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Abstract

Release of salicylic acid, diclofenac acid, diclofenac diethylamine and diclofenac sodium, from lyotropic structured
systems, namely; neat and middle liquid crystalline phases, across mid-dorsal hairless rat skin into aqueous buffer
were studied. Release results were compared with those from the isotropic systems. The donor systems composed of
the surfactant polyoxyethylene (20) isohexadecyl ether, HCl buffer of pH 1 or distilled water and the specific drug.
High performance liquid chromatography (HPLC) methods were used to monitor the transfer of the drugs across the
skin barrier. Results indicated that the rate-determining step in the transport process was the release of the drug from
the specified donor system. Further, apparent zero order release was demonstrated with all systems. Except for
diclofenac sodium, drug fluxes decreased as the donor medium changed from isotropic to anisotropic. The decrease
in fluxes was probably due to the added constrains on the movement of drug molecules. By changing the anisotropic
donor medium from neat to middle phase, drug flux decreased in case of salicylic acid and diclofenac sodium. In the
mean time, flux increased in case of the diethylamine salt and appeared nearly similar in case of diclofenac acid. Rates
of drug transfer across the skin from the anisotropic donors seemed to be largely controlled by the entropy
contribution to the transport process. The type and extent of drug-liquid crystal interactions probably influenced the
latter. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Certain surfactants in water, at given tempera-
ture and concentration, afford good examples of
lyotropic liquid crystals (LLC). As the concentra-* Corresponding author.
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tion of the sufactant is increased, different LLC
polymorphic forms could be obtained. More
than one form of liquid crystals could exist.
Neat (lamellar), middle (hexagonal) and cubic
phases are the three well known forms of LLC
(Brown, 1972; Florence and Attwood, 1988).
Formation, properties and characteristics of
these mesophases are adequately described in
the literature (Brown, 1972; Martin, 1993;
Ibrahim, 1989; Ibrahim et al., 1993).

Lyotropic mesophases could be considered as
ordered micelles with molecular arrangement
characterized by alternate hydrophobic and
aqueous hydrophilic regions. Solutes dissolved in
LLC usually reside in these two regions and
also could be incorporated in the surfactant bi-
layer of the mesophase (Muller-Goymann and
Frank, 1986). Lipophilic and amphiphilic drug
molecules reside in the lipid bilayer of the struc-
ture (Larrson, 1994). Molecules dissolved in
such systems suffer from structure-imposed con-
strains, which would affect their extent of mo-
bility and direction of movement. Drug
molecules present in the aqueous region of the
mesophase in an undissociated form, are the
main molecular species that would be able to
diffuse out and cross lipophilic barriers. How-
ever, solute-solvent interactions play an impor-
tant role in controlling rate of drug transport
from these systems. Therefore, solutes in the
LLC systems would be released at rates depend-
ing on the mesophase structure and type of dis-
solved solutes. These properties made it possible
to use liquid crystals as drug carriers, solubliz-
ing vehicles and to prepare controlled-release
formulations (Ericsson et al., 1991; Norling et
al., 1992; Wyatt and Dorsehel, 1992; Larrson,
1994).

As a consequence of solute-solvent interac-
tions, dissolved solutes, under certain conditions,
could induce changes in the molecular packing
of the LLC vehicle. This effect could influence
the rate of release from these donor systems.
Ibrahim and co-workers investigated the effects
of solute characteristic and concentration on
neat and middle phases (Ibrahim et al., 1993).
Also, other workers investigated the nature of
drug interaction with components of mesomor-

phic vehicles (Muller-Goymann and Frank,
1986). In both investigations, in-vitro drug re-
lease was correlated with apparent effects of in-
teractions of drug molecules with the vehicles.

In a therapeutic transdermal system (TTS),
the vehicle reservoir, the membrane, or the ad-
hesive layer could be made rate determining to
control transport of the drug across the skin. It
would be of interest to assess the potential use
of LLC as rate determining-vehicle reservoir in
transdermal patches. In line with this notion,
the current study aimed to characterize the re-
lease of representative drugs, namely; salicylic
acid, diclofenac acid, and its salts, from two
forms of LLC across rat skin. The mesomorphic
vehicles composed of the nonionic surfactant
polyoxyethylene (20) isohexadecyl ether in water
or hydrochloric acid buffer and the drug. In ad-
dition, effects of interactions of solutes with the
isotropic and anisotropic donor media on re-
lease across rat skin were delineated.

2. Materials and methods

Polyoxyethylene (20) isohexadecyl ether, was
obtained from ICI Americas, USA, the surfac-
tant is marketed under the name Arlasolve 200.
Salicylic acid (SA) LR, potassium dihydrogen
orthophosphate LR, disodium hydrogen or-
thophosphate LR and concentrated hydrochloric
acid (HCl) were obtained from Laboratory
Rassyan, India. Diclofenac sodium (DS), diclofe-
nac diethylamine (DDEA) and flufenamic acid
were donated by Dar Al Dawa Development
and Investment Co. LTD, Jordan. Phenacetin
was obtained from Cambrian Chemicals, UK.
Ammonium acetate AR and acetic acid glacial
were obtained from C.B.H. LAB. Chemicals,
UK. Sodium acetate trihydrate was obtained
from JCLE, UK. Potassium chloride was ob-
tained from Panreac, Spain. Normal saline B.P.
was obtained from Bieffe Medital, Italy. Ace-
tonitril HPLC grade was obtained from LAB-
SCAN, Ireland. Octanol was obtained from
Merck, Germany. All material was used as sup-
plied.

Hydrochloric acid buffer of pH 1 and phos-
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phate buffer of pH 7.4 were prepared according
to USP XXI (1985), and BP (1993), respectively.
The water used was deionized and distilled in an
all glass still, and it will be referred to as distilled
water. A 0.1 mm cellulose nitrate millipore filter
was obtained from Sartorius, Germany.

A crown glass Franz diffusion cell, USA, a
Haake water-heater circulator, Germany and a
Labinco L 34 magnetic stirrer, Holland, were used
as parts of permeation set-up. A Desaga STA-
peristaltic pump, England, was used in the perme-
ation studies through filter membrane. Toshiba
digital clinical thermometer, Japan, was used for
measuring the temperature of the receiving
medium in the diffusion cell. A Shimadza UV-
1201 spectrophotometer, Japan, was used.

The high performance liquid chromatography
(HPLC) system used consisted of Spectra-Physics
Isochrom LC pump, USA, Beckman injection
head of 50 ml loop volume, USA, Jasco 875-UV
detector (range 0.08), Japan, Spectra-Physics
Chromget integrator (attenuation 8), USA, and
SGE ODS column (5 mm size, 250 cm length),
Australia. Other HPLC accessories were also used
in this research, and they include Beckman 114 M
pump, Beckman 340 injection head of 20 ml loop
volume and Beckamn L65 detector (range 0.05),
USA, or Varian 2050 detector (range 0.025),
USA. These two detectors were connected to a
Spectra-Physics 4270 integrator (attenuation 8, 2,
respectively), USA.

Lietz, Orholux II POL-BK microscope, Ger-
many, was used to examine L.C. systems for their
birefringence and texture between crossed polariz-
ers. Alietz Orthomat camera, Germany, fitted to
the microscope was used for taking photomicro-
graphs of LC systems.

A Shimadzu infrared spectrophotometer-435,
UV–VIS spectrophotometer-240 Graphicord,
Graphic printer PR-1, Japan, Gllen lamp melting
point apparatus, Germany, and Hana Instrument
8520-pH meter, Italy, were used. Assistant
Reamix 2789 vortex, Eppendorph centrifuge
54145, Holland, Julabo, SW-20c, water-bath and
Moser 1400 electric hair clipper, Germany, were
used. GFL 2008 distillator, and Seral Seradest
5600 deionizer, Germany, were used for distilla-
tion and deionization of water, respectively.

2.1. Preparation of diclofenac acid

Diclofenac acid was prepared from diclofenac
sodium by acid precipitation method. 20 g of
diclofenac sodium were dissolved in 2 l water and
stirred well while protecting from light. A 1 N
HCl solution was added dropwise with stirring
until complete precipitation was obtained. The
precipitate was filtered and washed with distilled
water and then air dried to a constant weight.
Infrared spectroscopy and melting temperature
measurements were used for the identification of
DA, and its salts DDEA, and DS. The results
were checked against reported data (Moffat et al.,
1986).

2.2. Preparation of the permeation barriers

In part of the study, millipore filter membranes
were impregnated with octanol and were used as
lipophilic barrier. In the main bulk of the study
skin from Sprague–Dawley adult male rats of
about 350 gm each were used in the permeation
studies. The animals were scarified by cervical
dislocation after anesthetizing them with ether.
Hair was removed using electric hair clipper. One
circular piece of skin was taken from the dorsal
area of each rat using surgical blades. Subcuta-
neous tissue was removed using forceps, and full
thickness skin was used. The skin was washed
with distilled water and normal saline, and kept
between two filter papers impregnated with nor-
mal saline, in a plastic bag at 4–8°, to be used
within 7 days. Before mounting the skin in to the
diffusion cell, it was washed with distilled water
and phosphate buffer of pH 7.4.

2.3. Preparation and examination of donor
systems

A known weight of the sufactant was melted at
60°C in a water bath. An accurate weight of the
drug was added to the surfactant melt to achieve
the required concentration. Known weight of ei-
ther HCl buffer of pH 1 or distilled water was
added in one portion with gentle stirring. All
systems were allowed to equilibrate for 48 h be-
fore use.
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Donor systems were examined macroscopically
for their fluidity and general appearance, and
microscopically between crossed polarizers, for
their birefringence and texture. Photomicrographs
of different L.C. systems were taken at room
temperature and the indicated magnifications.

2.4. Permeation set-up

In all permeation studies, a Franz diffusion cell,
consisting of two compartments; an upper one for
the donor system and a lower one for the receiv-
ing medium, was used. The lower compartment
has a volume of 11.2 ml. The cell was connected
to a water-heater circulator operating at 37°C.
Phosphate buffer of pH 7.4 was used as the
receiving medium. The solution was continuously
stirred using a 7 mm magnet, and a magnetic
stirrer operating at a constant rotation. The im-
pregnated filter membrane or rat skin was
mounted between the two compartments of the
diffusion cell. The assembled set-up, with the re-
ceiving medium and the permeation barrier were
left to equilibrate to the experimental tempera-
ture. About 2.5 gm of the donor system previ-
ously equilibrated to the experimental
temperature was carefully placed in the upper
compartment of the diffusion cell. Preheating of
the highly viscous unflowable donor systems
(those containing 44% w/w of the surfactant) was
necessary to make them easily pourable into the
donor compartment.

2.5. HPLC analysis

SGE ODS column was used through out the
permeation studies. The HPLC conditions were as
follows: the pump was operated at a flow rate of
1.5 ml/min, and the UV detector was operated at
l=295 nm to monitor SA, and at l=280 nm for
DA, DDEA and DS. The operating ranges and
attenuations of the instruments were adjusted so
that the detection limit would be 2 mg/ml for SA,
and 0.02 mg/ml for the other drugs.

The mobile phase used for SA assay was pre-
pared by adding 15 ml acetic acid and 0.25 g
ammonium acetate to 300 ml acetonitrile. The
volume was completed to 1000 ml using distilled

water. The final ratio of acetonitrile to water was
(30:70), and pH was 3.0.

The mobile phase used for DA, DDEA and DS
assay was prepared by adding 10 ml acetic acid
and 10 ml sodium acetate to 600 ml acetonitrile.
The volume was completed to 1000 ml using
distilled water. The final ratio of acetonitrile to
water was (60:40), and pH was 4.8.

2.6. Typical release experiment

Release experiments were run at least in dupli-
cate for 24 h. At suitable time intervals, samples
of 100 ml each were carefully removed from the
receiving medium, using a microliter syringe.
Samples were withdrawn from the sampling port
of the diffusion cell and collected into eppendor-
phe tubes. Samples were replaced with equal vol-
ume of fresh receiving medium.

20 ml of phenacetin solution having a concen-
tration of 400 mg/ml was added as internal stan-
dard for the sample of SA. Similarly 20 ml of
flufenamic acid solution having a concentration of
3 mg/ml, was added for the samples of other
drugs. Samples were mixed using a vortex mixer,
then centrifuged for 1 min using Eppendorphe
centrifuge. The concentrations of the permeating
drugs were determined using HPLC methods.

3. Results and discussion

The type and stability of the donor systems
containing the probe drugs were verified using
polarizing microscope. Comparison of donor sys-
tems with controls and published data (Ibrahim,
1989) confirmed the phases of the donor systems
under study and indicated that presence of the
different probes at the given concentrations did
not disrupt the liquid crystal structure. Further,
preliminary release studies using octanol-impreg-
nated filter membrane and rat skin from different
locations in the dorsal area, demonstrated the
reproducibility of the donor systems, the reliabil-
ity of the procedure and that the skin of choice is
from the mid-dorsal area. Table 1 describes the
macroscopic and microscopic appearance and
characteristics of the systems used in the study.
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The fluidity of the donor systems ranged from
pourable liquid, to viscous liquid and unflowable
gel. It is significant to know that, the different
donor systems were prepared using the same sur-
factant. The use of the same surfactant provided
environment of similar chemical nature around
the dissolved molecules; hence, qualitatively main-
taining the same enthalpy interactions in both the
isotropic and anisotropic media.

Fig. 1 shows release profiles of SA from
isotropic, neat and middle phases across mid-dor-
sal rat skin. From Fig. 1, it is apparent that, after
a lag time period, a zero-order steady state flux
was established in each of the three systems. Flux
values were calculated from the slope of the
straight-line portion of the release profiles. Fur-
ther, lag times were obtained from the intercept of
the extrapolated straight line with the time axis.
Assuming that the thickness of the diffusion layer
in the three permeation systems is nearly similar,
the differences in the observed lag times of Fig. 1
could be interpreted as a consequence of different
diffusivities of SA in the different phases. Release
data of the other probe drugs were processed in a
similar fashion. Fig. 2 depicts a plot of the steady
state fluxes of SA as a function of the surfactant
concentration. The close similarity of the flux
values from the two isotropic donors, which had
an 8% difference in surfactant concentration, sug-
gests similar overall effects on release arising from
the enthalpy and entropy interactions of SA with
the two isotropic solvent media. In ideal solu-
tions, the enthalpy of diffusive mixing is zero. In

real solutions, on the other hand, there is an
enthalpy input in the overall free energy of diffu-
sive mixing; however, its magnitude is relatively
small and the diffusion process can be regarded as
an entropy driven process (Flynn et al., 1974).
Release data from the two isotropic donors sug-
gest that the difference in their chemical composi-
tion had a minimum effect on rate of release
across the skin. Hence, it is safe to conclude that
the enthalpy input arising from the 8% difference
in surfactant concentration was insignificant. Re-
lease data are subsequently interpreted in light of
this characteristic.

Correlation between the published phase dia-
gram of the used surfactant (Ibrahim, 1989) and
Fig. 2, indicates that increasing the surfactant
concentration from 30 to 38% induced a phase
change from isotropic to a neat anisotropic, with
a concomitant decrease in the flux of about
51.8%. Further increase in surfactant concentra-
tion from 38 to 44% induced another phase
change from neat to middle LLC and an accom-
panying decrease in the flux of SA of about
59.6%. The fact that fluxes of SA across the skin
were (a) very similar from systems within the
isotropic range; (b) differed as one examined re-
lease from isotropic, neat and middle phases in
relation to one another, suggests that the con-
trolling step in the transport of SA is the donor
medium. Plots of the steady state fluxes of DA
and its salts DDEA and DS as a function of the
surfactant concentration of the donor systems are
shown in Fig. 3. Examination of these plots sug-

Table 1
Macroscopic and microscopic characteristics of donor systems containing different surfactant concentrations and different drugs*
under polarized light and at room temperaturea

Surfactant DSSA DA DDEA
conc.(%w/w)

Fluidity Phase Phase PhaseFluidity FluidityPhaseFluidity

22 IsotropicLiquidIsotropicLiquid
Liquid Isotropic Liquid Isotropic30 Liquid Isotropic Liquid Isotropic

38 Viscous L. Neat Viscous L. Neat Viscous L. Neat Viscous L. Neat
Middle44 unflowableunflowableMiddle MiddleMiddle unflowableUnflowable

gel gelgel gel

a L, Liquid; *, drug concentration was maintained at about 0.50% (w/w) in all the systems.
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Fig. 1. Cumulative amounts (ug) of SA permeated through mid dorsal hairless rat skin, form isotropic and anisotropic donor
systems, containing 0.50% w/w SA, at 37°C. Key: (
) Isotropic donor containing 30% w/w of the surfactant. (	) Anisotropic neat
donor system containing 30% w/w of the surfactant (�) Anisotropic middle donor system containing 44% w/w of the surfactant.

gests the same conclusion arrived at for SA, i.e.
the controlling step in the transport of DA and its
salts, at the given concentration and temperature,
were the donor media and not the skin.

Figs. 2 and 3 show slower fluxes for SA, DA,
and DDEA from anisotropic media than from
isotropic media. These results correlate with re-
ports in the literature documenting higher activa-
tion energy of diffusion and lower diffusivities for
drug agents diffusing from structured environ-
ment in comparison to isotropic media (Muller-
Goymann and Frank, 1986; Ibrahim, 1989;
Tiemessen et al., 1990). It is probable that con-
straints imposed on the movement of molecules
dissolved in structured environment decrease their
random motion and lower the probability of
reaching the skin for diffusion. These constraints
could arise from the imposed directional diffusion
and the need of dissolved molecules to partition
from the hydrophobic to the hydrophilic or
aqueous domains of the structured lyotropic
donors to diffuse through the skin.

The anomalies in release of DA, DS, and
DDEA as shown in Fig. 3 probably were due to

differences in their structural characteristics and
ability of the different media to accommodate
them. An attempt to explain these anomalies is as
follows. (a) Fluxes of DA from the neat and the
middle donors were nearly similar. Based on pre-
liminary release studies from the isotropic media,
it is reasonable to assume that, the 6% difference
in surfactant concentration between the neat and
the middle phase donors could also have minimal
enthalpy contribution to transport, i.e. the trans-
port process is mainly entropy controlled. Conse-
quently, one could conclude that the net entropy
effects on transport of DA from the lamellar and
the hexagonal phases were nearly equal resulting
in equal rates of transport from the two donors.
(b) Flux of DDEA from the hexagonal middle
phase was slightly faster than from the lamellar
neat phase. This finding suggests that the polarity,
configuration, and size of DDEA molecules af-
forded higher compatibilty between the dissolved
drug and the lamellar structure than with the
hexagonal structure. In other words, entropy
changes in the donor system favored release of
DDEA across the skin from the hexagonal phase
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more than from the lamellar phase. (c) Fluxes of
DS from the isotropic and neat donors were very
similar and were more than double that from the
middle hexagonal donor. DS is an organo-metalic
salt, which is expected to be ionizable in the
aqueous environment. From release data, it is
possible that a significant proportion of DS
molecules was squeezed-out from the hydropho-
bic region as well as the lamellae of the neat
phase, and probably resided in the aqueous re-
gion. Thus, similar fluxes from the isotropic and
the neat donors. It is also possible that DS
molecules were accommodated to a high degree
by the hexagonal array of the long cylindrical
miscelles of the middle LLC; thus, limiting their
availability for diffusion from the aqueous envi-
ronment of the mesophase across the skin.

The results of this investigation indicate that,
transport of DA and its salts across the rat skin
were more than thirty times slower than SA.
These results could be attributed to structural
differences between the diclofenac compounds
and SA in so far molecular weight, shape and size,

as well as polarity, polarizability and configura-
tion of the molecules are concerned. It is also
concluded that solute–solvent interactions in the
anisotropic environment, in contrast to such inter-
actions in the isotropic medium, caused the re-
lease of DA and its salts to proceed at different
rates. Therefore, as an application to these results,
the notion of using LLC as a rate-determining
vehicle-reservoir in a transdermal patch could be
put to test. In the process, a specified drug could
be delivered across the skin at a zero-order rate
using a lyotropic vehicle along with a noncon-
trolling membrane. Attainment of a specified rate
could be achieved through the proper choice of
the mesophase and the drug concentration.
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Fig. 2. Steady-state fluxes (ug/hr) of SA through mid-dorsal hairless rat skin, from isotropic and anisotropic donor systems at 37°C,
as a function of the surfactant concentration.
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Fig. 3. Steady-state fluxes (ug/hr) of DA, DDEA, DS through mid dorsal hairless rat skin, from isotropic and anisotropic donor
systems at 37°C, as a function of the surfactant concentration. Key: (	) DA, (
) DDEA, (�) DS.
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