increasing cholesterol concentration and
co-operativity of the pre-transitiorMcMullen et al., approached zero at 50mol% concentration (where
1993, 1994; McMullen and McElhaney, 1998n there was no detectable peak). This finding supports
our study, no pre-transition was detected as we testedthe formation of a new species with no transition in the
cholesterol at concentrations of 9mol% or more. As studied temperature range. Another possible explana-
shown inFig. 7a cholesterol inserts into the mem- tion for the complete disappearance of the transition
brane with its hydroxyl group oriented towards the endotherm at 50 mol% (1:1 molar ratio) is that the
aqueous surface and the aliphatic side chain posi- rigid cholesterol molecules between DPPC molecules
tioned parallel to the acyl chains of the phospholipid. in the orientation presented Fig. 7 could limit the
The 3-hydroxyl group orientates level with the car- freedom of movement of acyl chains of DPPC. This
boxyl residues of the phospholipid ester linkages, could restrict the rotational isomerisation along the
with limited freedom of vertical movement. The rigid chains, which occurs at the transition temperature.
steroidal nucleus thus occupies the places alongside For sodium cholate at concentrations above
the first 10 carbon atoms in the acyl chains of the 8.2 mol%, the pre-transition endotherm was abolished
phospholipid. This reduces the freedom of motion completely. This indicates again that at this concen-
of these carbons but creates a space for movementtration the combined space occupied by the lipophilic
for the remaining carbons towards the end of chains. part of the cholate and the acyl chains equals that
This could lead to changes in the main transition (see occupied by the head groups. Thus the tilted one-
below) (New, 1990. At a certain cholesterol con- dimensional arrangement no longer existed and hence
centration, the volume occupied by acyl chains and the pre-transition was lost.
cholesterol combined will be equal to or greater than  Almog et al. (1986)studied the micellar—lamellar
that of the head groups. This leads to the absencephase transformations of a phosphatidylcholine—cho-
of chain tilt in the gel phase, which means that the late mixed dispersion. They concluded that at cholate
origin of the pre-transition is abolished. This process concentrations below aRe of 0.3 the dispersion is in
explains the removal of the pre-transition endotherm vesicular form, between 0.3 and 0.4 both vesicles and
after incorporation of cholesterol into the liposomes. micelles coexist, and above 0.4 only mixed micelles
Fig. 1 shows that incorporating cholesterol into develop. Applying this finding to our data suggests
DPPC vesicles produced asymmetric endothermic that at 55.6 mol% cholaterRg = 0.31) the appear-
peaks with a shoulder towards the higher temperature ance of asymmetry in the transition towards the lower
side of the transition. The literature considers this to temperature side of the peak, which suggests the for-
be due to superimposed sharp and broad componentsnation of a new species, could indicate the presence
and some workers have deconvoluted the endothermof some micelles along with the vesicles, as this con-
into those two components. The sharp element is due centration lies on the border where micelles and vesi-
to melting of cholesterol-poor domains and the broad cles coexist. At 66.7 mol%Re = 0.5), in the region
component arises from melting of cholesterol-rich of mixed micelles, the transition became broader with
regions. The presence of both sharp and broad com-clearer asymmetry arif}, reduced. Increasing cholate
ponents in the main transition peak of cholesterol- concentration to 80 mol%Re = 1), again in the mi-
containing vesicles indicates that cholesterol forms a cellar region, resulted in a broader transition with an
new species with DPPC. This new species exhibits abrupt decrease ify,. If the micellar-lamellar phase
an extremely broad transition and is converted by ad- transformations with cholate reported Bimog et al.
dition of cholesterol above 20 mol% to one or more (1986)apply to our data, it can be concluded that the
additional forms, which show no detectable phase tran- phase transition changes, even within the micellar re-
sition at the temperature range studiéthprey et al., gion. This may suggest a possible alteration in the mi-
1978; McMullen et al., 1993, 1994; McMullen and cellar structure, as we still have transition variations
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Fig. 7. Position occupied by cholesterol in the membrane bilayer (modified frem 1990 and tentative suggestions for the interactions of
sodium cholate, Span 80EP, 199%, Tween 80 USP, 199%and oleic acid with the dipalmitoylphosphatidylcholine bilaye#-x+y+z = 20.
R is choline (GH13N). (N.B.: Our suggestions are tentative as they are based on DSC data only.)
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even after increasing cholate concentration frRgn= parallel to the acyl chains of the phospholipled. 7).
0.5-1 (i.e. above the 0.4 reported as the mixed micelle If so, it could be concluded that at a Tween concentra-
region). tion of 27.2 mol%, the tilted one-dimensional arrange-

Two sites of interaction for cholate with DPPC vesi- ment (origin of pre-transition) will not exist, leading to
cles have been suggestd&hyerl et al., 198p Site 1 absence of the pre-transition endotherm. The concen-
is an interaction at the interface region, which changes tration required to abolish the pre-transition endotherm
the transition temperature but not the enthalpy. Site 2 for Tween 80 was higher than that for sodium cholate.
is an interaction with the hydrocarbon region, and this This is because Tween has a larger head group com-
is expected to reduce the enthalpy. On this basis, they pared with cholate, which can add to the bulkiness of
concluded that at lower cholate concentrations, where the phospholipid head group.
there was no alteration in enthalpy, cholate should The data inTable 2reveal that thél\,, of the main
interact at the interface region (with the head group transition decreases with increasing Tween concentra-
of phospholipid). At high concentrations (66.7 mol%, tion. The Ty, increased slightly at 27.2 mol% com-
Re = 0.5 in our study) where the enthalpy started to pared with the previous concentration. There was a
reduce, cholate is thought to interact at the hydrocar- trend of decreasing enthalpy of the main transition
bon region. This concentration is said to be above the with increasing Tween concentration, with the fall be-
saturation concentration. ing significant P < 0.01) at 48 mol%, compared with

However, if we explain the removal of the pre- the control (pure DPPC vesicles). This again confirms
transition endotherm on the basis of the absence of the formation of a new species with a separate peak
a tilted one-dimensional arrangement when the spaceat lower T,,. The co-operativity of the transition de-
occupied by the lipophilic portion of cholate and acyl creased with increasing Tween concentration, as ev-
chains (of DPPC) combined was equal to or more idenced by the increase in the temperature width at
than that occupied by the head group, we can con- half peak height4Ty,7), especially at high concentra-
clude that cholate can interact with site 2 at a lower tions. This again indicates the presence of more than
concentration. This is because the pre-transition was one species undergoing transitions.
abolished at low concentration (15.9mol%B. = Removal of the pre-transition peak with increasing
0.047). It could be thus suggested that cholate posi- Span concentration can be explained as before. Ac-
tions with the carboxylic group interacting with the cordingly, we expect that Span 80 positions in the
head group of DPPC and the steroidal nucleus par- membrane with its carboxyl head group level with that
allel to the acyl chains at the first few carbons of of DPPC and the oleate residue aligned parallel to the
these chainsHig. 79. This gives some freedom for acyl chains Fig. 7).
mobility to the rest of the chain (i.e. provides a more  Span 80 abolished the pre-transition endotherm at a
flexible structure), and may be responsible for the so- lower concentration than Tween 80. This is expected
called edge activating effect. Although cholate has a as Tween has a relatively larger head group and thus
steroidal nucleus similar to cholesterol, the presence higher concentrations are required to compensate for
of the carboxylic group in the hydrocarbon chain and the head moiety.
the hydroxyl groups on the steroid produced differ-  The main transitions broaden upon increasing Span
ent positioning and orientation of cholate in the lipid concentration in liposomes, but there were no sig-
membrane, compared with that of cholester®ig( nificant changes in the enthalggayerl et al. (1989)

7). The difference in orientation may be responsible reported that compounds that interact with site 2
for the alteration in effect, from membrane stabilising (hydrocarbon region of the vesicles) are expected
action for cholesterol to an edge activating operation to decrease the enthalpy. On this basis, if enthalpy
for sodium cholate. However, this scheme requires does not fall, there will be no interaction with site 2.
further investigation to establish the exact positioning However, it is difficult to apply this concept with a
and orientation of cholate in the bilayer. detergent like Span 80. This is because Span 80 is a

Tween 80 may position in the bilayer with the head lipophilic surfactant (HLB= 4.3), and has a struc-
group oriented towards the head group of the phospho-ture that will fit with its oleate hydrocarbon chain
lipid and the oleate residue (lipophilic part) aligned aligned between the acyl chains of the phospholipid.
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In addition, incorporating Span 80 in DPPC vesicles at 55.6 mol% cholateR, = 0.31) the appearance of
not only reduced thel, but increasedATy,,. For asymmetry in the transition towards the lower tem-
these reasons, Span 80 is expected to interact withperature side of the peak (suggesting the formation
the hydrocarbon region of the membrane (site 2). of a new species) could be due to the presence of
Comparing the three surfactants in terms of their some micelles along with the vesicles. At 66.7 mol%
effects on the phase behaviour of DPPC liposomes, it (Re = 0.5), which is in the region for mixed micelles,
could be concluded that both the tenside structure andthe transition became broader with clearer asymme-
its HLB are important factors. For Tween 80, with an try and Ty, reduced. Accordingly, in the skin perme-
HLB of 15 (between sodium cholate, 16.7 and Span ation studies, a formulation of 20% (w/w) cholate/PC
80, 4.3), higher concentrations were required to abol- (Re = 0.33) contained both vesicles and mixed mi-
ish the pre-transition. This can be due to the presencecelles and that at 30% (w/w) cholate/PRs(= 0.54),
of a relatively large head group, and thus a higher con- contained only mixed micelles. Mixed micelles are
centration of Tween was required to compensate for believed to be less effective as skin delivery systems
the bulky head group of DPPC; it is not because of compared with ultradeformable vesiclgSec et al.,
the water solubility as Tween is not the extreme of 1993, 1998. This explains the reduced estradiol skin
the tested surfactants. The effect of HLB is clear if delivery from formulations containing cholate concen-
we compare Span with Tween and cholate. e trations of 20 and 30% (w/w).
and ATy> were very sensitive to lower concentra- Applying the same principles to Tween 80 and Span
tions of the more lipophilic Span 80. It could be thus 80, the reduced skin delivery of estradiol from formu-
concluded that detergents disrupted the packing char-lations containing high concentrations of these surfac-
acteristics of DPPC vesicles before they were grad- tants can be similarly explained.
ually transformed into mixed micelles, depending on ~ With penetration enhancers, oleic acid abolished
the surfactant and its concentration. the pre-transition. Oleic acid can orientate with its
We can correlate the HSDSC data obtained for the hydrocarbon chain parallel to the acyl chains of the
effect of different concentrations of surfactants on the phospholipid and its carboxylic group level with that
phase behaviour of DPPC liposomes, with the trends of the lipid head groupKig. 7). Due to its kinked
obtained for the transepidermal flux of estradiol from conformation, oleic acid can add to the space occu-
vesicles containing increasing concentrations of sur- pied by the acyl chains of the phospholipid so that the
factants El Maghraby et al., 2000aThe three sur-  space occupied by oleic acid and acyl chains com-
factants showed similar trends; flux increased with in- bined will be equal to, or more than, that occupied by
creasing surfactant concentration in liposomes up to the head groups. This explains the disappearance of
an optimum value, above which the flux decreased. the pre-transition.
Sodium cholate, for which we calculated the effective =~ The action of oleic acid on the main transition of
molar ratios, will be considered first. The concentra- DPPC vesicles, with an asymmetry appearing at lower
tions in the skin permeation experimert flaghraby concentrations and disappearing with high levels, sug-
et al., 2000a were 0, 10, 16, 20 and 30% (w/w) gests the formation of a new species. In the light of the
(sodium cholate/phosphatidylcholine, PC). These con- invariant enthalpy of the main transition, the process
centrations produced effective molar ratié%)(of O, may be considered reversiblRolland et al. (1991)
0.15, 0.250, 0.33 and 0.54, respectively. In skin per- monitored the effect of oleic acid on the phase transi-
meation studies, increasing sodium cholate concentra-tion of DPPC liposomes using DSC, but the maximum
tion in liposomes raised the transepidermal ES flux up concentration was 25mol%. In the tested concentra-
to a concentration of 16% (w/w), above which the flux tion range, T, and ATy/> showed similar trends to
decreased. our results. On the basis of these data they suggested
Almog et al. (1986)oncluded that at cholate con- that oleic acid perturbed the lipid bilayer arrangement.
centrations below 0.3R) the dispersion is in vesicu-  They explained this on the basis that oleic acid can in-
lar form, at a concentration range of 0.3—0R4)(both tercalate between adjacent DPPC molecules. Because
vesicles and micelles coexist, and ab&ef 0.4 only oleic acid has &isdouble bond, it has a kinked struc-
mixed micelles develop. Our experiments revealed that ture (Fig. 7. Thus, when interposed between DPPC
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molecules, it disrupts the ordered packing of the phos- tures, if the enhancers pool together. In our study, a
pholipid molecules. limonene concentration of 66.7 mol% (2:1 molar ra-

Oleic acid can produce a skin penetration enhanc- tio, limonene/DPPC) showed an abrupt change in the
ing effect alone or when combined with a solvent such phase transition behaviour of DPPC vesicles. Increas-
as propylene glycol (e.dgsoodman and Barry, 1988; ing the concentration above this value further changed
Yamane et al., 1995a; Murakami et al., 1998s en- transition characteristics. This could indicate that
hancing effect was attributed to the reduction of the two molecules or more can locate between adjacent
phase transition temperatures of skin lipids, with the DPPC molecules. It may also suggest the arrange-
result that the fluidity of these structures increased ment of limonene molecules as pools. Further inves-
(Golden et al., 1987; Francoeur et al., 1990; Yamane tigations are necessary to confirm these possibilities.
et al., 1995a The possibility that oleic acid exists as a Incorporating limonene into PC liposomes increased
separate phase (pool) within the stratum corneum lip- the transepidermal flux of estradiol from these vesi-
ids was also propose®fgpipattanakul et al., 1991 cles, with increasing limonene concentration, to a

Thus, it could be concluded that oleic acid can value beyond which the flux tended to decreask (
intercalate between the DPPC molecules but it dis- Maghraby et al., 2000b The results obtained with
tributes heterogeneously as indicated by the reducedlimonene, where one or more new species formed at
co-operativity. Also, a phase separation may occur high concentrations as evidenced by the broad peaks,
with possible pooling of oleic acid within the bilayer. may explain the reduced transepidermal flux of estra-

Incorporating oleic acid in liposomes increased the diol from liposomes containing high concentrations
transepidermal flux of estradiol from these liposomes. of limonene.

There was a direct relationship between oleic acid

concentration and the drug flugl Maghraby et al.,

20008. This may be explained on the basis of the 5. Conclusions

enhancing effect of oleic acid, as considered above.

However, in the light of the DSC results, the presence  Although sodium cholate has a steroidal backbone
of oleic acid in liposomes could produce a more fluid similar to that of the membrane stabiliser cholesterol,
structure (i.e. more flexible vesicles). These flexible the presence of the carboxylate and hydroxyl groups
liposomes are believed to be more efficient than rigid in cholate produced an edge activating effect rather
vesicles in skin drug delivery. than a membrane stabilising effect.

Limonene did not abolish the pre-transition peak,  With surfactants, the packing characteristics of the
indicating that even at high concentrations the space lipids in the liposome bilayer resulting in more fluid
occupied by limonene and the acyl chains of the phos- liposomes (more efficient in skin delivery of drugs)
pholipid (combined) was less than that inhabited by before transformation to mixed micelles (less efficient
the head groups of the phospholipid. in delivery) at high surfactant concentrations. This

The effects of limonene on the main transition of the behaviour explained the transepidermal estradiol flux
DPPC vesicles strongly suggest the formation of one profiles obtained with increasing surfactants concen-
or more new species at 66.7 mol% limonene. These trations in vesicles, where the flux increased with sur-
new species showed very broad transition endothermsfactant up to an optimum concentration, above which
at significantly lower temperatures. the flux decreased.

The penetration enhancing effect of limonene has  Oleic acid can intercalate between the phospholipid
been reported. Limonene interaction with skin lipids molecules in liposomes, but with a hetergeneous dis-
was probed using DSC, which reflected a shift in the tribution probably allowing pooling. The presence of
lipid transition endothermsYamane et al., 19953),b oleic acid can lead to more flexible liposomes. This
Cornwell et al. (1996)employed an uptake study can explain the improved estradiol skin delivery from
and calculated the molar ratio of the limonene to the liposomes containing oleic acid.
total skin lipids as 3.5:1. Based on this calculation,  Limonene can fit between the acyl groups of the
they proposed that higher enhancer uptake might phospholipid in the liposome membrane, with the pos-
occur alongside the maintenance of the bilayer struc- sibility that more than one molecule inserts between
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each two adjacent phospholipid molecules, suggesting Ganesan, M.G., Weiner, N.D., Flynn, G.L., Ho, N.F.H., 1984.

possible pooling. The transformation from one species ~ !nfluence of liposomal drug entrapment on  percutaneous
: : : PRI absorption. Int. J. Pharm. 20, 139-154.

to another, on increasing limonene Con_centratlon in I|_ Golden. G.M.. McKie, J.E.. Potts, R.0., 1987. Role of stratum

posomels’ again eXplameq the transeplde.rmal e;tradlol corneum lipid fluidity in transdermal drug flux. J. Pharm. Sci.

flux profile produced by liposomes containing higher 76, 25-28.

concentrations of limonene. Goodman, M., Barry, B.W., 1988. Action of penetration enhancers
on human skin as assessed by permeation of model drugs 5-
fluorouracil and estradiol. I. Infinite dose technique. J. Invest.
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