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Abstract

A microemulsion vehicle had been studied as a possible matrix for transdermal delivery of theophylline. The existence of microemul-
sion regions were investigated in pseudo-ternary phase diagrams, and various microemulsion formulations were prepared using oleic acid,
Cremophor RH40/Labrasol (1:2) and water. The optimal formulation of the microemulsion was evaluated in vitro using Franz diffusion
cells. The droplet size of microemulsion was characterized by photo correlation spectroscopy. Pharmacokinetic study in vivo was conducted
using rabbits, and the results indicated that AUCy_, of transdermal administration was 1.65-fold higher than that of oral solution admin-
istration. These studies showed that microemulsion system of theophylline might be promising vehicles for the transdermal delivery of

theophylline.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Theophylline (Fig. 1), a potent methylxanthine drug, which
acted as a bronchiolar smooth muscle relaxant and a suppressor
of non-bronchodilator response of airways, and whose bron-
chodilator mechanism was through the inhibition of phospho-
diesterase by increasing cAMP, had been widely used for the
treatment of asthma and chronic obstructive pulmonary disease
by oral or intravenous route clinically (Choi et al., 1988). But
theophylline had a low therapeutic index. In general, therapeutic
serum theophylline concentrations ranged from 5 to 15 pg/ml.
Small changes in plasma levels might result in therapeutic fail-
ure or adverse effects, such as nausea, vomiting, tachycardia,
headache, seizure and agitation, therefore, the clinical use of
theophylline was limited (Paloucek and Rodvold, 1988; Stavric,
1988; Minton and Henry, 1996).

Microemulsion system, composed of oil phase, aqueous
phase, surfactant and co-surfactant at appropriate ratios, had a
droplet size between 10 and 100 nm, possessed specific physic-
ochemical properties such as transparency, optical isotropy, low
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viscosity and thermodynamic stability (Gasco, 1997; Tenjarla,
1999; Lawrence and Rees, 2000).

Three main mechanisms had been proposed to explain the
advantages of microemulsion for the transdermal delivery of
drugs. First, the high solubility potential for both lipophilic
and hydrophilic drugs of microemulsion systems might increase
thermodynamic activity towards the skin. Second, ingredients of
microemulsion, acting as permeation enhancers, might destroy
the structure of stratum corneum and increase the flux of drug
via skin. Third, the drug from microemulsion might be increased
because the affinity of a drug to the internal phase could be mod-
ified easily (Delgado-Charro et al., 1997; Baroli et al., 2000;
Kreilgaard, 2002). Recently many drugs such as ketoprofen, trip-
tolide, apomorphine, lidocaine and estradiol using microemul-
sion for transdermal delivery had been reported (Kreilgaard et
al., 2000; Peira et al., 2001; Rhee et al., 2001; Peltola et al.,
2003; Chen et al., 2004; Sintov and Shapiro, 2004).

In transdermal delivery, choice of an appropriate vehicle for
the transdermal delivery was an effective method to maximize
the flux through the skin into systemic circulation (Berner and
John, 1994; Hilton et al., 1994). The objective of this study was
to find a stable microemulsion vehicle for theophylline trans-
dermal delivery. A system consisting of oleic acid, Cremophor
RH40, Labrasol and water was prepared, and its physicochem-
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Fig. 1. The structure of theophylline.

ical properties and transdermal ability of theophylline in vitro
and in vivo were evaluated.

2. Materials and methods
2.1. Materials

Theophylline was obtained from Shanghai Wandai Corpora-
tion (batch no. A031213, Shanghai, China). Oleic acid was pur-
chased from Shanghai Chemical Reagent Corporation (Shang-
hai, China). PEG-8 glycol caprylate (Labrasol) was kindly
donated by Gattefossé, France. Polyoxyl 40 hydrogenated castor
oil (Cremophor RH40) was donated by BASF, Germany. Water
was deionized and filtered in our lab. All other chemical and
solvent were analytical reagent grade.

2.2. Screening of oils and surfactants for microemulsion

In order to find out appropriate oils and surfactants that had
good solubilizing capacity of theophylline and, thus, could be
used as the oil phase and surfactants in microemulsion, the
solubility of theophylline in various oils and surfactants were
measured. Oils employed were sesame oil, olive oil, oleic acid,
castor oil, salad oil and ethyllinoleate. Surfactants employed
were lecithin, propanediol, span-80, tween-80, Labrasol, Cre-
mophor EL35 and Cremophor RH40. An excess amount of
theophylline was added to 10ml of each oil or surfactants
and turbine reciprocally at 60 °C, then balanced at 37 °C for
72h and centrifuged, the theophylline concentration in the fil-
trate was determined using HPLC method after dilution with
ethanol.
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2.3. Construction of pseudo-ternary diagrams

Pseudo-ternary phase diagrams were constructed using H,O
titration method at 37 °C to obtain the components and their
concentration ranges that could result in large existence area of
microemulsion without the drug. Four phase diagrams were pre-
pared with the 1:2, 1:1, 2:1and 4:1 weigh ratios of Cremophor
RH40 to Labrasol, respectively. At each ratio of surfactant to co-
surfactant (S/CoS), the ratio of oil to the mixture of surfactant
and co-surfactant was varied as 0.3:9.7, 1:9, 1.5:8.5, 2:8, 2.5:7.5,
3:7,3.5:6.5,4:6,5:5,6:4,7:3,8:2,and 9: 1. Water was added drop
by drop, under gentle magnetic stirring, to each oily mixture.
After being equilibrated, the mixtures were assessed visually
and determined as being microemulsion, crude emulsion or gel.
Based on these diagrams, appropriate concentration of materi-
als were selected and used in the preparation of microemulsion
containing theophylline.

2.4. Preparation of microemulsion

For further studies, from the constructed pseudo-ternary
phase diagrams, nine potential microemulsion vehicles were
prepared at Km=1:2 (Table 1). The theophylline microemul-
sion was prepared by adding theophylline in the oil phase and
surfactant mixture, then water was added to them drop by drop
under a 600 rpm magnetic stirring at 37 °C. Finally, permeation
enhancer was added to the drug-load microemulsion formulation
at the level of 3% (w/w).

2.5. Characterization and stability of microemulsion

The average droplet size and polydispersivity index of
microemulsion were checked by photo correlation spectroscopy
instrument (Marlven, UK) at 25 °C.

The morphology of theophylline microemulsion was also
observed using transmission electron microscopy (TEM, H-
7000, Japan). One drop of diluted samples was deposited on
a film-coated 200-mesh copper specimen grid and allowed to
stand for 10 min after which any excess fluid was removed
with filter paper. The grid was later stained with one drop of
3% phosphotungstic acid (PTA) and allowed to dry for 5 min
before examination under the electron microscope (Oyewumi
and Mumper, 2003).

The viscosity of various microemulsion vehicles were mea-
sured at 25 °C, using a NDJ-8S digital viscometer (Shanghai
Precision and Scientific Instrument, Shanghai, China) with a

Table 1

Compositions of the selected microemulsion formulations

Component ME 1 ME 2 ME 3 ME 4 ME 5 ME 6 ME 7 ME 8 ME 9
Oleid acid (%) 5 5 5 5 12 10 5 5 5
Cremophor RH40 (%) 15 12 18 10 15 15 15 15 15
Labrasol (%) 30 24 36 20 30 30 30 30 30
Water (%) 49.8 58.8 40.8 64.8 42.8 44.8 49.6 494 49.2
Theophylline (%) 0.2 0.2 0.2 0.2 0.2 0.2 0.4 0.6 0.8
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no. 1 rotor set at 60 rpm. The centrifuge tests were carried out to
assess the physical stability of microemulsion. Microemulsion
vehicles were centrifuged for 30 min at 13,000 rpm and 4 h at
4000 rpm in the centrifuge test.

Microemulsion vehicles were stored at —4 °C, 60°C and
ambient temperature for 3 months. Then the clarity, phase sep-
aration and concentration of theophylline were investigated to
judge the optimal storage temperature monthly.

2.6. In vitro permeation studies

Skins were obtained from male mice weighing 20 4 2 g. After
hair was removed carefully with arazor, a2.5 cm x 2.5 cm patch
of skin was excised from the abdomen region from each sacri-
ficed mice and the subcutaneous fat and other extraneous tissues
were trimmed. And then the skins were washed and examined
for integrity. The skins were stored at 4 °C overnight and then
used for experiments.

The extent and rate of skin permeation of theophylline from
prepared microemulsion were determined using a diffusion cells
(TP-4, Nanjing, China). The skins were clamped between the
donor and the receptor chamber of vertical diffusion cells. The
effective diffusion area was 1.54 cm?. The receptor chamber was
filled with 16 ml of physiological saline solution and its tem-
perature was maintained at 37 £ 0.5 °C and stirred at 400 rpm
throughout the experiment. After 1ml of the microemulsion was
applied on the epidermal surface of the skin, 5 ml of the recep-
tor medium was extracted for determination using HPLC with
an injector at 0.5, 1, 2, 4, 6, 10, and 12 h after the application,
and replaced immediately with an equal volume of physiological
saline solution equilibrated at 37 4= 0.5 °C. Microemulsion with-
out any theophylline was dealt with the same method as control
simultaneity. The cumulative amount of theophylline permeated
through excised mice skins was calculated by the equation:

v nflvi
=—=xC —C;
Os SX n+;S i

where C, was the drug concentration of the receiver solution
at each sampling time, C; the drug concentration of the sam-
ple, and V and V; were the volumes of the receiver solution
and the sample, respectively. S was the effective diffusion area
(S=1.54cm?). The cumulative amount of theophylline perme-
ated plotted as a function of time. The slope and intercept of the
linear portion of the plot was derived by regression. The perme-
ation rate of theophylline at steady state (Js, wg/cm?/h) through
mouse skin was calculated from the slope of linear portion of
the cumulative amount permeated through the mouse skins per
unit area versus time plot.

In order to obtain the permeability coefficient K}, (cm/h), we
used the equation:

=
where K, was the permeability coefficient, Jg the flux calculated

at steady state and Cy represents the drug concentration which
remains constant in the vehicle.

Kp

2.7. Invivo permeation studies

New Zealand male rabbits (2.0-2.2 kg) were obtained from
the animal centre of China Pharmaceutical University and main-
tained at 25°C for the study. The animals were housed in
stainless steel metallic cages and provided with standard diet
and water ad libitum. Necessary approvals were obtained for
conducting this study.

Animals were fasted 24 h prior to the administration of drug
formulations but had free access to water. One day prior to the
experiment, hair on the backside area was clipped by a razor and
washed with distilled water. Microemulsion containing theo-
phylline (14 mg/kg) was applied on the skin surface (4.9 cm?)
in open containers glued to the skin by a silicon rubber. Theo-
phylline solution was administered orally (14 mg/kg) with a soft
plastic tube as control. Blood samples (1.0 ml) were collected
at 0, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 16.0, 20.0, 24.0, and
30.0 h after transdermal administration and 0, 0.2, 0.4, 0.6, 1.0,
2.0, 3.0, 4.0, 6.0, 8.0, 12.0, and 24.0h after oral administra-
tion through auricular vein into a heparinized glass tubes. The
plasma was separated immediately and frozen at —20 °C until
analysis.

Plasma levels of theophylline were estimated by HPLC. To
0.3ml plasma, 0.1 ml (30.6 pg/ml) of vanillin was added and
then extracted with 3.4 ml of ethyl acetate for 2 min. Organic
layer (2 ml) was separated and evaporated to dryness at 60 °C
under a stream of nitrogen. The residue was reconstituted with
0.5 ml of pure water and then theophylline was estimated using
HPLC by ultraviolet detector at 272 nm. The lower detection
limit by this method was 0.1 wg/ml. The R.S.D. for intra-
and inter-day estimations were 2.43% and 1.93%, respectively,
demonstrating good reproducibility.

PK parameters such as peak plasma concentration (cmax)
and time of its occurrence (fmax) were read directly from the
individual plasma concentration—time profiles. The other PK
parameters, e.g. biological half-life (¢1/2), mean residence time
(MRT) and area under the curve (AUCy_, ), were calculated
using a statistic soft which measured #1/» from the regression of
the terminal phase of concentration time plot. MRT was calcu-
lated by dividing the AUMCy_, oo by AUC_, o and AUCy_,
was calculated by linear trapezoidal rule.

2.8. Statistical analysis

All skin permeation experiments in vitro were repeated three
times and experiments in vivo were repeated using eight rabbits.
Data were expressed as the mean value = S.D. Statistical data
were analyzed by one-way analysis of variance (ANOVA). A
multiple comparison test was used to compare different formu-
lations, and a P-value of 0.05 was considered to be significant.

3. Results and discussions
3.1. Screening of oils and surfactants for microemulsion

The solubility of theophylline was highest in oleic acid,
followed by ethyllinoleate, olive oil, castor oil, salad oil and
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sesame oil. Theophylline also had a higher solubility in Labrasol
and Cremophor RH40 followed by Cremophor EL35, tween-80
and propanediol, but had a less solubility in lecithin and span-
80. Kanikkannan (Kanikkannan et al., 2000) had reported that
oleic acid could increase fluidity of lipid portion of the stratum
corneum which resulted in a permeation enhancing effect, and
Cremophor RH40 and Labrasol were good emulsifiers used in
microemulsion. So oleic acid, Cremophor RH40 and Labrasol
were subsequently used as the oil phase and surfactants for the
formulations of microemulsion containing theophylline in this
study.

3.2. Construction of pseudo-ternary diagrams

The construction of pseudo-ternary phase diagrams is used
to determine the concentration range of components in the
existence range of microemulsion. The pseudo-ternary phase
diagrams with various weight ratios of Cremophor RH40 to
Labrasol were described in Fig. 2. As shown in this figure, there
were four areas in the diagram. With the proper ratio of oil phase
and mixture surfactants, system changed from translucent water-
in-0il (W/O) region to oil-in-water (O/W) region followed by the
drop of water. The gel area which was transparent and high vis-
cosity region also be seen in the diagram. The rest of the regions
on the phase diagram represented the turbid and conventional
emulsions based on visual observation. As S/CoS decreased,

oil

K=2:1

0.75

0.00 0.25 050 0.75 1.00
water S/CoS

}0.00

Fig. 3. Microphotograph of theophylline microemulsion by TEM (100,000 ).

the area of existence in O/W microemulsion became enlarged,
reaching a maximum at S/CoS of 1/2.

3.3. Characterization and stability of microemulsion

Morphology of theophylline microemulsion was character-
ized using TEM (Fig. 3). The average size of all microemulsion
vehicles ranged from 22.3 to 78.5 nm. It was obvious that the
average droplet size and viscosity of microemulsion with more
oil increase significantly, while with more surfactant, no change

K=1:1 oil
00051 00

4 : L 0.00
0.00 0.25 0.50 0.75 1.00
water S/CoS

Fig. 2. Pseudo-ternary phase diagrams of microemulsion composed of oleic acid, surfactant (Cremophor RH40), co-surfactant (Labrasol) and water. K=S/CoS; M1,

W/O region; M2, O/W region; G, gel region.
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Table 2
Percutaneous permeation parameters of the tested vehicles (mean £+ S.D.; n=3)

Vehicles Js (ng/cm?/h) Kp (x10° cm/h)
ME 1 16.78 + 0.75 9.87 + 0.44
ME 2 15.60 + 3.58 9.18 + 2.11
ME 3 14.52 + 1.05 8.54 + 0.62
ME 4 18.70 + 1.95% 11.00 + 1.15%
ME 5 16.90 + 2.38 9.94 + 1.40
ME 6 1536 + 1.28 9.04 + 0.75
ME 7 55.89 + 9.65" 9.49 + 1.64
ME 8 39.43 + 7.98b 9.19 + 1.86
ME 9 31.10 + 4.91° 9.87 + 1.56

4 P<0.05, compared with ME 1.
b P<0.01, compared with ME 1.

in average droplet size and viscosity of microemulsion was
observed. The ME 1 containing 5% oil, 15% Cremophor RH40
and 30% Labrasol without theophylline had the lowest aver-
age droplet size (23.6 nm) and viscosity (97.5 0.3 mPaS). In
addition, the average droplet size of microemulsion increased
with the amount of theophylline. This is because theophylline
might embed in the interfacial film (Sintov and Shapiro, 2004).
Samples were diluted with distilled water before testing to
avoid multiscattering phenomena. The droplet size of the diluted
microemulsion was not significantly changed.

All microemulsion formulations were stable at ambient tem-
perature in the presence or absence of theophylline. No changes
of particle size, phase separation and degradation of theophylline
were observed during 6 months. The centrifuge tests showed
that all microemulsion had good physical stability. However,
the phase separation and turbidity were observed when vehicles
stored at —4 and 60 °C. The coagulation of the internal phase at
low temperature and the cloud point of surfactant mixture at high
temperature might lead to this instability. But these were easily
recovered by storing in the ambient temperature for a while.

3.4. Invitro permeation studies

The effect of the content of oil and surfactant mixture on
the skin permeation of theophylline was evaluated. The per-
cutaneous permeation parameters of the tested microemulsion
formulations were presented in Table 2. The skin permeation
profiles were presented in Figs. 4 and 5.

250

——-ME |
—+—ME 3

——ME2
-+—ME 4

Cumulative amount of
theophylline penetrated (ug/cm?)

Time (h)

Fig. 4. The effect of the amount of mixture surfactants in microemulsion on the
permeation rate of theophylline (mean value &+ S.D.; n=3).
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Fig. 5. The effect of the amount of oil phase in microemulsion on the permeation
rate of theophylline (mean value + S.D.; n=3).

The content of surfactant mixture in microemulsion influ-
enced the skin permeation rate of theophylline (Fig. 4.). As
the content of surfactant mixture decreased from 54% to 30%,
the skin permeation rate of theophylline increased 1.28 times.
Theophylline was a poorly water-soluble drug, but soluble in
the surfactant and co-surfactant. The thermodynamic activity of
drug in microemulsion at the lower content of surfactant mixture
was a significant driving force for the release and the pene-
tration of the drug into skin (Walters et al., 1998; Rhee et al.,
2001). So the increased concentration of surfactant in dispersed
systems might decrease drug release and its permeation in the
skin.

When the content of surfactant and co-surfactant was fixed to
45%, the skin permeation rate of the drug from the microemul-
sion containing different amount of oil (5, 10, and 12%) were
tested. As shown in the Fig. 5, the skin permeation rate increased
as the content of oil increased. Transdermal process was a pas-
sive diffusion process, which can be affected by transdermal
permeation enhancer. Oleic acid was a powerful penetration
enhancer, but it was encapsulated by surfactant mixture and
hardly penetrated into stratum corneum. A high content of oleic
acid could cause serious skin irritation (Boelsma et al., 1996).
So 5% was chosen as the content of oil phase in this study.

Increasing the loading dose was an effective method to
improve the skin permeation rate of various compounds. Accord-
ing to the Fick’s first diffusion law, the permeation rate of drug
was almost linearly improved as a function of loading dose of
microemulsion. Fig. 6 showed the effect of the loading dose
of theophylline in microemulsion on the permeation rate. The

800
700
600 -
500 [
400
300 [
200
100

0 L | | I I )

0 2 4 6 8 10 12 14
Time (h)

——ME 1 -=-ME9
——ME8 —+ME7

Cumulative amount
of theophylline penetrated (ug/cm?)

Fig. 6. The effect of different drug load of microemulsion on the permeation
rate of theophylline (mean value & S.D.; n=3).
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Fig. 7. The effect of different penetration enhancer on the permeation rate of
theophylline (mean value £ S.D.; n=3).

permeation rate of theophylline increased from 16.78 +0.75
to 55.89 4 9.65 wg/cm?/h, as the loading dose of theophylline
increased from 0.2% to 0.8%. The permeation rate of theo-
phylline was almost linearly improved as a function of loading
dose and the permeation of microemulsion accorded with the
Fick’s first diffusion law.

To improve the permeation rate of theophylline from
microemulsion, various enhancers (menthol, eucalyptus oil,
azone and ethanol) were added to the microemulsion. The
obtained permeation profiles were shown in Fig. 7 and the per-
meation parameters calculated from the profiles were presented
in Table 3. Menthol showed the most pronounced enhancing
effect on the permeation rate of theophylline. When 3% men-
thol was incorporated into ME 1, the permeation rate of theo-
phylline increased from 16.78 0.75 to 29.15+3.01, a 1.73
times increased in the permeation rate of theophylline was
observed by compared to the control containing no enhancer,
while other enhancer did not increase the skin permeation rate of
the drug significantly. Menthol, a monocyclic terpene with pleas-
ant odor, had been used as penetrate enhancer in many transder-
mal drug delivery system (Jain et al., 2002). The mechanism
of enhancement might be attributed to the preferential hydrogen
bonding of oxygen-containing monoterpene with ceramide head
groups thereby breaking the lateral/transverse hydrogen bond
network of lipid bilayer (Narishetty and Panchagnula, 2004).

3.5. Invivo permeation studies

The mean plasma concentration—time profiles of theo-
phylline after oral and transdermal administration were shown
in Fig. 8, respectively. The calculated PK parameters were

Table 3
Percutaneous permeation parameters of the tested vehicles in the present of
enhancer (mean &+ S.D.; n=3)

28 —s—oral administration

- —s—transdermal administration
24
20

16

Plasma concentration
of theophylline(uge ml)

Time(h)

Fig. 8. Plasma concentration of theophylline following oral and transdermal
administration to eight rabbits (mean value £+ S.D.; n=8).

given in Table 4. The results of the oral administration of theo-
phylline solution indicated that theophylline could be rapidly
absorbed from the rabbit gastrointestinal tract with a cpax of
22.04+3.3 pg/ml at a tp,x of 1.0+ 0.1 h. Transdermal admin-
istration of theophylline microemulsion achieved steady state
plasma concentration 14.6 4= 2.1 p.g/ml after an initial lag time
of approximately 8.8 h.

The transdermal administration microemulsion contain-
ing theophylline resulted in a bioavailability of 270.55+
31.8 wg/ml/h, whereas, the oral administration of theophylline
solution resulted in an AUC(_, » of 164.0 40.2 pg/ml/h. The
AUC)_, o of transdermal administration was 1.65-fold higher
than that of oral administration alone, and the statistic calcu-
lation provided a significant difference between both values
(P<0.05). Similarly, the MRT after transdermal administration
was higher 12.75 &£ 0.2 h compared to oral administration which
was only 6.30 0.2 h, which still provided a significant differ-
ence (P <0.05).

Compared to oral administration, transdermal administration
of theophylline microemulsion showed the low ¢« and pro-
longed fmax in the plasma concentration—time curve, which was
due to the barrier properties of the skin which lead to an accu-
mulation of the drug in the skin. The summary of the AUC
of theophylline after transdermal administration also increased
compared with bioavailability following oral administration. It
was due to avoidance of substantial amount of hepatic first
pass metabolism associated with oral administration. The higher
MRT values of transdermal delivery versus the oral route might
be due to continuous replenishment of drug into the systemic
circulation by constant and controlled delivery of drug from the
theophylline microemulsion. Thus transdermal administration

Table 4
Pharmacokinetic parameters obtained after oral and transdermal administration
of theophylline microemulsion in rabbits (mean &+ S.D.; n=8)

Vehicles Js (ng/cm?/h) K (x 103 cm/h) Parameter Transdermal administration Oral administration
Control 16.78 £ 0.75 9.87 £ 0.44 Cmax (pg/ml) 14.6 £ 2.1* 220+ 33
Azone 19.58 £ 5.12 11.52 £ 3.01 Imax (h) 6.5+ 1.6° 1.0 + 0.1
Menthol 29.15 £ 3.01* 17.15 £ 1.77* t112 (h) 8.8 £ 0.3 6.1 £0.2
Cineole 24.40 £ 2.19° 14.35 + 1.29° AUC (pg/ml/h) 270.55 £+ 31.8* 164.0 + 40.2
Ethanol 19.85 + 1.55 11.68 + 0.91 MRT (h) 12.75 £ 0.2* 6.30 £ 0.2

? P<0.01, compared with control.
b p<0.05, compared with control.

? P<0.05, compared with oral administration.
b P<0.01, compared with oral administration.
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of theophylline microemulsion had a sustained and enhanced
absorption.

4. Conclusion

The theophylline microemulsion was formulated for trans-
dermal application. The different microemulsion formulations
were selected using the construction of pseudo-ternary phase
diagram. Optimum formulation of the microemulsion was
obtained by in vitro permeation studies. The addition of menthol
to the microemulsion increased the permeation rate of theo-
phylline via the skin. The permeation rate of theophylline from
microemulsion accorded with the Fick’s first law. The result of
in vivo permeation experiments showed transdermal adminis-
tration of theophylline microemulsion could provide sustained
plasma concentration with minimal fluctuation.
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