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A microemulsion, made from water, oil, surfactants and cosurfactant is a
thermodynamically stable system. The presence of the cosurfactant is often
required in order to lower the interfacial tension of this interface, because
a low interfacial tension is essential for the formation of microemulsions.
The transparency of microemulsions arises from their small droplet diameter.
The droplet diameter in stable microemulsions is usually within the range
of 10 - 140 nm. Microemulsions are graphically represented as stability
areas in triangular phase diagrams where each triangular corner designates
a certain component. Microemulsions are actually quaternary (pseudoternary)
systems. In pharmaceutical fields, the interest in microemulsions is increasing
and, thus, they are applied to various administration routes.
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1. Introduction

A microemulsion is a thermodynamically stable system composed of at least water,
oil and surfactants. The microemulsion concept, generated as a clear single-phase
system by titrating a milky emulsion with hexanol, was introduced as early as the
1940s by Hoar and Schulman [1-4].

The simplest representation of the structure of microemulsions is the droplet
model in which microemulsion droplets are surrounded by an interfacial film
consisting of both surfactant and cosurfactant molecules. There are three different
basic structural types of microemulsions: water-in-oil (w/0), oil-in-water (o/w) and
finally bicontinuous structures (Figure 1). They might be stabilized either by single
surfactant, mixture of surfactants, or cosurfactant/surfactant combination [2,5-7].

Microemulsions are actually quaternary (pseudoternary) systems composed of
an oil phase, a water phase, surfactant/s and a cosurfactant. These spontaneously
formed systems possess specific physicochemical properties such as transparency,
optical isotropy, low viscosity and thermodynamic stability. The transparency of
microemulsions arises from their small droplet diameter. Droplet diameter in
stable microemulsions is usually within the range of 10 — 140 nm [2.8-10].

Microemulsions are graphically represented as stability areas in triangular phase
diagrams where each triangular corner designates a certain component [11,12].
An example phase diagram is illustrated in Figure 2.

Microemulsions have favorable solvent properties due to the potential
incorporation of a large fraction of lipophilic and/or hydrophilic phases.
Moreover, investigations have indicated that the unique structural organization of
the phases in microemulsions may contribute to additional solubility regions,
increasing the load capacity of microemulsions, compared with non-structured
systems containing the same fraction of constituents [13-16].

Due to their unique characteristics, microemulsions have been increasing in
popularity and garnering more attention in recent years. Such interest has come
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Figure 1. A diagrammatic representation of microemulsion structures. A. Water-in-oil microemulsion droplet; B. Oil-in-water
microemulsion droplet; C. Irregular bicontinuous structure.
Figure adapted from [2].
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Figure 2. Pseudoternary phase diagrams indicating the microemulsion regions.
Figure adapted from [33].

from industrial laboratories, as well as academic researchers, 2. The formation of a microemulsion
and in pharmaceutical fields this has lead to their application
in various administration routes. According to Danielsson and Lindman [17), microemulsions

This paper reviews the recent literature with respect to  can be defined as systems of water with or without electrolyte,
use of microemulsions for drug delivery, and discusses the  oil and nonionic surfactant or surfactants, which are single
influence of microemulsion composition. isotrophic and thermodynamically stable liquid systems.
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There are three kinds of microemulsions: o/w (normal
microemulsion), bicontinuous microemulsion, and w/o
(reverse microemulsion) [2,6].

Few theories have tried to explain the formation of
microemulsions; however, three approaches have been used
to explain formation and stability (7,18,19]. These are:

i) interfacial or mixed film theories;
ii) solubilisation theories;
iii) thermodynamic treatments.

The formation of microemulsions usually involves a
combination of three to five components: namely, oil, water,
surfactant, cosurfactant and electrolyte. Whether the systems
form w/o or o/w microemulsion is dependent on the
properties of the oil and the surfactant, the water-to-oil
ratio and the hydrophilic-lipophilic balance (HLB)
temperature or phase inversion temperature. Nonionic
surfactants are conveniently classified on an empirical scale
known (HLB) ranging from 1 to 20. In general, w/o
microemulsions are formed using surfactants that have an
HLB in the range of ~ 3 — 6, and o/w microemulsions are
formed using surfactants that have an HLB value in the
range of ~ 8 — 18 [7.20.21].

Temperature usually exerts an effect on the formation and
region of existence of microemulsions, as the HLB of
surfactants can change with temperature and destabilize
the surfactant interface. The stability of the final micro-
emulsion formulation should always be examined within the
temperature ranges of storage and application [22,23].

The relationship between the phase behavior of a mixture
and its composition can be captured with the aid of a
phase diagram. An isothermal phase diagram of three or
four components can represent the region of a transparent,
isotropic and low-viscosity microemulsion phase along with
those of a liquid crystalline phase or a lamellar phase [11,24-26].
The phase behavior of simple microemulsion systems
comprising oil, water and surfactant can be studied with the
aid of ternary phase diagram, in which each corner of the
diagram represents 100% of that particular component [27].
In general, an o/w microemulsion is prepared in the water-rich
region, and a w/o microemulsion in the organic-rich region.
An essential requirement for their formation and stability is
the attainment of a very low interfacial tension. As micro-
emulsions have a very large interface between oil and water,
because of the small droplet size, they can only be thermo-
dynamically stable if the interfacial tension is low. The role
of the surfactants in the system is, thus, to reduce the
interfacial tension between oil and water. The purpose of
using the cosurfactant — usually a short chain alcohol — is
to increase the interfacial fluidity by penetrating into the
surfactant film and consequently creating a disordered film,
due to the void space among surfactant molecules [28,29].
Careful consideration should also be given to the choice
of cosurfactant. The inclusion of medium chain length
alcohols as cosurfactants limits the potential use of the
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microemulsion, due to their toxic and irritant properties [s].
However, the use of cosurfactant in a microemulsion is not
required, and alcohol-free self-emulsifying drug delivery
systems (SEDDSs) have been described in the literature [30-32.

A highly schematic pseudoternary phase diagram is
presented in Figure 2 [33]. In this study of the controlled
release of methotrexate from a w/o microemulsion, soybean
oil was used as the oil phase, and Cremophore EL® (BASF)
and Span 80 were the surfactants. Isopropyl alcohol was
used as a cosurfactant. To investigate the microemulsion
formulation areas, phase diagrams were constructed by
titration of a series of surfactant/cosurfactant mixtures with
0.2 M NaOH solution at 25°C. The boundaries of the
microemulsion domains were determined and the ideal
surfactant/cosurfactant weight ratios and microemulsion
areas were detected by the aid of phase diagrams using a
computer programme [34]. After the identification of the
microemulsion region in the phase diagrams, the ideal
microemulsion formulation was developed using the gravity
center of the microemulsion formation area (Figure 2). In
this formulation, the surfactant/cosurfactant weight ratios
were 2:1 (w/w) and the Span 80-Cremophore EL weight
ratio was 7:1 (w/w). For the preparation of this micro-
emulsion, surfactants were mixed and melted at 60°C, then
added into the appropriate amount of soybean oil. The
cosurfactant was added into this mixture and the formulation
was carried out by slowly titrating with 0.2 M NaOH
solution, while stirring the mixture with a stirring bar using
a magnetic stirrer (9 rpm) until turbidity was observed.

Depending on the physico-chemical properties of
the constituents and composition, the stability of a
microemulsion may be affected by the addition of buffers,
electrolytes, preservatives, polymers and drugs, which may
alter the microemulsion structure, and region of existence.
Microemulsion systems based on nonionic surfactants are
generally less affected by additives and changes in pH than
ionic surfactants [35,36].

3. The characterization of microemulsions

As the size of microemulsion aggregates is smaller than the
wavelength of visible light, and the structures can be altered
by changes in composition and temperature, the direct
examination of microemulsion structures is very difficult.
Therefore, many techniques have been employed with
varying success in the size analysis of microemulsions [37-42].

It is known that particle size distribution is one of the
most important elements of a microemulsion to characterize,
for the evaluation of its stability 431 and 7z vivo fate [44].
Ozguney er al. [45] have shown that the mean droplet
diameters of microemulsions prepared with isopropyl
alcohol and with propanol without diclofenac sodium were
11.7 and 14.45 nm, whereas with diclofenac sodium these
were 9.19 and 12 nm, respectively. The mean droplet size of
microemulsions incorporating diclofenac sodium is smaller
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compared with the mean droplet size of microemulsions
without the drug. Presently, it was not clear by which
mechanism the droplet size is decreased. However, two
possibilities have been considered: i) a portion of the
undissolved drug could act as an emulsifying agent by the
deposition of drug particles at the interface of the micro-
emulsion; ii) the deposition of drug at the interface of the
microemulsion, and the reduced motility of the surfactant,
has been thought to decrease the particle size of drug-loaded
microemulsions, as has previously been demonstrated [46].

Microemulsions have been evaluated using a wide range of
different techniques over the years, but a combination of these
methods is generally required in order to fully characterize
these systems. At the macroscopic level viscosity, conductivity
and dielectric methods provide useful information [47-55].
Viscosity measurement for example can indicate the
presence of rod-like or worm-like reverse micelles [48-50],
and conductivity measurements provide a means of
determining whether a microemulsion is oil-continuous or
water-continuous [51-53]. Dielectric measurements are a
powerful means of probing both the structural and dynamic
features of microemulsion systems [54-55).

As has been previously reported, in order to study the
electrical conduction of nonionic microemulsions, a small
amount of aqueous electrolyte must be added to provide the
charges necessary for charge transport (56,57). However, the
addition of salt, especially sodium chloride, can significantly
affect the phase behaviors and structural properties of micro-
emulsions (s8], and may even result in phase separation.
Because of this, in a study by Kantarci ez al. 53], the con-
ductivity measurements were performed without deliberate
incorporation of an electrolyte. Low conductivity values were
obtained with microemulsion formulations without a water
fraction. It is known that autoprotolysis constants (K) for
aliphatic alcohols are -logK = ~ 20, and for water, -logK = 14.
Therefore, solutions of alcohols are better conductors than
water, and the conductivities of alcohols are also greatly
increased by the presence of water. The appropriate electrical
conductivity values for this particular conductivity study were
obtained with formulations without water and diclofenac
sodium, primarily enabled by the presence of alcohols; then the
electrical conductivity values of the microemulsions with
sufficient electrical conductivity values with and without
diclofenac sodium were compared. As shown in Table 1,
the conductivity values of unloaded microemulsions
were 16.9 — 17.9 pScm™!, and drug-loaded microemulsions
18.8 — 20.2 pScm’l. From viscosity measurements, it
was observed that the viscosity values of drug-loaded
microemulsions were higher than the values for unloaded
formulations (Table 1).

At relatively low dispersed phase volume fractions, the
microemulsion generally contains nanometer-sized droplets
of oil or water. If the droplets are non-interacting the resulting
microemulsion will be of low viscosity and may, therefore, be
suitable for oral, parenteral, pulmonary or even ocular delivery.

When water is present in a microemulsion system, it
can be either free or bound water depending on the
state of the system. Bulk (free) water is assumed to
have physicochemical properties similar to those of pure
water. Bound water on the other hand is strongly influenced
by the surfactants present in the samples and its properties
will differ from those of pure water (i.e., the presence
of a nearby surfactant alters its thermodynamic properties,
such as freezing point, melting point, enthalpy and
heat capacity) [10,59,60].

In one study, the viscosity measurements of methotrexate-
loaded microemulsion (M-MTX) were examined as a
function of shear rate [33]. Figure 3 shows that M-MTX
was a pseudo-plastics non-Newtonian fluid — this type of
fluid has a decreasing viscosity with an increasing shear rate.
This flow behavior is sometimes called ‘shear thinning’,
and the viscosity of such fluids changes as the shear rate is
varied. Thus, the experimental parameters of the viscometer
model, spindle and speed all have an effect on the measured
viscosity of a non-Newtonian fluid. Previous studies on
microemulsion rheology have indicated that bicontinuous
or middle-phase microemulsions may be weakly shear
thinning. However w/o and o/w microemulsions remain
Newtonian at high shear rates. It is well understood that
the rheological behavior of a liquid depends upon how
the shear rate compares with the rate of various relaxation
processes in the system. As presented in Figure 3, the study
by Karasulu ez a/. demonstrated that, at high shear rates, the
microemulsion viscosity remained nearly constant as
the shear rate was varied, as with a Newtonian fluid. The
viscosity of M-MTX was 143 + 3 P

The isotropic nature of microemulsions and their optical
clarity requires the use of spectroscopic techniques for
their study, particularly when making comparisons with
conventional macroemulsions [2,59,60. The measurement of
self-diffusion coefficients can be performed by a number
of nuclear magnetic resonance (NMR) spin-echo methods,
the neutron spin-echo method, tracer techniques involving
radioactive labeling of the compound, and transient optical
grating methods [25.57,50,61-63]. Scattering methods have
also been invaluable in elucidating the structure of micro-
emulsions, and these include small angle X-ray scattering
(SAXS), small angle neutron scattering (SANS), and static
and dynamic light scattering. These techniques have a lower
size limit of ~ 2 nm, and upper limit of ~ 100 nm for SANS
and SAXS, and a few microns for light scattering [64-67].

Microemulsions offer several potential advantages as
drug delivery systems due to their solubilization capacity,
transparencies, high stability and simplicity of manufacture.
However, the most critical problem regarding to the
microemulsion-based drug carriers is the toxicity of
the components. Recent efforts have been focused on how
to decrease or eliminate the toxicity or irritation of the
microemulsion formulations [68,69]. A microemulsion system
free of alcohols has been investigated as a potential drug
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Table 1. The conductivity, viscosity and observed pH values of w/o microemulsions with/without

diclofenac sodium.

Formulations Unloaded microemulsions

DS - loaded microemulsions

Conductivity o (uS/cm)  Viscosity 1j (cps) pH

Conductivity ¢ (uS/cm) Viscosity 1 (cps) pH

M (ethanol) 16.9 87
M (isopropyl alcohol) ~ 16.9 80
M (propanol) 17.9 90

6.70 18.8 176 6.70
6.75 20.2 174 6.85
6.75 18.8 194 6.70

Table adapted from [53].
DS: Diclofenac sodium; M: Microemulsion.
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Figure 3. Variation of viscosity as function of the shear rate for the microemulsion system.

Figure adapted from [33].

delivery system (30-32], and in these studies, the components
were all food-grade agents and were almost completely free
from causing irritation or toxicity, which will be important for
the improvement of microemulsion formulations in future.
Other important questions surrounding microemulsion-
based drug delivery systems are where the drug is solubized
and how the stability of the drug is increased [68]. The use
of 'TH NMR spectroscopy, high performance liquid chroma-
tography assay and dynamic light scattering experiments
have proven to be useful in these fields [35,70-72].

4. Microemulsions in drug delivery

Microemulsions have received recent interest as potential
drug delivery systems  [13-16,21,22,28-33,35,36,42-46,49,53,70,72].
Drugs incorporated in microemulsions will partition between
the aqueous and hydrophobic phases, depending on their

lipophilicity, and the influence of the partition coefficient
of a drug on its release characteristics has been reported
by Trotta et al. (73]. The attraction of o/w microemulsion
systems lies in their ability to incorporate drugs into the
apolar oil phase, thereby enhancing their solubility [13,74-76).
Hydrophilic drugs can be incorporated into the dispersed
aqueous phase of w/o microemulsion droplets, to afford
some protection from enzymatic degradation when orally
administered [77-86]; Celebi ez al. [84] prepared a stable micro-
emulsion formulation effective in preventing the enzymatic
degradation of epidermal growth factor in the gastrointestinal
tract, and examined the effects of different epidermal growth
factor formulations administered by different routes on the
healing of acute gastric ulcers in rats. Several workers have
reported studies in which the lipophilicity of drugs has been
increased to enhance their solubility in the dispersed oil
droplets. In this way, a reservoir of the drug is produced and
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Table 2. Permeation parematers of diclofenac sodium
from different bases through rat skin®.

Formulation  Flux * S.D (ug/cm?/h) Kp * S.D (cm/h)

M 4.9 x 102+ 0.0040 49x103£3.6x10%
M + DMSO 5.3%x102+0.0120 53x103+1.2x 1073
Commercial 2.7 x 102+ 0.0070 2.7%x103+7.3x10%
Gel 4.5 x 102+ 0.0005 45x%x103+£45x10°

Table adapted from [45].
“Data are given as mean +S.D. (n = 3).
DMSO: Dimthyl sulfoxide; Kp: Permeability coefficient; M: Microemulsion.

a sustained release effect is achieved, as the drug
continuously transfers from the oil droplets to the continuous
phase to replace drug released from the microemulsion [2,5.86.,87].
Moreover, drug delivery forms based on w/o microemulsions
can also be employed where dilution by the aqueous phase
is less likely to occur, such as after intramuscular injection.
Similarly, microemulsions and microemulsion gels for trans-
dermal drug delivery are also under development [45,46,70,72.88].
These have been reported to significantly enhance the
absorption of drugs compared with solution, gel or
cream formulations. Oral, ocular, pulmonary, nasal,
vaginal and intravenous routes are the main alternative
administration routes to which the micoemulsion technique
can be applied [29.46,59,69,89-94].

An interesting microemulsion formulation based on oleic
acid/span 80/tween 80/isoropanol has been reported [95].
The microemulsion was prepared by the loading of an
anticancer drug, mitomycin C (MC), into this oil/water
system, and stability studies were perfomed in order to
obtain the physical and physicochemical properties of
the microemulsion. In this study, a new electrochemical
detection method for the interaction of double-stranded
DNA (dsDNA) with MC loaded into the microemulsion
was employed, using differential pulse voltammetry with
a disposable sensor and pencil graphite electrode. The
magnitude of guanine oxidation was monitored before
and after the interaction between MC and dsDNA.
The effect of different experimental parameters such as
MC concentration, MC interaction time with dsDNA,
and dsDNA concentration were also studied to find the
optimum analytical performance.

4.1 Microemulsions for dermal and

transdermal delivery

Many studies have shown that microemulsion formulations
possessed improved transdermal and dermal delivery
properties, mostly in wvitro, and several in wvivo. The vast
majority of drug delivery investigations with topical
miroemulsions have been performed in vitro, using the
classical Franz-type diffusion cells with various membranes.
Although this method actually determines percutaneous,

rather than cutaneous drug delivery, a good indication of the
cutaneous drug delivery potential of microemulsions can be
obtained from these studies. As demonstrated by recent
publications, the intradermal permeation rates of a lipophililic
drug are significantly increased from microemulsions, compared
with commercial macroemulsions [35,45,53,70,72,88,96-98].

A study by Ozguney et al. (45] has been performed, which
had the aim of improving the transdermal permeation of
diclofenac sodium. Transdermal permeation studies were
carried out using rat skin. Three topical formulations
of diclofenac sodium (1%, w/w) were prepared: a gel,
an emulsion and a microemulsion. Furthermore, the effect
of dimethyl sulfoxide (DMSO), added as an enhancer
into the microemulsion system, on the penetration rate
of diclofenac sodium was examined. The commercial
formulation of diclofenac sodium was also tested as a
reference. It was found that the flux from the emulsion
was 6.5 X 1072 pg/cm?/h, which was 2.4-times greater
than that observed from the commercial dosage form
(2.7 X 102 pg/cm?/h). The flux values of the microemulsion
and the microemulsion containing DMSO as an enhancer
were 1.8- and 2.0-times greater than the commercial dosage
form, respectively (Table 2). In a previous study, it was
explained that the interaction of DMSO with the stracum
corneum lipid alkyl chains resulted in decreased diffusion
resistance of the barrier, with an observed drug partition
increase into the skin [99]. In the same study, it was
also found that the different formulations loaded with
diclofenac sodium could significantly (p < 0.05) inhibit
carrageenan-induced rat paw thickness. Furthermore the
anti-inflammatory effects of the microemulsion, and micro-
emulsion plus DMSO, formulations were statistically higher
than the others, according to a Duncan test (p < 0.05). One
reason for this effect is that the microemulsion had a very
low interfacial tension, which allowed for excellent contact
with the skin surface, allowing the vehicle to fill even micro-
scopic gaps. This should enhance the vehicle skin drug
transfer. The second possible mechanism is related to
the high drug loading capacity of the microemulsion; and the
third possibility is the penetration-enhancing effect of
the microemulsion components. This mechanism can add
to the explanation of the effect of cosurfactants, as they
are known to act as skin penetration enhancers. Finally,
the supersaturation process may be responsible, as it
increases the thermodynamic activity and driving force for
transdermal drug transfer [35.70,98,100].

Various lecithin (phosphatidylcholines)-based formulations
have been proposed as dermal and transdermal drug delivery
systems [101-104]. Paolino ez al. [104] investigated the potential
application of highly biocompatible o/w microemulsions as
topical drug carrier systems for the percutaneous delivery of
anti-inflammatory drugs. Microemulsions were made up of
triglycerides as the oil phase, a mixture of lecithin and
n-butanol as the surfactant/cosurfactant, and an aqueous
solution as an external phase. To evaluate the percutaneous
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Table 3. Human skin irritancy test of various topical formulations after 48 h of treatment.

Sample Irritation evidence at 48 h Score*

Number of cases”

Vesicles Edema Erythema Flakiness Dryness Wrinkling Glazing No visible reaction

OA 1% - - 6 7 -
w/o - - - 1 2
o/w - - - 1 1
Gel - - - - -
SL ME - - - - -
OA-SLME - - - 1 1

1 1 15/30 16.27 +2.89
2 2 23/30 8.71+3.15
2 2 24/30 6.17+1.83
2 2 26/30 4.75+2.06
2 2 26/30 4.00+1.83
2 1 25/30 5.60 £2.07

Table adapted from [104].

“The value reported in each column represents the number of subjects who showed skin reaction symptoms.

*Non-parametric variable Kruskal-Wallis test provided: p < 0.001 for OA (1% w/w) aqueous dispersion and w/o cream versus all other samples; p < 0.001 for o/w
cream versus gel and SL microemulsion; p < 0.005 for SL microemulsion versus OA-SL microemulsion.

ME: Microemulsion; OA: Oleic acid; o/w: Oil-in-water; SL: Soybean lecithin; w/o: Water-in-oil.

delivery-enhancing effect of oleic acid, this compound was
used as a component of some of the o/w microemulsions. The
topical carrier potential of lecithin-based o/w microemulsions
were compared with respect to conventional formulations.
The percutaneous adsorption of the various topical formula-
tions was evaluated through healthy adult human skin.
Ketoprofen-loaded microemulsions demonstrated enhanced
permeation through human skin with respect to conventional
formulations. The human skin tolerability of various
microemulsion formulations was also evaluated in human
volunteers, and displayed good tolerability (Table 3).

One of the problems associated with the use of
microemulsions for topical drug delivery is the difficulty
of using these vehicles on the skin, because of their fluidity.
Gasco er al. (105 have recently addressed this problem
with the development of a microemulsion for the topical
administration of azelaic acid, which has showed therapeutic
affects on some pageantry disorders and on acne vulgaris.
The viscosity of the o/w microemulsions used in this study
was increased with Carbopol® 934 (Lubrizol) to make them
suitable for topical administration.

Several transdermal drug delivery studies, assessing drug
levels in the systemic circulation, have been performed in
rabbits [98,106,107]. In one such study [107], a microemulsion
vehicle was investigated as a possible matrix for the
transdermal delivery of theophylline. The existence of
microemulsion regions were investigated in pseudoternary
phase diagrams, and various microemulsion formulations
were prepared using oleic acid, Cremophor RH40/Labrasol
(Gattefosse; 1:2) and water. An iz vivo study was performed
using rabbits, and the results indicated that the AUC, __, of
transdermal administration was 1.65-fold higher than that
of oral solution administration. These studies showed that
microemulsion systems might be promising vehicles for the
transdermal delivery of theophylline.

In vitro and animal studies can provide very useful
information and predictions about drug penetration and
behavior in man. However, very few human investigations
have been reported. Presumably, these studies have been
investigated for cutaneous drug delivery and human
skin tolerability [108-111].

4.2 Microemulsions for oral delivery
The assessment of microemulsions for oral delivery
has centered on their potential use for the delivery of
peptides/proteins, and in particular ciclosporin [2,5,44,78,80,83-85.93].
This formulation is generally administered as a soft capsule
that contains an oil solution of a drug and surfactants.
It converts into an o/w microemulsion in an aqueous
environment (i.e., in the stomach and small intestine). It
mimics bile salt micelles, which play an important role in
the adsorption of poorly soluble drugs, and, thus, the
absorption of such drugs can be significantly enhanced. It
allows the plasma concentration profiles and bioavailability
of drugs more reproducible. Tarr and Yalkowsky [44] have
demonstrated enhanced intestinal absorption in rats through
a reduction of emulsion droplet size by homogenization,
which was explained in terms of the greater surface area of
the dosage form. The results of this study are supported by
a demonstration of the significantly higher bioavailability of
ciclosporin when administered using w/o microemulsions.
An interesting microemulsion formulation was prepared
by Formariz et al. (112). The results of this work show that it
is possible to obtain an o/w microemulsion stabilized by the
mixed surfactant soya phosphatidylcholine/eumulgin/sodium
oleate. The incorporation of doxorubicin in the micro-
emulsion system increased the droplets size for all surfactant
concentrations used. It was possible to conclude that the
investigated microemulsion can be a very promising drug
carrier for the administration of doxorubicin.
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Self-microemulsifying drug delivery systems (SMEDDSs)
and SEDDSs have been proposed to improve the
bioavailability of poorly soluble drugs. SMEDDSs are
mixtures of drugs (usually water insoluble), lipids,
surfactants and cosurfactants. They form fine o/w micro-
emulsions with a particle size of < 100 nm when exposed to
aqueous media under conditions of gentle agitation or
digestive motility that would be encountered in the
gastrointestinal tract. The spontaneous formation of a
microemulsion advantageously presents the drug in a
dissolved form, and the resultant small droplet size provides
a large interfacial surface area for drug release and
absorption. In addition, the specific components of
SMEDDSs promote the intestinal lymphatic transport of
drugs. The main mechanisms include increasing the
membrane fluidity to facilitate transcellular absorption,
the opening of tight junctions to allow paracellular
transport, inhibiting P-gp and/or CYP450 with surfactants
to increase intracellular concentration and residence time,
and stimulating lipoprotein/chylomicron production with
lipids. The oral absorption of several drugs has been
enhanced by SMEDDSs employing a single or combined
mechanism [2,14,30,43,68]. SEDDSs are a mixture of oil and
surfactant that contain drug, and they spontancously form
o/w emulsions in aqueous media under mild agitation.
When these systems are orally administered, emulsion
droplets should be smaller than those 77 vitro, because bile
salts will be incorporated into the surfactant layers of the
emulsion droplets [2,14,30,32.43,69.861. SEDDSs have been
reported to improve the reproducibility of the a drugs
plasma profile and bioavailability [1443]. In the study by
Kawakami ez al. (76], the absorption of the poorly soluble
drug, nitrendipine, was enhanced significantly by employing
a microemulsion formulation, compared with a suspension
or oil solution (Table 4). The effect of a fed state on the
oral absorption of nitrendipine became insignificant with
microemulsion formulations, although it significantly
affected the absorption from a suspension formulation. The
absorption behavior also varied with the type of surfactant.
The absorption from a Tween 80-based formulation was
very rapid, but a HCO-60-based formulation displayed
a prolonged plasma concentration profile. However, absorp-
tion from a BL-9EX (polyoxyethylene alkyl ether)-based
formulation was hardly observed. In this study, damage
to the gastrointestinal mucosa seemed to be an important
problem associated with microemulsion formulations,
because they contained a relatively large amount of surfactant.
Tween 80-based and HCO-60-based formulations were
mild to the organs in terms of toxicity, but BL-9EX-based
formulations caused serious damage.

Another interesting study has been performed by
Sha et al. (68). The aim of this study was to investigate
the effect of two novel SMEDDSs containing Labrosol on
tight junctions, with different dilutions. The cytotoxicity of
SMEDDSs and the effect of surfactants on the mitochondrial

activity of Caco-2 cells were evaluated by using the
MTT (3-[4,5 dimethylthiazol-2-yl]-2,3-diphenyl tetrazolium
bromide) assay. This colorimetric method is based on the
reduction of the tetrazolium ring of MTT by mitochondrial
dehydrogenases, yielding a blue formazan product that
can be measured spectrophotometrically; the amount of
formazan produced is proportional to the number of viable
cells. The results demonstrated that negatively charged
SMEDDSs with different dilutions had no effect on
transepithelial electrical resistance, but significantly increased
the permeability of mannitol.

The most notable example of a SMEDDS relates to
the oral delivery of ciclosporin A (CsA), in particular the
commercial Neoral® (Novartis) formulation. CsA — a highly
lipophilic undecapeptide — is commonly used as an immuno-
suppressant in transplantation surgery. The Neoral formulation
uses an isotropic concentrated blend of surfactant based on
medium chain length partial glyserides, a medium chain
length triglyseride oil and drug (44,78,80,93]. The bioequivalence
of generic formulations is established by measuring
pharmacokinetic parameters in healthy volunteers [113].
CsA absorption and exposure is known to differ between
healthy volunteers and transplant recipients. Therefore,
bioequivalence testing may be inadequate to ensure
therapeutic equivalence. In one study, the investigators
sought to compare the efficacy of generic ciclosporin
(ArpimuneME, RPG Life Sciences) versus Sandimmune®
Neoral in de novo renal transplant recipients (Table 5). It was
concluded that the use of a generic microemulsion form of
CsA  provided safe and effective immunosuppression
compared with Sandimmune Neoral when drug monitoring
was performed by C, levels.

The most significant problem with microemulsion systems
is the lack of biological tolerance of for the excipients,
such as the surfactant and cosurfactant. Karasulu et a/ (33
have examined a microemulsion of methotrexate (M-MTX)
and a solution of the drug (Sol-MTX) in a biological
environmental model. For this purpose, a gastrointestinal
cell culture model (Caco-2 cell line) was used to investigate
the cytotoxic effects of the polymeric carrier and its
effect on cell monolayer integrity. The results for the
colorimetric assay revealed that for all empty microemulsion
concentrations, the cell monolayers remained > 95% viable,
when compared with the control, indicating that this system
appears to possess very low cytotoxicity (Figure 4). Caco-2
viability experiments have been performed with M-MTX
and Sol-MTX at the same concentrations. After the
incubation of cells with Sol-MTX for 3 days, Caco-2 cell
proliferation was significantly inhibited (determined by
Tukey’s test; p < 0.05) in a dose-dependent manner, to an
extent of 38.11 + 3.90 % at the highest concentration of
40 ng/75 pl. As is presented in Figure 4, the differences
between the viability of cells for M-MTX and Sol-MTX
were found to be significantly different when applied to
ANOVA, according to a 2 X 8 factorial randomized design
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Table 4. Pharmacokinetic parameters of an oral administration study of nitrendipine in rats.

Formulation Tmax (h) Crmax (H9/1) AUC (ug/h/l) AUC ratio
Normal Fasted Normal Fasted Normal Fasted Normal/fasted

MC suspension 8.0+£0.0 1.5+£0.5 0.23+£0.03 0.04 £0.00 1.03 0.05 21.4

Qil solution 4.0+£0.0 35+1.7 0.53+0.09 0.30+0.09 2.55 1.71 1.50

Tween 80 ME 1.3+£0.7 1.3+£0.7 0.36 £ 0.00 0.59+0.12 2.09 2.50 0.84

C12E9 ME 43+38 3.0+x1.0 0.22+0.19 0.08 +£0.00 0.58 0.47 1.25

HCO60 ME >8.0 >7.0 >1.45 >1.44 7.70 6.43 1.20

Table adapted from [76].

AUC: Area under the concentration—time curve from 0 to 8, calculated by trapezoidal method; C,,.,: Maximum drug concentration (average £ S.E.);
MC: Methylcellulose; ME: Microemulsion; T,..,: Time to reach maximum drug concentration (average + S.E.).

Table 5. The efficacy of two forms of ciclosporin A.

Group A Group B p-Value
Mean CsA level (ng/ml)
1 month 1419.1 £213.6 1460.5 £ 290.7 NS
3 month 1306.7 £ 254.4 1342.4+£303.4 NS
6 — 12 month 1061.3 £450.1 1066+ 171.8 NS
Mean CsA dose (mg/kg)
1 month 95+15 87+16 0.03
3 month 6.2+1.4 59422 NS
6 — 12 month 42+10 41+£1.6 NS
Mean creatinine (mg %)
At discharge 1.6+0.8 20+14 NS
1 month
12 month 1.4+£0.6 1.5+1.6 NS
Mean cholestrol levels (mg %) 178.2+24.4 179.1£31.7 NS
Mean systolic BP (mmHg) 1253+ 135 129.4+13.8 NS
Mean diastolic BP (mmHq) 81.7+7.8 86.4+7.1 NS
Antihypertensive drug requirement 1.95+1.0 1.8+0.8 NS

Table adapted from [113].

Group A patients doses 9.5 + 1.5 mg/kg; Group B patients doses 8.7 + 1.6 mg/kg.

BP: Blood pressure; CsA: Ciclosporin A.

(p = 0.016, oo = 0.05, power = 0.695). When MTX
was loaded into the microemulsion system, the toxicity to
cells was significantly lower when compared with Sol-MTX
(p < 0.05); however, this effect was not dose dependent. At
the lowest M-MTX concentration of 0.5 ng/75 pl, MTX
had clearly no antiproliferative effect. At dilution rates of
M-MTX applied to Caco-2 cells of 2.5 — 40 ng/75 pl,
Caco-2 cell proliferation was inhibited, but no significant
difference could be determined by Dunnett test at
these concentrations (p > 0.05). The results of the
colorimetric assay revealed that, for M-MTX concentrations,
cell monolayers remained > 72.11% viable when compared

with control, indicating that this system appears to possess
very low cytotoxicity compared with Sol-MTX (61.89 %).
In conclusion, the microemulsion formulation of MTX had
litcle cytotoxic effect on Caco-2 cells when compared with
Sol-MTX. Therefore, it is possible that the therapeutic appli-
cation of M-MTX will be associated with low cytotoxicity in
normal cells, and low side effects may be expected.

The in vitro release behavior of MTX from a
microemulsion and a solution has also been examined using
a dialysis tube method [33]. The release behavior of MTX
from a microemulsion exhibited a slow and continuous
release for 36 h, and the release of MTX from solution
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Figure 4. Cytotoxicity assays of Caco-2 cells treated with Sol-MTX, M-MTX and empty microemulsion (no drug loaded) at
different concentration. The viability was measured by MTT test. The values represent the mean of three independent experiments

(mean£S.D., n=3).
Figure adapted from [33].
M-MTX: Methotrexate microemulsion; Sol-MTX: Methotrexate solution.

lasted for 6 h (Figure 5). This might suggest that the release
rate of MTX from a microemulsion could be controlled by
this formulation.

4.3 Microemulsions for parenteral, ocular and
pulmonary delivery
The parenteral administration of poorly soluble substances,
especially by the intravenous route, is a major problem in
the pharmaceutical industry, and several solubilizing
techniques have been used in the past. Microemulsions
also have great potential as intravenous vehicles for poorly
soluble drugs, because of their high solublization capacity.
However, the pharmaceutically acceptable microemulsions
designed for intravenous administration have recently
not only been formulated and characterized, but also tested
in vivo for homodynamic response. The main drawback
with microemulsions has been the high concentrations of
surfactant that are required and the types of oil phase used.
Some recent studies have shown that microemulsions can be
formulated using a medium-chain triglyceride as a nonpolar
component, with phosphatidylcholine and a short-chain
alcohol (C; or C,) as the surfactant and cosurfactant,
respectively. The C; or C; chain alcohols are not acceptable
for intravenous uses, in contrast to the medium-chain
triglycerides and phosphatidylcholine that are used in
intravenous nutrition emulsions [20,114].

A pharmaceutically acceptable microemulsion system
composed of a medium-chain triglyceride has been presented

and characterized in terms of phase behavior, microstructure,
solubilization capacity and 77 vivo effects after intravenous
administration to conscious rats [114]. This microemulsion
can be administered by intravenous infusion to conscious
rats in a dose of up to 0.5 ml/kg without producing any
significant effect on the acid-base balance, blood gases
and plasma electrolytes. The main conclusion that can be
drawn from this work is that it is possible to formulate a
microemulsion of pharmaceutically acceptable compounds.
Kang ¢t al. [115] have developed an optimal paclitaxel
microemulsion prepared by SMEDDSs, which is a mixture
of paclitaxel, tetraglycol, Cremophor ELP and Labrafil 1944
(Gattefosse), and a paclitaxel microemulsion containing
poly(D,L-lactide-co-glycolide) (PLGA) in order to achieve
the controlled release of paclitaxel. Paclitaxel has shown
significant anti-tumor activity against various tumors.
Paclitaxel injection is presently the only dosage form
available for clinical use (Taxol®; Bristol-Myers Squibb), and
is a solution of paclitaxel in 50% Cremophor EL and 50%
alcohol. A variety of approaches to avoid using Cremophor
EL have been investigated to deliver paclitaxel with
high therapeutic efficacy, such as liposomes, nanospheres
and parenteral emulsions [116-118]. These drug delivery
systems have disadvantages. Liposomes have a poor shelf life
and insufficient loading for lipophilic drugs. Nanospheres
have poor loading efficiency and are associated with the
problem of eliminating residual solvents. Emulsions are not
appropriate for the parenteral delivery of anti-cancer drugs,
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Figure 5. Release profiles of methotrexate from a methotrexate microemulsion and a methotrexate solution.

n=3.

Each value represents the mean + S.D.

Figure adapted from [33].

M-MTX: Methotrexate microemulsion; Sol-MTX: Methotrexate solution.

because of rapid release. Among the emulsifying methods,
SMEDDSs are worthy of note. The results obtained from
one investigation [115] have established the potential use of
microemulsions incorporating PLGA for the sustained release
of lipophilic drugs such as paclitaxel. In this study,
the release behavior of paclitaxel from a microemulsion
containing PLGA exhibited a biphasic pattern characterized
by a fast initial release during the first 48 h, followed by a
slower and continuous release for 144 h, in contrast to
the release of paclitaxel from a microemulsion without
PLGA (24 h duration). This result was identical to that
of the anti-tumor activity iz vitro of paclitaxel from a micro-
emulsion containing PLGA against the human breast cancer
cell line MCF7, and this formulation enhanced anti-tumor
activity iz vivo compared with a microemulsion without
PLGA against SKOV-3 human ovarian cancer cell bearing
nude mice model.

w/o microemulsions have been described in the literature
as drug carriers of water-soluble molecules for oral or
intramuscular delivery [1646]. In the case of w/o micro-
emulsions, phase inversion is an interesting property, and
the resulting o/w microemulsions can be used for parenteral
drug delivery [2046]. It has been found that w/o micro-
emulsions can easily be inverted into o/w microemulsions
and/or multiple water-oil-water (w/o/w) emulsions upon
dilution with excess aqueous phase [114]. An injectable micro-
emulsion of arsenic trioxide (As,O;-M) has been prepared
for intratumoral injection, and its suppressive effect on

human breast cancer cells (MCF-7) was compared
with those of a solution of the drug [49]. The microemulsion
was made up of soybean oil as the oil phase, a mixture of
Brij 58 and Span 80 as surfactants, absolute ethanol as a
cosurfactant, and bi-distilled water containing As,O5 solution
as the aqueous phase. The microemulsion formulation
contained 5 X 10 molar As,O;, and the pH of As,05-M
was adjusted to 7.35 £ 0.1, and the physicochemical stability
of the formulation was observed. The formulation was
physically stable for 12 months at room temperature when
kept in ampule forms, as well as after autoclaving at 110°C
for 30 min. The antitumor effects of As,O;-M were
examined on MCF-7 cells. It was clearly demonstrated that
As,O5-M had a significant cytotoxic effect on breast cancer
cell lines, and this effect was significantly more than that
of regular As,O5 solutions. Even ~ 3000-times diluted
microemulsion formulations loaded with 5 x 10 molar
As,O5 showed cytotoxic effect. As a result, this diluted
concentration (~ 1.6 X 10 M) was found to be 1000-times
more effective than regular As,Oj solutions (5 X 10¢ M).
Figure 6 shows that the ~ 1.6 X 10 M microemulsion form
of As,0; exerted a highly cytotoxic effect and killed 80% of
tumor cells. A significant difference was determined by
using Scheffe’s F-test (p < 0.05). According to the in vitro
cytotoxicity studies, it can be concluded that when As,O5
was incorporated into the microemulsion, which is a new
drug carrier system, it suppresses tumour cell growth in
multiple tumor lines.
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Figure 6. The cytotoxicity of tumor cells treated with As,0;-M. Cytotoxicity was assessed by a tryptan blue dye exclusion test

following 72 h culture.
Each point represented the mean = S.D.
Figure adapted from [49].

The direct injection of various anticancer agents into
tumors has several advantages over systemic administration.
For example, lower doses can be injected into the tumor
site, to reduce the side effects. However, most anticancer
agents are composed of small molecules and their intracumoral
clearance is relatively rapid [119]. To overcome this problem,
lipid carrier systems have been used because of their
favorable characteristics as a biodegradable drug reservoir.
Thus, the local disposition characteristics of lipid carrier
formulations after intratumoral injection have become an
important issue in drug delivery.

In conclusion, it has been suggested that lower
concentrations of As,Oj-loaded microemulsion formulations
could be effective in MCF-7 cell lines, and the As,O;-M
system offers greater stability and a longer shelf-life when
compared with the other emulsions.

The cornea and nasal mucosa both offer the possibility
for simple and comfortable drug administration [69,89-91,120-122].
The development and characterization of o/w, and w/o
microemusions designed for ocular use have recently been
reported [69,120,122]. The instillation of the microemulsion
8-times a day for 5 days in 4 rabbits did not result in any
irritation or inflammation. The cornea and its epithelium
were not affected [122].

Eye drops are the most commonly used dosage form for
the ocular route of administration, and chloramphenicol is
one of the most effective drugs used in the eye drop. However,
eye drops as drug delivery systems have several disadvantages,
such as the very low bioavailability of the drugs, which must

be absorbed at this site and must be applied several times a
day. In addition, the effective component, chloramphenicol,
has very low solubility in water, and easily hydrolyzes. In
this area, an interesting formulation has been developed by
Lv et al. 1691. In another study, a microemulsion composed
of Span 80, Tween 20, isopropyl myristate was investigated
as a potential drug delivery system for eye drops [120]. The
system is important in that all its components are food
grade so that the microemulsion is almost free of toxicity
and irritancy. The phase transition was investigated using
electrical conductivity measurements. The location of
the chloramphenicol molecules in the microemulsion
formulations was determined by dynamic light scattering
and '"H NMR spectroscopy. Its stability was investigated by
the high performance liquid chromatography. The results
implied that the stability of chloramphenicol in the micro-
emulsion formulation was remarkably increased. A further
study investigated a microemulsion containing pilocarpin,
developed using Brij 35P and Span 80 as the surfactants,
propanol as the cosurfactant, and soybean oil as the oil
phase. The test microemulsion was non-irritant in rabbit
eyes and a prolonged pharmacodynamic effect was observed
in vivo compared with the drug administered as a simple
solution or gel. Neat fluorocarbons are being investigated for
the pulmonary delivery of drugs and genes, triggering interest
in reverse water-in-fluorocarbon emulsions as delivery
systems for hydrophilic bioactive materials to the lung. In
one such study [89], the ability of a series of perfluoroalkylated
amphiphiles with a dimorpholinophosphate polar head
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group were examined. F8H1IDMP was found to allow
the obtaining of both stable water-in-fluorocarbon
emulsions and of a microemulsion. This study allowed the
selection of FSH11DMP as the choice emulsifier candidate
for the preparation of water-in-perflourooctyl bromide
emulsions, as it yielded finer, more narrowly dispersed and
more stable emulsions than any of the other FzHmDMPs
investigated. Using F8HI11DMPE a whole range of
reverse water-in-perflourooctyl bromide macro-, mini- and
microemulsions have been obtained and characterized.

5. Conclusions

Microemulsions that are made of water, oil, surfactant
and occasionally alcohol as a cosurfactant have unique
properties as drug carriers. Microemulsions have been
increasing in popularity and garnering more attention
in recent years because of their solubilization capacity,
transparencies, high stability and simplicity of manufacture.
Microemulsions may be prepared by many different
aqueous solutions, surfactant and oil constitutes, and
according to the properties of the applied constituents,
microemulsions can exist with a wide range of compositions.
Due to the possible concurrent incorporation of oil
and water in microemulsions, the vehicles have
excellent solubility properties for both lipophilic and
hydrophilic drugs.

Various theories concerning microemulsion formation,
stability and phase behavior have been proposed over
the years. An essential requirement for their formation
and stability is the attainment of a low interfacial tension.
Lowering of the interfacial tension and the fluidity of
the interfacial surfactant film is usually achieved by
introducing a short chain cosurfactant to the surfactant film.
Careful consideration should also be given to the choice of
cosurfactant. However, the use of cosurfactant is not
required, and alcohol-free SEDDSs or SMEDDSs have been
described in the literature.

Furthermore, it had been proven that it was possible
to formulate preparations suitable for most routes of
administration from microemulsions. A number of
comparative investigations exist in the literature, some
of which have evaluated the use of microemulsion
formulations against alternative delivery systems. However,
there is still a considerable amount of fundamental work to
be done in order to establish the physicochemical behavior
of microemulsions, before they can live up to their potential
as multipurpose drug delivery vehicles.

Karasulu

6. Expert opinion

For several years, microemulsions have been investigated as
novel drug delivery systems, and their potential uses have
been studied by several research teams. Formulations based
on microemulsions have several interesting advantages, such
as enhanced drug solubilization and bioavailability, good
thermodynamic stability and ease of preparation.

The preparation of microemulsions requires only the most
basic mixing equipment. Particularly, their manufacture is
not dependent on the careful control of the manufacturing
process, as with emulsions.

The optimization of the solubility of poorly water-soluble
drugs in pharmaceutical dosage forms presents a challenge,
due to the severe restrictions on the choice of solvents suit-
able for oral, topical or parenteral use. The finely dispersed
oil droplets of o/w microemulsions offer a potential solvent
system for drugs, although the toxicity of the microemulsion
components still imposes limitations on their use.

The transparency of microemulsions enables them to be
visually assessed for microorganism growth, and also allows
inspection for the presence of undissolved drug. Their
transparency is also of benefit in topical applications. The
thermodynamic stability of microemulsions is clearly an
important characteristic when compared with kinetically
stabilized macroemulsions.

The main problem of microemulsion systems is the lack
of biological tolerance of excipients such as the surfactant
and cosurfactant. Recent efforts have been focused on
how to decrease or eliminate the toxicity or irritation of
microemulsions, and, towards this end, a microemulsion
system free of alcohols has investigated.

Microemulsion formulations are considered to be a
promising formulation technique, because the enhanced
absorption and bioavailability of poorly-soluble drug becomes
an increasingly problem to overcome. In addition,
microemulsions have recently been suggested as carriers for
the oral administration of peptide/protein drugs.

The favorable drug delivery and solvent properties,
together with the ease of preparation and the infinite
physical stability of these unique oil-water-surfactant
mixtures, makes microemulsions very promising vehicles for
future formulations.
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