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Importance of the field: Microemulsions have been studied extensively as
potential drug delivery vehicles for poorly water-soluble drugs. An under-
standing of the physicochemical and biopharmaceutical characteristics of the
microemulsions according to administration routes will provide guidance for
designing the formulations of microemulsions.

Areas covered in this review: In this paper, the use and the characteristics of
microemulsions as drug delivery vehicles are reviewed. As the formulations
of the microemulsion always include a great amount of surfactant and co-
surfactant, which may cause hemolysis or histopathological alterations of the
tissue, the potential toxicity or the irritancy of microemulsions is also discussed
in this paper.

What the reader will gain: Developments of microemulsions for poorly water-
soluble drugs in recent years are included in this review. Several factors limiting
the commercial or clinical use of microemulsions are also discussed.

Take home message: Considering the potential in enhanced drug uptake/
permeation and facing the limitations, their unique properties make
microemulsions a promising vehicle for poorly water-soluble drugs.
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1. Introduction

Itis estimated that >40% of new pharmacologically active chemical entities identified
by high-throughput screening have a big problem with their water solubility [1]. Poor
water solubility correlates with numerous issues such as impaired bioavailability and
increased cost of drug product. For oral administration, poorly water-soluble drugs
have slow drug dissolution rate and poor absorption in the gastrointestinal tract (1],
whereas on intravenous administration, side effects and toxic effects might come as a
result of the precipitation and aggregation of poorly soluble drugs. Therefore, great
efforts have been made to improve the solubility of the drug candidates. The formu-
lation strategies considered preferentially are the conversion of a drug to a salt form
and pH adjustment. If the drug is intrinsically insoluble, there are still various
strategies available, such as the use of co-solvents, inclusion complexes, nanosus-
pensions, micelles, liposomes, polymeric nanoparticles, microemulsions, and so on,
and these approaches can be chosen according to drug octanol-water partition
coefficient (P) and its melting point (MP), as well as the dose required [2]. Among
these approaches, microemulsion is a promising one owing to its considerable capacity
to improve the solubility of hydrophobic drugs.
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Article highlights.

¢ A microemulsion, which contains a large amount of
surfactants and co-surfactants, is a promising
formulation strategy to improve the solubility of the
drug candidates.

¢ Pre-formulation solubility and phase diagram studies are
required to obtain an optimal formulation of the
microemulsion. During the formulation process of
self-emulsifying drug delivery systems (SEDDS), the
advantage of increasing solubilization with the risk of
inducing drug precipitation on dilution must be
balanced.

¢ With the emergence of new formulation technigues,
SEDDS can be made in solid dosage forms and have
been developed extensively as a more effective
alternative to conventional liquid SEDDS.

¢ When delivered intravenously, microemulsions can be
coated with hydrophilic polymers, such as PEG, PVA,
hyaluronic acid and chitosan to prolong the residence in
the blood and thus increase the accumulation of drugs
in the target tissues.

¢ Transdermal delivery can be influenced by the
interactions that may occur between the vehicle and
the skin, and interactions between the active ingredient
and the skin.

¢ As the formulations of the microemulsion always
include a large amount of surfactant and co-surfactant,
which may cause hemolysis or histopathological
alterations of the tissue, the potential toxicity or the
irritancy of the microemulsion should be evaluated.

This box summarizes key points contained in the article.

According to the most general definition provided by Dan-
ielsson and Lindman in 1981, a microemulsion is defined as ‘a
system of water, oil and amphiphile which is a single optically
isotropic and thermodynamically stable liquid solution’ (3.
With a droplet size usually in the range 20 - 200 nm, micro-
emulsions are thermodynamically stable transparent (or trans-
lucent) Newtonian non-viscous liquids [4,5]. Nanoemulsions are
also nanometric-sized emulsions, typically with a diameter of up
to 600 nm [6,7]; but unlike microemulsions, nanoemulsions are
thermodynamically unstable systems despite the fact that the
long-term physical stability of nanoemulsions usually makes
them unique [6]. Moreover, easy formation of microemulsions
makes them more acceptable for exemplification in industry
than conventional emulsions. In this paper, updates of self-
emulsifying drug delivery systems (SEDDS) for oral adminis-
tration and other forms used for intravenous or transdermal
administration are reviewed.

2. Microemulsions by means of
oral administration

SEDDS or self-emulsifying oil formulations (SEOF), which are
isotropic mixtures of oils, surfactants, solvents and co-solvents/
surfactants, can be used for the design of microemulsions in

order to improve the oral absorption of highly lipophilic drug

compounds [8-11]. SEDDS, which contain the non-aqueous com-
ponents of emulsions, offer some advantages over conventional
emulsions [12-15]. These systems can emulsify rapidly under mild
agitation and in the presence of aqueous media such as gastro-
intestinal tract (GIT) fluids to generate fine emulsion droplets,
ranging in size from ~ 100 nm (SEDDS) to <100 nm for self-
microemulsifying drug delivery systems (SMEDDS). After
oral administration, SEDDS can maintain the poorly soluble
drugs dissolved in the fine oil droplets when transiting through
the GIT 116,17).

The use of SEDDS is limited, however, by their drugloading
capacities and the use of excipients. Also, these systems are
metastable and can be digested in the GIT. Therefore, the
unique characteristics of these dosage forms present significant
challenges to the pharmaceutical industry and regulatory agen-
cles in many ways, such as the safety assessment, the precip-
itation of drug in vive, digestibility of lipids in the formulation,
intestinal efflux pumps and metabolizing enzymes, contribu-
tion of lymphatic transport of drug to absorption, and so on.
Similarly, the problems of physical and chemical instability, as
well as the unpredictable bioavailability and in vive perfor-
mance of these dosage forms, also limit the development of
these systems [18].

This section thus begins with the excipient selection of
SEDDS, the preparation techniques and dosage forms for
SEDDS, and their in vitro and in vivo characterization,
especially with respect to the biopharmaceutical aspects.

2.1 Excipient selection

A wide range of triglycerides, partial glycerides, semisynthetic
oily esters and semisynthetic non-ionic surfactants esters are
available from excipient suppliers [19]. As self-emulsification
depends on the nature of the oil/surfactant pair, surfactant
concentration and oil/surfactant ratio, and the temperature at
which self-emulsification occurs, only very specific pharmaceu-
tical excipient combinations lead to efficient self-emulsifying
systems. Therefore, pre-formulation solubility and phase diagram
studies are required in order to obtain an optimal formulation.
Besides, several other factors including excipient properties,
such as irritancy, toxicity, solvent capacity, miscibility, melting
point, digestibility, purity, chemical stability, the cost, and so
on, could affect our choice of excipient.

2.2 Dosage forms and the preparation techniques
SEDDS are usually hard or soft shell capsules filled in by liquid
forms, as many excipients used in SEDDS are not solids at
room temperature. However, more sophisticated solid dosage
forms (pellets/tablets) in particular are the preferred mode of
drug delivery for patients. Fortunately, with the emergence of
new formulation techniques, SEDDS is no longer limited to
soft or hard gelatin capsules. Considering the advantages of
SEDDS and solid dosage forms, solid SEDDS (S-SEDDS)
have been extensively developed as a more effective alternative
to conventional liquid SEDDS.
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S-SEDDS are solid dosage forms with self-emulsification
properties, which focus on the transformation of liquid or
semisolid formulations into solid particles (powders, granules
or pellets), which could subsequently be filled into capsules,
sachets or compressed into tablets. The solidification techniques
include adsorptions to solid carriers [20], spray drying [21,22],
freeze drying (23], melt granulation [24], melt extrusion/
extrusion spheronization [25,26], and so on. Capsules, tablets
and pellets are usually the main solid dosage forms of
S-SEDDS. Therefore, the properties of S-SEDDS are com-
posed of both the corresponding properties of SEDDS

and solid dosage forms.

2.3 In vitro and in vivo characterization

Studies of equilibrium phase behavior have been used since
1985 to explain the mechanisms of dispersion of SEDDS [27,28].
The formation of self-emulsification can be assessed by visual
and instrumental observation. The self-emulsification effici-
ency could be estimated through the determination of the
rate of emulsification and droplet size distribution. Photon
correlation spectroscopy [13] is used for the determination of
emulsion droplet size. The charge on the oil droplets of
SEDDS is another property that needs to be assessed [29].
Melting properties and polymorphism of lipid or drug in
SEDDS may be established by X-ray diffraction and
differential scanning calorimetry.

Moreover, some authors [28,30] have paid much attention to
the drug solubility in the lipid formulations when undergoing
dilution and digestion in the GIT, which would influence the
subsequent dispersion and absorption of drug. Iz vitro disper-
sion and digestion tests are of critical importance to the
formulator with regard to predicting the fate of the drug in
the intestinal lumen (31]. Also, many factors can also influence
the drugabsorption from SEDDS, such as lymphatic transporrt,
enzymes metabolism and P-glycoprotein (P-gp) efflux.

2.4 Physicochemical and biopharmaceutical issues
2.4.1 Drug loading capacity and precipitation

Lipid excipients are able to solubilize hydrophobic drugs within
their matrix. However, different excipients have different
solubilization capacity; for example, medium-chain triglycer-
ides (MCT) generally have a higher solvent capacity on a
weight basis than long-chain triglycerides (LCT) [521. Poorly
water-soluble drugs are hydrophobic but not necessarily
lipophilic. Many poorly water-soluble drugs are poorly solu-
ble in glycerides, as well as bile salt-lecithin mixed micelles.
Such drugs (high melting point (>250°C) drugs with log P
values of ~ 2 are poorly suited to these systems. Moreover,
some poorly water-soluble drugs are much more soluble in
co-solvents than oils, and such compounds also dissolve in
the polyoxyethylene-rich environment present in water-
soluble non-ionic surfactant materials. The total solvent capac-
ity of mixtures of excipients is generally similar to the sum of
the component parts.

He, He & Gao

Recently, much attention has been paid to the drug
precipitation from SEDDS when diluted with water or
dispersed in the GIT 9. Drug precipitation from SEDDS
is a consequence of concentration exceeding the equilibrium
solubilization capacity. Therefore, systems formulated to
have drug solubilization capacity much higher than the
required concentration would be expected to show less
propensity for precipitation 7z vivo. So, an understanding
of factors influencing drug loading capacity while maintain-
ing the capability of the system to undergo monophasic
dilution with water and minimizing the tendency for drug
precipitation in diluted systems is essential to the design of
stable and appropriately low-volume systems for drug
delivery applications.

The formulator must balance the advantage of increasing
solubilization with the risk of inducing drug precipitation
on dilution. One key factor to successful formulation
of SEDDS is to avoid formulations that are so hydrophilic
that they lose a considerable proportion of their solvent
capacity on dispersion. However, long-chain digestion prod-
ucts remain extensively solubilized within mixed bile salt-
lecithin micelles until they are absorbed (33]. This empha-
sizes the need for detailed studies on digestion and
in vitro-in vivo correlation of these systems (34. On the
other hand, increasing the solubilization capacity of the
formulation significantly over the desired drug concentration
could help avoid 7z vive drug precipitation. Formulations
that can be diluted with water iz vitro without drug pre-
cipitation are likely to be more stable under iz vivo con-
ditions than those that are not dilutable. Another approach
in this direction is to promote the formation of supersat-
urated drug solution iz wivo by the incorporation of
hydrophilic polymeric ingredients in the formulation that
act as precipitation inhibitors. The supersaturated drug
solutions will eventually precipitate owing to the thermo-
dynamic instability of the system, but if the precipitation is
delayed long enough in wvivo to cover the drug absorp-
tion time, bioavailability from these systems can be
improved. Several common pharmaceutical excipients are
acting as precipitation inhibitors, for example, methyl cel-
lulose, hydroxypropyle methylcellulose (HPMC), HPMC
phthalate (HPMCP), sodium carboxymethyl cellulose, and
polyvinylpyrrolidone [3536]. For example, Gao ez al. devel-
oped a supersaturable SEDDS formulation using HPMC as
precipitation inhibitor. The 77 vivo studies in rats demons-
trated that SEDDS with HPMC could increase the
bioavailability of paclitaxel greatly (37.

2.4.2 In vitro dispersion and digestion tests

The excipients such as dietary lipids can be digested and
dispersed in the GIT. Therefore, one of the questions for a
lipid-based oral formulation is whether the drug remains in
solubilized form owing to lipid digestion of some components
in the formulation following oral administration [28,38,39]. The
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improvement of bioavailability requiring a hydrophobic drug
in the solution or emulsion form can be compromised if
the drug precipitates iz vivo. With appropriate methods,
in vitro dissolution can be correlated further with in vive
performance and used as a surrogate for bioequivalence stu-
dies. The main issue seems to stem from the concern that
the absorption mechanism for lipid-based oral formulations
is so complicated that it may not be feasible to create a
single in vitro dissolution environment that mimics the
physiological conditions [28].

As for SEDDS, one might contend that droplet size of
the dispersed formulation could be more relevant and
predictive of iz vivo performance [40]. Actually, the conven-
tional 7z vitro dissolution methods may not be appropriate
for predicting iz wvivo performance of a complex lipid-
based formulation because dissolution of the drug and
gastrointestinal processing of the lipid vehicle (including
digestion and dispersion) are intrinsically linked to each
other. Truly, the 7z vitro release testing should incorporate
the dynamics of lipid digestion, formation of various inter-
mediate colloidal products, and solubilization of the drug
under study [28]. In this case, in vitro ‘dispersion’ testing
appears to be a more accurate description of the process of
monitoring the ability of a formulation to maintain the
drug in a solubilized state during dispersion in the stomach
and subsequent processing of the formulation in the pres-
ence of pancreatic and biliary fluids. Considering the spec-
ificity of SEDDS, in recent years, in vitro dispersion tests
and in vitro lipid digestion models that are more reflective
of the GIT environment have been developed in order to
predict better the fate of the formulation and drug in the
intestinal lumen before absorption [41-44], because it is
evident that the solvent capacity of SEDDS can be lost
on digestion, which may lead to drug precipitation and
bioavailability reduction. If the digestion experiment is
followed by a centrifugation step, precipitated drug can
be quantified by analyzing the contents of the pellet that
sediments during centrifugation [39].

Rate of lipolysis of various lipids and formulations can be
compared in vitro. Usually, lipolysis rate of MCT is higher
than LCT, which has been shown to influence the bioavail-
ability of hydrophobic drugs from lipid-based dosage forms. In
previous research, SMEDDS formulations of danazol contain-
ing long-chain (Cig) lipids (LC-SMEDDS) and medium-
chain (Cg - Cyp) lipids (MC-SMEDDS) were administrated
orally to fasted beagle dogs, and the relationship between
solubilization behavior on 77 vitro digestion and bioavailability
has been described 45]. In the study, 69% of the drug dose
precipitated on in wvitro digestion for the MC-SMEDDS,
whereas 94% of the dose was maintained in solution for the
LC-SMEDDS. The oral bioavailability of danazol for LC-
SMEDDS was significantly higher than that obtained from
MC-SMEDDS, which reflected well the difference in the
ability of the two formulations to retain drug in solution on
in vitro digestion.

Cuiné et al. [46] also investigated the solubilization behavior
of danazol self-emulsifying formulations containing relatively
high quantities of surfactant during iz vitro digestion, and
evaluated the impact of surfactant digestion on their in vivo
performance. A series of danazol microemulsion formulations
composed of different proportions of Cremophor® EL (BASF,
Parsippany, NJ, USA) (surfactant), ethanol (co-solvent) and a
blend of soybean oil/Masine (1:1 w/w, the lipid phase) were
taken. /» virro dispersion in water of all the formulations was
rapid and no drug precipitation was observed. By contrast, drug
solubilization was markedly affected by digestion and a reduc-
tion in lipid (and increase in surfactant) content resulted in
increased drug precipitation. Consistent with these data, the
bioavailability of danazol decreased significantly when the lipid
content in the formulations was reduced. The results showed
that a rank-order correlation was observed between the patterns
of solubilization obtained during 7z vitro digestion and the
in wvivo performance of self-emulsifying formulations of
danazol. In general, a decrease in the lipid content and an
increase in the proportions of surfactant and co-solvent resulted
in reduced danazol bioavailability.

Therefore, it appears that in wvitro-in vivo correlation
between differences in drug solubilization profiles during
in vitro digestion and differences in 77 vivo exposure are evident
for typical lipid-based self-emulsifying formulations. However,
before more wide-ranging conclusions can be drawn with any
confidence, considerably larger data sets are required, including
drugs of varying lipophilicity and formulations with a broader
range of lipidic excipient.

2.4.3 Lymphatic transport

The GIT is richly supplied with both lymphatic and blood
vessels and therefore, after oral administration, drug can be
absorbed across the enterocytes, potentially entering either
lymphatic or blood capillaries. The absorbed drug is trans-
ported mainly into the portal blood. However, diffusion of
high-molecular-mass or colloidal materials across the blood
capillary endothelium is limited, and selective transport into
the intestinal lymph may occur because the lymphatic capillar-
ies are significantly more permeable than the neighboring
blood capillaries [47].

Enhancing lymphatic drug transport is mostly dependent on
drugassociation with developing lipoproteins in the enterocyte,
which suggests that the provision of an appropriate lipid source
to drive lipoprotein assembly is a useful strategy. Actually, the
digestion efficiency, solubilization, uptake and transport of
lipid in the intestinal lumen are likely to influence significantly
the access of lipophilic drugs to the lymph. This subject, that
the type and mass of co-administered lipid can alter the extent
of lymphatic drug transport, has been reviewed previously [48].
Briefly, fatty acids with chain lengths of 14 or greater are more
highly lymphatically transported than shorter chain fatty acids,
and accordingly long-chain fatty acids and triglycerides
composed of long-chain fatty acids more effectively
support lymphatic drug transport than their medium- and
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short-chain counterparts [49,50]. The degree of unsaturation of
administered fatty acids also influences the extent of lymphatic
lipid and drug transport. Generally, mono and polyunsaturated
fatty acids promote lymphatic lipid transport more readily
and effectively when compared with the equivalent saturated
fatty acids [51].

The lymphatic route of absorption offers a window of oppor-
tunity to enhance the bioavailability of highly lipophilic drugs
(log P >5) with high solubility in triglycerides (Cs >50 mg/ml).
Also, the lipid-based drug delivery systems consisting of alco-
hol esters of unsaturated long-chain fatty acids have been
shown to enhance the bioavailability of certain drugs by
facilitating the lymphatic route of uptake. Examples of suc-
cesses include saquinavir with polyglyceryl oleate (Plurol®
Oleique CC497; Gattefossé, France) or ethoxylated castor
oil (Cremophor EL; BASF, USA) (521, ontazolast with glyceryl
monooleate (Peceol™; Gattefossé, France) (53], and halofantrin
with various triglycerides and derivatives [54. Some highly
lipophilic drugs administered orally have also been shown to
gain access to the systemic circulation by means of intestinal
lymphatic transport, avoiding the hepatic first-pass metabolism
and resulting in a higher drug bioavailability [s5]. However,
the role of the intestinal lymphatic system in the processing of
lipids and drugs from lipid-based oral dosage forms remains an
area for further investigation.

2.4.4 Inhibition of drug efflux and

enzymes metabolism

In oral administration, many hydrophobic drug molecules
entering the enterocyte are exposed to metabolizing enzymes,
for example cytochrome P450 3A4 (CYP 3A4), or can be
secreted back into the gastrointestinal lumen by P-gp efflux
pumps on the enterocyte membrane, which will reduce their
bioavailability. The involvement of P-gp transport and
presystemic drug metabolism further complicates the absorp-
tion of a hydrophobic drug that is formulated in lipid-based
formulation. In some cases, as shown recently, several lipid
excipients and surfactants incorporated in SEDDS can inhibit
the CYP 3A4 metabolism or intestinal efflux mediated by P-gp,
resulting in an increased oral absorption of hydrophobic
drugs (56-59]. The impact of formulation ingredients on the
biopharmaceutical properties of drugs is also illustrated by the
inhibition of drug efflux pumps by certain formulation ingre-
dients. For example, common pharmaceutical excipients such
as polyethylene glycol, Tween 80 and Cremophor EL have
been shown to inhibit P-gp activity (60]. Their inclusion in
the formulation, therefore, can be expected to increase the
bioavailability of drugs that are known substrates of
P-gp efflux pumps [61].

The interplay between certain excipients and enzymes/trans-
porters has raised much concern about the predictability of
drug absorption and bioavailability, as well as the possible
drug-drug interactions when co-administered with other com-
pounds. More studies are needed to elucidate these potential
interactions during pharmaceutical development.

He, He & Gao

3. Microemulsions by means of intravenous
and transdermal administration

3.1 Excipient selection

3.1.1 Oily phase

The selection of oil is dependent on the nature of the drug as
well as the administration route. The chosen oil should have
solubilization potential for the drug, and the larger the existence
region the microemulsion can form in the pseudo-ternary phase
diagram with the selected oil, the better. For intravenous
delivery, the organic solvent selected should be biocompatible,
sterilizable, available as non-pyrogenic grade, non-irritant to
nerves and non-hemolytic [62]. The oils commonly used for
intravenous delivery include long-chain triglycerides (e.g.,
soybean oil, castor oils), medium-chain triglycerides, medium-
chain mono- and di-glycerides, vitamin E, and unsaturated
fatty acid and its ester (e.g., oleic acid, cholesteryl oleate). More
excipients are available as the oil for transdermal drug delivery,
and some of them also act as penetration enhancer, such as oleic
acid. Other excipient that is often used as an oil phase in
transdermal formulations is isopropyl myristate (IPM),
isopropyl palmitate, isostearylic isostearate, triacetin, (+)-(R)-
limonene, monoolein, ethyl oleate, and Mygliol 812%, and
alcohols such as octanol, decanol, benzyl alcohol.

3.1.2 Surfactant
Microemulsions are basically classified into four types, includ-
ing oil-in-water (o/w, Winsor type I), water-in-oil (w/o,
Winsor type II) and bicontinuous (Winsor type III or IV)
systems [63], and the type of microemulsion formed is quite
dependent on the surfactant type. The surfactant can be
screened empirically according to its hydrophile-lipophile
balance, as well as the critical packing parameter [64].
Naturally occurring surfactants are frequently used as the
surfactant for microemulsions, of which lecithin is the most
commonly used one owing to its excellent biocompatibility.
Lecithin is typically purified from soy beans and egg and its
major component is phosphatidylcholine, which has an amphi-
philic structure and has low solubility in water. It is a versatile
excipient because in aqueous solution it can have various
forms such as liposomes, micelles, liquid crystals, microemul-
sions and organogels with the control of hydration, temperature,
co-surfactant and so on. In most lecithin-based micro-
emulsions, co-surfactant is generally included to prevent the
formation of lamellar structures and other liquid-crystal
phases. However, the introduction of co-surfactant may
cause adverse effects. Recently, Yuan er a/. prepared alcohol-
free lecithin microemulsions for transdermal delivery of
lidocaine [63]. In that formulation, instead of the co-surfactant,
some so-called linker molecules, such as sorbitan monooleate,
sodium caprylate and caprylic acid, were used to stabilize the
microemulsion structure. It was found that lidocaine was
highly soluble in these linker microemulsions, with relatively
small aggregates (<10 nm in diameter) and low viscosity.
Furthermore, these linker-based systems proved to be less
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toxic than the alcohol-based lecithin microemulsion
through MTT assay. It was hypothesized that hydrophilic
linkers probably function through fluidizing the interstitial
spaces between cells whereas the co-surfactant such as pentanol
is more efficient at fluidizing the membranes of living cells,
inducing cell lysis, hence the difference of the toxicity for linker-
based alcohol-based lecithin microemulsion [63]. Despite those
in vitro studies, investigations of 77 vivo efficacy and toxicity are
needed to demonstrate the superiority of linker-based lecithin
microemulsion.

Besides the zwitterionic surfactants, non-ionic, cationic,
or anionic surfactants can also be used. Polysorbate 80,
sorbitan monooleate (Span® 80), Poloxamers, Cremophor®
EL, hexadecyltrimethyl-ammonium bromide, didodcecylam-
monium bromide and bis-2-ethylhexylsulphosuccinate are
among the most well-known surfactants.

3.1.3 Co-surfactant

The co-surfactant is also often included in the formulation
of the microemulsion used for systemic or transdermal delivery.
Owing to its amphiphilic nature, a co-surfactant accumulates
substantially at the interfacial layer, increasing the fluidity of
the interfacial film by penetrating into the surfactant
monolayer. Co-surfactants include short-chain alcohol and
medium-chain alcohol. For transdermal drug delivery,
some of the co-surfactants are also known as penetration
enhancers, such as ethanol, alkanols and propylene glycol (65].
As reviewed by Williams and Barry (651, ethanol affects
the penetration of the drug through various mechanisms.
On the one hand, ethanol functions through changing
the state of the drug. For example, ethanol can enhance the
flux of permeation by increasing the solubility of the drug
and the evaporation of the ethanol can increase the drug
concentration, providing a supersaturated state with a
greater driving force for permeation. On the other hand,
ethanol can alter the structure of the stratum corneum, extr-
acting some of the lipid fraction from within the stratum
corneum when used at high concentration for prolo-
nged times. Other co-surfactants that are often used for
parenteral microemulsions include propylene glycol and
glycerol, PEG400, 2-pyrrolidone (Soluphor® P) and
glycofurol (tetrahydrofurfuryl alcohol PEG ether or tetraglycol).

3.1.4 Aqueous phase

Water served as the aqueous phase in most of the studies.
The pH of the aqueous phase always needs to be adjusted
as it has considerable influence on the phase behavior of
the microemulsions. For example, adjustment of the initial
pH at 7 - 8 is important for lecithin-based microemulsions,
in order to minimize the hydrolysis of the phospholipids
and the triglycerides to fatty acids and improve the stabil-
ity (66]. As for parenteral microemulsions, the aqueous phase
should be isoosmotic to the blood, which can be achieved
with the addition of agents such as sodium chloride,
glycerol, dextrose and sorbitol.

3.2 Stability of microemulsions

One of the advantages of the microemulsion over the
traditional emulsion is its excellent thermodynamic stability.
However, the physical stability and chemical stability of the
drug-loaded microemulsions for intravenous or transdermal
delivery still need to be examined because drugs tend to precipitate
and crystallize as large crystals on storage [67). The stability of
drug-loaded microemulsions can be affected by intrinsic prop-
erties of the microemulsions, such as the type and levels of
surfactant used, the phase volume ratio, and the internal
storage conditions such as the temperature and the light.

The diallyl trisulfide microemulsion reported by Chengwen
Mao et al. [68] showed a good stability at 4°C during 3 months
of storage. All the formulations have high negative zeta poten-
tials and such electrostatic repulsive forces may contribute to
the stability of the DT microemulsions. In another study, the
microemulsion also acted as a protector for all-zrans-retinoic
acid (ATRA) (691, which is readily degraded on exposure to
light [70;. Within 1 h, <30% of ATRA remained intact in
methanol solution, whereas 9% of ATRA incorporated in
microemulsion was degraded, and after 7 h of incubation
~ 59% of ATRA was found intact. When the samples were
protected from light, the concentration of ATRA remained
constant in any samples. The stability of ATRA in micro-
emulsion is considered to be due to the presence of protec-
tive films surrounding ATRA, which were provided by
phospholipid layers.

The stability of theophylline microemulsion was investi-
gated by storage at -4°C, 60°C and ambient temperature. All
microemulsion formulations showed excellent stability at
ambient temperature, whereas the phase separation and tur-
bidity were observed when vehicles were stored at -4°C and
60°C [71]. The coagulation of the internal phase at low tem-
perature and the cloud point of surfactant mixture at high
temperature might lead to this instability; but these were easily
recovered by storing at ambient temperature for a while.

3.3 Bioavailability of microemulsions
3.3.1 Through the intravenous route
Various nanocarriers including microemulsions effectively
accumulate in many tumors predominantly by means of the
enhanced permeability and retention (EPR) effect. The EPR
effect, which was first observed by Matsumura and Maeda, is
caused by abnormally high permeability of tumor blood vessels
combined with poor lymphatic drainage in tumor tissues [72].
To increase the accumulation of drugs in the tumors, the
nanocarriers need to be long-circulating. Coating the nano-
carriers with hydrophilic polymers such as PEG is the most
frequent way to impart in vive longevity to drug carriers. The
presence of PEG with appropriate conformation and density
sterically hinders interactions of blood components with
their surface and slows down their fast capture by the
reticuloendothelial system [73].

In injectable microemulsions of vincristine (M-VCR), the
oil phase was a vitamin E solution of oleic acid and VCR, and
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PEG-DSPE and cholesterol were used as the surfactants. The
particle size of M-VCR ranged from 90 to 150 nm. Compared
with free VCR solution (F-VCR), the plasma AUC of M-VCR
was significantly increased and the spleen and liver AUC g _ 121,
of M-VCR were significantly decreased. Such a difference of
the pharmacokinetics between M-VCR and F-VCR may be
due to the steric barrier of the surface-grafted PEG chains of
M-VCR. Besides, the tumor AUCq g _ 15 1, of M-VCR was
significantly greater than that of F-VCR owing to the EPR
effect, showing greater potential antitumor effects than
F-VCR in M5076 tumor-bearing C57BL/6 mice.

To achieve targeting of folate receptor (FR)-positive tumor
cells, Yukino Ohguchi ez al. [74] synthesized folate-PEG-DSPE
and formulated the aclacinomycin A (ACM)-loaded micro-
emulsion with it as the surfactant. /n virro study indicated
that KB cells that overexpress FR showed selective FR-mediated
uptake, but it was not the case in FR-negative HepG2 cells.
However, there was no significant difference in the antitumor
effect between folate-PEG-DSPE microemulsion and non-
folate microemulsion following intravenous injection, although
both of them inhibited tumor growth more significantly
than ACM solution on day 24 following tumor inoculation.
Compared with non-folate microemulsion, a greater amount of
folate-modified microemulsion accumulated in the spleen,
which may be an explanation for the deficient targeting of
folate-PEG-DSPE microemulsions to the KB tumors. There-
fore, further study is needed to optimize the formulations of the
microemulsion to achieve tumor targeting.

There are also microemulsions for parental delivery that do
not incorporate PEG in the formulations. A cholesterol-
rich microemulsion termed LDE that contains cholesteryl
oleate, egg phosphatidylcholine, triolein and cholesterol has
been used to carry anticancer drugs to the target tissues in
various tumor models [75-77], based on the properties of the
microemulsion, to concentrate in the tumors where low-
density lipoprotein (LDL) receptor is upregulated. LDE con-
centrates paclitaxel oleate, a paclitaxel lipophilic derivative, in
the tumor roughly fourfold relative to the normal adjacent
tissues [76]. The association of paclitaxel oleate with LDE results
in remarkable changes of the pharmacokinetics of the drug
compared with commercial paclitaxel. The LDE-paclitaxel
oleate also shows better antitumor activity than the commercial
paclitaxel, as indicated by the reduction in tumor growth,
increase in survival rates and percentage cure of treated.

To avoid reticuloendothelial system trapping, nanocarriers
may be covered with a hydrophilic barrier to escape recogni-
tion. Apart from synthetic hydrophilic polymers frequently
used for this purpose, such as poly(ethylene glycol), polyvinyl
alcohol and poly (amino acid) [78-80], in the preparation of
liposomes and nanoparticles, the nature-derived hydrophilic
polymer such as hyaluronic acid chitosan has also been used to
coat the nanocarriers [81]. In an attempt to enhance the
circulation time of the nobiletin-loaded microemulsion, weakly
positively charged hyaluronic acid chitosan (HAC) was added
and expected to adsorb to the external surface of the negatively

He, He & Gao

charged microemulsion. Both microemulsion and HAC-
coated microemulsion showed a prolonged residence in the
blood compared with the free drug, and the retention time of
HAC-coated microemulsion in the blood circulation was
markedly longer than that of the microemulsion group, which
may help to explain the fact that the presence of HAC in the
microemulsions resulted in an increased concentration of
nobiletin in the brain. Owing to the mucoadhesive activity
of hyaluronic acid, hyaluronic acid has been reported to be able
to inhibit the phagocytosis of the macrophages in a dose and
molecular mass-dependent manner [82]. Moreover, the com-
ponents in the formulation, Cremophor EL 35 and labrasol,
which have been shown to be able to inhibit the multi-
drug resistance phenotype and increase the permeability
of tight junctions in Caco-2 cells, may also play a role in
overcoming the blood-brain barrier.

3.3.2 Through the transdermal route

Human skin is an important target site for the application
of drugs. Compared with oral routes, the transdermal route
of drug administration has the advantages of minimizing the
first-pass effect and providing an alternative to hypodermic
injection [4]. It has been recognized that transdermal delivery
can be influenced by the interactions that may occur
between the vehicle and the skin, and interactions between
the active ingredient and the skin [83]. The influence of the type
of microemulsion used on the transdermal adsorption and
permeation has been evaluated recently with the model drug
lidocaine [63,84]. Results showed that type II (water-in-oil) and
type IV (bicontinuous) linker-based vehicles produce larger
transdermal lidocaine flux, larger lidocaine skin absorption and
larger lidocaine permeability than type I (oil-in-water) micro-
emulsion and pentanol-based type II microemulsion. The
superior flux obtained with linker microemulsions was dem-
onstrated to result from the use of hydrophilic linkers, sodium
caprylate and caprylicacid, which accelerate the interfacial mass
transfer by reducing the interfacial rigidity of the systems [63].
Moreover, the release profiles of types I and II microemulsions
were also investigated [84]. It was demonstrated that the release
of drug from type I microemulsions is slower than type II
microemulsions and the mass transfer coefficient of type II
systems was larger than that of type I. The lower rate of
penetration for type I systems may be related to the higher
viscosity of these systems. All of these results suggest that the
morphology of the microemulsion plays an important role in
the drug release kinetics.

4. Toxicity of microemulsions

As the formulations of the microemulsion always include a large
amount of surfactant and co-surfactant, which may cause
hemolysis or histopathological alterations of the tissue,
the potential toxicity or the irritancy of the microemulsion
should be evaluated. To evaluate the safety of the
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intravenous microemulsion, the 77 vitro red blood cell hemo-
lysis experiment can be undertaken instead of the in wvivo
test [85,86]. [z vitro studies evaluating the potential hemolytic
activity of microemulsions prepared with varying types of
surfactant and oil and different ratios of aqueous to non-
aqueuos indicate that the highest hemolytic activity of micro-
emulsions may be attributed to the excipient used in the
formulations. The most hemolytic microemulsions corre-
sponded to those containing the surfactant Labrasol®, with or
without butyl lactate, so the use of high amounts of Labrasol
and butyl lactate should be avoided in microemulsions 86].

For the topical use of microemulsions on the skin, the skin
redness test to judge the extent of erythema and edema and
histological analysis to examine the epidermis thickening
and infiltration of inflammatory cells are often used to evaluate
the irritancy of the microemulsion (87,88]. For intact skins after
a single applicadon or multiple applications, neither
microemulsion-based hydrogel (MBH) nor microemulsion
formulation of penciclovir irritated the skin. However, after a
single application or multiple applications to injured skins,
slight skin irritation occurred for the microemulsion, but not
for MBH. It was possible that the decrease of the metabolic
capability for damaged skins induced accumulation of surfactant
mixture and oil phase, which induced irritation reaction.
The SEM in skin showed that, compared with MBH,
microemulsion could change the structure of stratum corneum
to a greater extent, and this change could be beneficial to the
permeation of drugs through skins.

The choice of surfactants also greatly influences the toxicity
of SEDDS for oral delivery of drugs. Generally, polysorbates
and polyethoxylated vegetable oils are less toxic than single-
chain surfactants, and esters are less toxic than ethers (which are
non-digestible). Non-ionic surfactants are generally considered
to be acceptable for oral administration, and the emergence of
several successful marketed products has given the industry
confidence in lipid-based products [89]. The oral and intrave-
nous LDsq values for most non-ionic surfactants exceed 50 and
5 glkg, respectively, so 1 g surfactant in a formulation is well
tolerated for uses in acute oral drug administration [90). More
careful consideration should be given to the formulation for
chronic use, and it is noteworthy that marketed lipid products
for chronic use generally do not tend to include surfactants [89].
However, the marketed HIV protease inhibitor products
(Agenerase, Kaletra and Norvir) contain a considerable quan-
tity of surfactants in each capsule, and several capsules are
administered 2 - 4 times daily, so that patients ingest 2 -3 g
Cremophor or D-0-tocopheryl polyethylene glycol 1000 suc-
cinate (TPGS) a day. It is generally believed that the clinical
indication benefit outweighs the risk in this case, so such a
formulation is still acceptable as a whole.

5. Expert opinion

Microemulsions have been paid extensive attention owing to
their potential to be used as effective drug delivery vehicles for a

large range of drugs. The excipient, characteristics, bioavail-
ability and pharmacodynamic effects of representative micro-
emulsions used in oral/intravenous/transdermal administration
are summarized in Table 1. However, there is still a consider-
able amount of fundamental work that needs to be performed
before the microemulsions can be used as multipurpose drug
delivery vehicles. Up to now, special attention has been paid
to the physicochemical and biopharmaceutical characteristics
of the formulations, which will affect the in vivo performance
of the formulation. More mechanistic studies should be
encouraged to facilitate a better understanding of the phar-
maceutical characteristics of such lipid formulations and
complex interactions between lipid excipient, drug and the
physiological environment.

Poorly water-soluble drugs are a broad class of drugs that
represent a real challenge for the design of appropriate for-
mulations aimed at enhancing oral bioavailability. For oral
delivery, formulators need to have a good understanding of
gastrointestinal digestion and to set up standardized predictive
in vitro tests to predict the fate of the formulation after oral
administration. Also, more attention should be paid to the drug
precipitation from SEDDS when diluted with water or dis-
persed in the GIT. Moreover, traditional preparations of
SEDDS are usually prepared as liquids and orally administered
in soft or hard gelatin capsules that produce some disadvantages,
such as high production costs, low drug incompatibility and
stability, drug leakage and precipitation, and capsule ageing.
Then incorporation of liquid SEDDS into a solid dosage form is
compelling and desirable, and some solid self-emulsifying dosage
forms have been initially explored, such as self-emulsifying tablet
and pellets. Furthermore, SEDDS encompass a wide range of
compositions and show a broad character and functionality, how
the choice of excipients is likely to influence the fate of the
formulation and drug in vive. A large quantity of surfactant
mightirritate the GIT with chronic use. Thus, the safety aspect of
the surfactant vehicle should be carefully considered in each case
and the method of how to decrease its quantity in formulation
also should be experimented. Finally, the advanced solidification
techniques and some new solid dosage forms of SEDDS will
emerge and be used in the near future.

Although there are some systematic and mechanistic studies
and several model drugs addressing the critical area of micro-
emulsions, and microemulsions have demonstrated potential as
a commercially feasible and new vehicle for parenteral delivery
hydrophobic drugs, relatively few in vivo studies in humans by
means of intravenous injection have been reported in the
literature when compared with conventional dosage forms.
The lack of surfactants and co-surfactants significantly hin-
dered successful development of formulations of new injectable
microemulsions with satisfactory stability and curative effect
both in vitro and in vive. Moreover, a long-term safety eval-
uation of new excipients needs to be undertaken to widen the
scope of the microemulsions used for systemic administration.

On the other hand, as is well known, the main challenge
to transdermal drug delivery is to overcome the barrier of
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the stratum corneum, which hampers the achievement of
therapeutic drug levels in either topic or systemic circula-
tion. Owing to their penetration-enhancing properties,
microemulsions can find application in several clinical areas.
Several encouraging studies on the enhanced dermal drug
uptake by microemulsions have been reported and several
fields such as site-specific treatment of dermatological diseases
and topical genetic immunization using microemulsions
should be paid more attention. Anti-acne drugs, local anesthetics
and drugs such as cyclosporine A to treat psoriasis vulgaris
appear to be useful through the skin route when encapsulated
in microemulsions because a fast penetration and, hence, a fast
occurring effect can be reached. Also, microemulsions offer
a high solubilization capacity for poorly soluble drugs such
as some hormones and beta-blockers, and combined with
their permeation-enhancing effect, high flux rates and high
concentration of drug in blood can be obtained. Investigators
are now making great efforts to improve the convenience
and compliableness in the clinic, using approaches such as
adding thickening agents or making patches to combine the
microemulsion with other polymers, which can increase
drug fluxes similar to the fluid microemulsion at the
same time to improve the drug disposition into the dermis
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layer. On the other hand, topical genetic immunization using
vaccine-containing microemulsions is a highly innovative
approach because the skin represents the body’s front line
for immunosurveillance.

In conclusion, considering the potential in enhanced drug
uptake/permeation and facing the limitations, their unique
properties make microemulsions a promising vehicle for
multifunctional drug delivery.

Acknowledgment

This study was financially supported by the Scientific Research
Fund of Ministry of Health-Medical Science Critical Tech-
nological Program of Zhejiang Province (WKJ2008-2-029),
the Natural Science Foundation for Distinguished Young
Scholar of Zhejiang Province, China (R2090176) and the
National Basic Research Program of China (973 Program,
2009CB930300).

Declaration of interest

The authors state no conflict of interest and have received no
payment in preparation of this manuscript.

1. Lipinski CA, Lombardo F, Dominy BW,

et al. Experimental and computational

formulated from nano-emulsion
templates-a review. ] Control Release

2008;128(3):185-99

simvastatin in beagle dogs. Int ] Pharm

2004;274(1-2):65-73

approaches to estimate solubility and 14.  Hong JY, Kim JK, Song YK, et al.
permeability in drug discovery and 8. Jadhav KR, Shaikh IM, Ambade KW, A new self-emulsifying formulation of
development settings. Adv Drug Deliv Rev Kadam V]. Applications of itraconazole with improved dissolution
2001;46(1-3):3-26 microemulsion based drug delivery and oral absorption. ] Control Release
2. Wong J, Brugger A, Khare A, et al. system. Curr Drug Deliv 2006;3:267-73 2006;110(2):332-8
Suspensions for intravenous (IV) 9. Jayvadan Patel AS. Self-emulsifying 15, Wu W, Wang Y, Que L. Enhanced
injection: A review of development, delivery systems for poorly absorbed bioavailability of silymarin by
preclinical and clinical aspects. Adv Drug drugs. Int ] Pharm Sci Nanotechnol self-microemulsifying drug delivery
Deliv Rev 2008;60(8):939-54 2008;1(3):123-8 system. Eur J Pharm Biopharm
3. Talegaonkar S AA, Ahmad FJ, Khar RK, 10.  Patel PA, Chaulang GM, Akolkotkar A, 2006;63(3):288-94
et al. Microemulsions: a novel approach et al. Self emulsifying drug delivery 16.  Pouton CW. Lipid formulations for
to enhanced drug delivery. Recent Pat system: a review research. ] Pharm Tech oral administration of drugs:
Drug Deliv Formul 2008;2(3):238-57 2008;1(4):313-23 non-emulsifying, self-emulsifying and
4. Heuschkel S, Goebel A, Neubert RHH. 11.  Jingling T, Jin S, Zhong-Gui H. Self- ‘self-microemulsifying’ drug delivery
Microemulsions- modern colloidal carrier emulsifying drug delivery systems: systems. Eur J Pharm Sci
for dermal and transdermal drug strategy for improving oral delivery of 2000;11(Suppl 2):593-8
delivery. J Pharm Sci 2008;97(2):603-31 poorly soluble drugs. Curr Drug Ther 17.  Shen H, Zhong M. Preparation and
5. Spernath A, Aserin A. Microemulsions as 2007;2:85-93 evaluation of self-microemulsifying drug
carriers for drugs and nutraceuticals. 12.  Kommuru TR, Gurley B, Khan MA, delivery systems (SMEDDS) containing
Adv Colloid Interface Sci et al. Self-emulsifying drug delivery atorvastatin. ] Pharm Pharmacol
20065128-130:47-64 ystems (SEDDS) of coenzyme Q10: 2006;58(9):1183-91
6. Bouchemal K, Briangon S, Perrier E, formulation development and 18.  Tang B, Cheng G, Gu JC, et al.
et al. Nano-emulsion formulation using bioavailability assessment. Int ] Pharm Development of solid self-emulsifying
spontaneous emulsification: solvent, oil 2001;212(2):233-46 drug delivery systems: preparation
and surfactant optimisation. Int ] Pharm 13.  Kang BK, Lee JS, Chon SK, et al. techniques and dosage forms.

2004;280(1-2):241-51
7. Anton N, Benoit J-P, Saulnier P. Design

and production of nanoparticles

Development of self-microemulsifying
drug delivery systems (SMEDDSY) for

oral bioavailability enhancement of

Drug Discov Today
2008;13(13-14):606-12

Expert Opin. Drug Deliv. (2010) 7(4)

457
RIGHTS LI N Kz



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

Microemulsions as drug delivery systems to improve the solubility and the bioavailability of poorly water-soluble drugs

19.  Pouton CW, Porter CJ. Formulation of 31.  Porter CJH, Kaukonen AM, dietary state. Eur ] Pharm Biopharm
lipid-based delivery systems for oral Taillardat-Bertschinger A, et al. Use of in 2008;69(2):553-62
administration: materials, methods and vitro lipid digestion data to explain the 41, Zangenberg NH, Mullertz A,
strategies. Adv Drug Deliv Rev in vivo performance of triglyceride-based Kristensen HG, et al. A dynamic
2008;60(6):625-37 oral lipid formulations of poorly in vitro lipolysis model. I. Controlling

20. Ito Y, Kusawake T, Ishida M, et al. water—soltlble drugs: stud.les with the rate of lipolysis by continuous
Oral solid gentamicin preparation halofantrine. J Pharm Sci addition of calcium. Eur ] Pharm Sci
using emulsifier and adsorbent. 2004;93(5):1110-21 2001;14(2):115-22
J Control Release 2005;105(1-2):23-31 32.  Cao Y, Marra M, Anderson BD. 42, Ljusberg-Wahren H, Seier Nielsen F

21.  Christensen KL, Pedersen GP, Pr-edicti\./e relationships for Fhe effects of Brogard M, et al. Enzymatic
Kristensen HG. Preparation of triglyceride esterv (foncentratlofl.anfi water characterization of lipid-based drug
redispersible dry emulsions by spray uptake on solubility and partitioning of delivery systems. Int ] Pharm
drying. Tnt J Pharm 2001;212(2):187-94 small molecules into lipid vehicles. 2005;298(2):328-32

J Pharm Sci 2004;93(11):2768-79

22.  Hansen T, Holm P, Rohde M, et al. 43.  Dahan A, Hoffman A. Use of a
In vivo evaluation of tablets and capsules 33. Kossena. GA, Boyd BJ, P.ort.er CJH, etal. dynamic in vitro lipolysis model to
containing spray-dried o/w-emulsions for Sepal.rauon and characterlzanon. of t_he rationalize oral formulation development
oral delivery of poorly soluble drugs. colloidal phases produced on digestion of for poor water soluble drugs: correlation
Int ] Pharm 2005;293(1-2):203-11 common formula.tlcTn lipids and with in vivo data and the relationship

23.  LiF, Wang T, He HB, et al. The zssezsr:,etnstofl)i}:;:r ;TS;Z;ZZ tl:)eorl to intra-enterocyte processes in rats.
properties of bufadienolides-loaded PP i P' Y Pharm Res 2006;23(9):2165-74

) ) . water-soluble drugs. ] Pharm Sci
nano-emulsion and submicro-emulsion 2003:92(3):634-48 44.  MacGregor KJ, Embleton JK, Lacy JE,
during lyophilization. Int ] Pharm ’ ) ) et al. Influence of lipolysis on drug
2008;349(1-2):291-9 34.  Porter CJH, F’ouFon C_W’ Cuine JF, absorption from the gastro-

24.  Royce A SJ, Shah U, Vishnupad K. et al .E.nhfmcmg. mte.st%nal drug . intestinal tract. Adv Drug Deliv Rev

. ; ! solubilisation using lipid-based delivery 1997;25(1):33-46
Alternative granulation technique: melt . ’ :
lation. Drug Dev Ind Pharm systems. Adv Drug Deliv Rev 45.  Porter CJH, Kaukonen AM, Boyd BJ
granuiation. Lirug 2008:60(6):673-91 : > AL Boy@ Bl
1996;22:917-24 ) et al. Susceptibility to lipase-

25.  Newton JM, Pinto MR, Podczeck F. 3. gla(;rf;tx:tra()t)zlzvzlcl?:Z;llsDi;;iop;:zm of n?ediatACd fi%gestion reduces the oral
The preparation of pellets containing a deive svstem formulations fj— & bloaf'aflabllfty of danazo'l after )
surfactant or a mixture of mono- and im ml;zyiny the oral absorption of poorl administration as a medium-chain
di-gylcerides by extrusion/spheronization. P 8 P P . Y lipid-based microemulsion formulation.

. soluble drugs. Expert Opin Drug Deliv Pharm Res 2004;21(8):1405-12
Eur ] Pharm Sci 2007;30(3-4):333-42 2006:3(1):97-110 selle):
26.  Breitenbach J. Melt extrusion: from , L. . 46 Cuiné J, Charman W, Pouton C,
36. Ragh SL, Trividic A, D AF, . .
process to drug delivery technology. agl aéan i r.1 " 1cf hvd e . et al. Increasing the proportional
Eur J Pharm Biopharm et al .r.YSftla 1zat10r; ° | ydrocortisone content of surfactant (Cremophor EL)
2002;54(2):107-17 acetate.hm uence of polymers. relative to lipid in self-emulsifying
27 P CW. Self Kifvine d Inc J Pharm 2001;212(2):213-21 lipid-based formulations of danazol
’ do;lton - oeiemu ﬁfymgf r;g 37.  Gao P, Rush BD, Pfund WP, et al. reduces oral bioavailability in
;F“iery sys;ems. fs.sfessn.lentlo ‘ ePh Development of a supersaturable SEDDS beagle dogs. Pharm Res
efficiency of emulsification. Int J Pharm (S-SEDDS) formulation of paclitaxel 2007;24(4):748-57
1985;27(2-3):335-48 S o
P CIH. Ch WN . with improved oral bioavailability. 47.  Trevaskis NL, Charman WN, Porter CJ.

28. orter J ’f aITand " ~dIn vitro J Pharm Sci 2003,92(12)2386-98 Lipid—based delivery systems and
i‘ssessTer‘lt © Z: Il)pl la)sel. R 38.  Sek L PC, Kaukonen AM, Charman intestinal lymphatic drug transport: a
z(g(?;usztgm' | 1V81f21;gs4; v Rev WN. Evaluation of the in-vitro digestion mechanistic update. Adv Drug Deliv Rev

50(Suppl 1: ) profiles of long and medium chain 2008;60(6):702-16

29. Gershan.ik T}BCDTEHO S’l ?efﬁtal.&' glycerides and the phase behaviour of 48.  Nordskog BK, Phan CT, Nutting DF,
:interagnlf)n orase _em.uhSlng P lj their lipolytic products. et al. An examination of the factors
. 8 . y ;very Systerm W;t ‘ .e evefrt; rT J Pharm Pharmacol 2002;54:29-41 affecting intestinal lymphatic transport of
1r'1test1rzia m?cosahas : u;l:tlon;){ fopiet 39.  Christensen J@, Schultz K, Mollgaard B, dietary lipids. Adv Drug Deliv Rev
size and surface charge. Fharm 1es et al. Solubilisation of poorly 2001;50(1-2):21-44
1998;15(6):863-9 L

water-soluble drugs during in vitro 49.  Nankervis R, Davis SS, Day NH

30. Koslsel;’a (b;A) tharmaxf :ZN’ Boyd BJ, liPOIYSiS of medium- and long—c‘hain et al. Intestinal lymphatic transport of
f:t a}; o mg mg S(l) ot 1zaftlon patterns triacylglycerols. Eur J Pharm Sci three retinoids in the rat after oral
”:1 ¢ .e .gastr.()mtesftllflaidtrbact thrl' 2004;23(3):287-96 administration: effect of lipophilicity
& mmlstranzn Od_lp 1d-based de 1\;lery 40.  Nielsen FS, Petersen KB, Mullertz A. and lipid vehicle. Int J Pharm
systems: a phase CLagram approach. Bioavailability of probucol from lipid 1996;130(1):57-64
J Pharm Sci 2004;93(2):332-48 . R

and surfactant based formulations in
minipigs: influence of droplet size and

458 Expert Opin. Drug Deliv. (2010) 7(4)

RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Caliph SM, Charman WN, Porter CJH.
Effect of short-, medium-, and long-
chain fatty acid-based vehicles on the
absolute oral bioavailability and intestinal
lymphatic transport of halofantrine

and assessment of mass balance in
lymph-cannulated and non-cannulated

rats. ] Pharm Sci 2000;89(8):1073-84
Holm R, Miilertz A, Christensen E,

et al. Comparison of total oral
bioavailability and the lymphatic
transport of halofantrine from three
different unsaturated triglycerides in
lymph-cannulated conscious rats.
Eur J Pharm Sci 2001;14(4):331-7

Griffin BT, O’Driscoll CM. A
comparison of intestinal lymphatic
transport and systemic bioavailability of
saquinavir from three lipid-based
formulations in the anaesthetised rat
model. ] Pharm Pharmacol

2006;58:917-25

Hauss DJ, Fogal SE, Ficorilli JV, et al.
Lipid-based delivery systems for
improving the bioavailability and
lymphatic transport of a poorly
water-soluble LTB4 inhibitor.

J Pharm Sci 1998;87(2):164-9

Karpf DM, Holm R, Kristensen HG,
et al. Influence of the type of surfactant
and the degree of dispersion on the
lymphatic transport of halofantrine in

conscious rats. Pharm Res

2004;21(8):1413-8

Porter CJH, Charman WN. Intestinal
lymphatic drug transport: an update.
Adv Drug Deliv Rev 2001;50(1-2):61-80

Dintaman JM, Silverman JA. Inhibition
of P-glycoprotein by D-alpha-Tocopheryl
Polyethylene Glycol 1000 Succinate
(TPGS). Pharm Res 1999;16(10):1550-6

Chervinsky DS, Brecher ML, Hoelcle
MyJ. Cremophor EL enhances taxol
efficacy in a multidrug resistant C1300

neuroblastoma cell line. Anticancer Res

1993;13:93-6
Lo Y-L, Hsu C-Y, Huang J-D.

Comparison of effects of surfactants with
other MDR reversing agents on
intracellular uptake of epirubicin in
Caco-2 cell line. Anticancer Res

1998;18:3005-9

Yu L, Bridgers A, Polli J, et al. Vitamin
E-TPGS increases absorption flux of
an HIV protease inhibitor by enhancing

its solubility and permeabilityl.
Pharm Res 1999;16(12):1812-7

60.

6l.

62.

63.

64.

65.

60.

67.

68.

69.

70.

71.

72.

Hugger ED, Novak BL, Burton PS, et al.

A comparison of commonly used
polyethoxylated pharmaceutical
excipients on their ability to inhibit
P-glycoprotein activity in vitro.

J Pharm Sci 2002;91(9):1991-2002
Chiu Y-Y, Higaki K, Neudeck BL, et al.
Human jejunal permeability of
cyclosporin a: influence of surfactants on
P-glycoprotein efflux in caco-2 cells.

Pharm Res 2003;20(5):749-56
Date AA, Nagarsenker MS. Parenteral

microemulsions: an overview.

Int J Pharm 2008;355(1-2):19-30
Yuan JS, Ansari M, Samaan M, et al.

Linker-based lecithin microemulsions for
transdermal delivery of lidocaine.

Int J Pharm 2008;349(1-2):130-43
Lawrence M]J, Rees GD.

Microemulsion-based media as novel
drug delivery systems. Adv Drug
Deliv Rev 2000;45(1):89-121

Williams AC, Barry BW. Penetration
enhancers. Adv Drug Deliv Rev
2004;56(5):603-18

Vandamme TF. Microemulsions as
ocular drug delivery systems: recent
developments and future challenges.
Prog Retin Eye Res 2002;21(1):15-34

Kogan A, Garti N. Microemulsions as
transdermal drug delivery vehicles.
Adv Colloid Interface Sci
2006;123-126:369-85

Mao C, Wan J, Chen H, et al.
Emulsifiers’ composition modulates
venous irritation of the nanoemulsions
as a lipophilic and venous irritant drug
delivery system. AAPS PharmSciTech
2009;10:1058-64

Batrakova EV, Kabanov AV. Pluronic
block copolymers: evolution of drug
delivery concept from inert nanocarriers
to biological response modifiers.

J Control Release 2008;130(2):98-106
Hwang SR, Lim S-], Park J-S, et al.

Phospholipid-based microemulsion
formulation of all-trans-retinoic acid for
parenteral administration. Int ] Pharm
2004;276(1-2):175-83

Zhao X, Liu JP, Zhang X, et al.
Enhancement of transdermal delivery of
theophylline using microemulsion
vehicle. Int J Pharm
2006;327(1-2):58-64

Matsumura Y, Maeda H. A new concept
for macromolecular therapeutics in

cancer chemotherapy: mechanism of

73.

74.

75.

76.

77.

78.

79.

80.

81.

He, He & Gao

tumoritropic accumulation of proteins
and the antitumor agent smancs.

Cancer Res 1986;46(12 Part 1):6387-92
Torchilin VP. Multifunctional

nanocarriers. Adv Drug Delivery Rev

2006;58(14):1532-55

Ohguchi Y, Kawano K, Hattori Y, et al.
Selective delivery of folate PEG-linked,
nanoemulsion-loaded aclacinomycin A
to KB nasopharyngeal cells and
xenograft: effect of chain length and
amount of folatePEG linker.

J Drug Target 2008;16(9):660-7

Azevedo CHM, Carvalho JP,

Valduga CJ, et al. Plasma kinetics and
uptake by the tumor of a cholesterol-rich
microemulsion (LDE) associated to
etoposide oleate in patients with ovarian
carcinoma. Gynecol Oncol
2005;97(1):178-82

Rodrigues DG, Maria DA,

Fernandes DC, et al. Improvement of
paclitaxel therapeutic index by
derivatization and association to a
cholesterol-rich microemulsion: in vitro
and in vivo studies.

Cancer Chemother Pharmacol

2005;55(6):565-76
Dias M, Carvalho J, Rodrigues D, et al.

Pharmacokinetics and tumor uptake of a
derivatized form of paclitaxel associated
to a cholesterol-rich nanoemulsion (LDE)
in patients with gynecologic cancers.
Cancer Chemother Pharmacol

2007;59(1):105-11
Romberg B, Oussoren C, Snel C, et al.

Effect of liposome characteristics and
dose on the pharmacokinetics of
liposomes coated with poly(amino acid)s.

Pharm Res 2007;24(12):2394-401
Takeuchi H, Kojima H, Yamamoto H,

et al. Evaluation of circulation profiles of
liposomes coated with hydrophilic
polymers having different molecular

weights in rats. ] Control Release
2001;75(1-2):83-91

Gao ], Zhong W, He J, et al.
Tumor-targeted PE38KDEL
delivery via PEGylated anti-HER2

immunoliposomes. Int ] Pharm

2009;374(1-2):145-52
Yao ], Zhou JP, Ping QN, et al.

Distribution of nobiletin chitosan-based
microemulsions in brain following i.v.
injection in mice. Int J Pharm

2008;352(1-2):256-62

Expert Opin. Drug Deliv. (2010) 7(4)

459
RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

Microemulsions as drug delivery systems to improve the solubility and the bioavailability of poorly water-soluble drugs

82.  Forrester JV, Balazs EA. Inhibition of incorporated in nano-carrier induced vinpocetine. Drug Dev Ind Pharm
phagocytosis by high molecular weight distinguished improvement in solubility, 2009;35:603-11
hyaluronate. Immunology stability and anti-tumor activity both 100. Woo JS KT, Park JH, Chi SC.
1980;40(3):435-46 in vitro and in vivo. Pharm Res Formulation and biopharmaceutical

83.  Otto A, du Plessis J, Wiechers JW. 2009;26:926-35 evaluation of silymarin using SMEDDS.
Formulation effects of topical emulsions 92.  Junping W, Takayama K, Nagai Tr, Arch Pharm Res 2007;30:82-9
on transdermal and dermal delivery. Maitani Y. Pharmacokinetics and 101, Singh A, Chaurasiya A, Awasthi A, et al.
Int ] Cosmet Sci 2009;31(1):1-19 antitumor effects of vincristine carried by Oral bioavailability enhancement of

84.  Jessica S, Yuan EJA. Extended release of microemulsions composed of PEG-lipid, exemestane from self-microemulsifying
lidocaine from linker-based lecithin oleic acid, vitamin E and cholesterol. drug delivery system (SMEDDS).
microemulsions. Int ] Pharm Inc J Pharm 2003;251:13-21 AAPS Pharm Sci Tech 2009;10:906-16
2009;368:63-71 93.  Constantinides PP, Lambert KJ, 102. Zhang P, Liu Y, Feng N, Xu J.

85.  Nornoo AO, Osborne DW, Chow DSL. Tustian AK, et al. Formulation Preparation and evaluation of self-
Cremophor-free intravenous development and antitumor activity microemulsifying drug delivery system of
microemulsions for paclitaxel: I: of a filter-sterilizable emulsion of oridonin. Int J Pharm 2008;355:269-76
formulation, cytotoxicity and hemolysis. Paclitaxel. Pharm Res 2000;17:175-82 103. Lu JL, Wang JC, Zhao SX, et al.

Int J Pharm 2008;349(1-2):108-16 94.  Liu H, Wang Y, Lang Y, Self-microemulsifying drug delivery

86.  Aparicio RM, José Garcia-Celma M, et al. Bicontinuous Cyclosporin system (SMEDDS) improves anticancer
Pilar Vinardell M, et al. In vitro studies a loaded Water-AOT/Tween effect of oral 9-nitrocamptothecin on
of the hemolytic activity of 85-isopropylmyristate microemulsion: human cancer xenografts in nude mice.
microemulsions in human erythrocytes. Structural characterization and Eur J Pharm Biopharm 2008;69:899-907
J Pharm Biomed Anal dermal phafmacokinetics in vivo. 104, Yi T, Wan J, Xu H, Yang X. A new
2005:39(5):1063-7 J Pharm Sci 2009:98:1167-76 solid self-microemulsifying formulation

87.  Vicentini FTMC, Simi TRM, Del 95.  Elshafecy A, Kamel A, Fathallah M. prepared by spray-drying to improve the
Ciampo JO, et al. Quercetin in w/o Utlity of nanosized microemulsion for oral bioavailability of poorly water
microemulsion: In vitro and in vivo skin transdermal delivery of tolterodine soluble drugs. Eur ] Pharm Biopharm
penetration and efficacy against UVB- tartrate: ex-vivo permeation and 2008;70:439-44
induced skin damages evaluated in vivo. in-vivo pharmacokinetic studies.

Eur ] Pharm Biopharm Pl‘urm Res 2009;26:2446-53 Affiliation
2008;69(3):948-57 96.  Biruss B, Va?c.nta C. The ac‘iva?tag‘e .Of Cai-Xia He', Zhong-Gui He? PhD &

88.  Zhu W, Guo C, Yu A, et al. polymer addition to a non-ionic oil in Jian-Qing Gao™ PhD
Microemulsion-based hydrogel wat.er microemulsion for the dermal "4 Authors for correspondence
formulation of penciclovir for topical delivery of progesterone. Int J Pharm 1Zhejiang University,
delivery. Int ] Pharm 2008;349:269-73 Institute of Pharmaceutics,
2009;378(1-2):152-8 97.  Cui ], Yu B, Zhao Y, et al. Enhancement 388 Yuhangtang Road,

89.  Strickley RG. Currently marketed oral of oral absorption of curcumin by Hangzhou 310058, Zhejiang, China
lipid-based dosage forms: drugs products self-microemulsifying drug delivery Tel: +86 571 88208437;
and excipients. In: Dj Hauss, editor, systems. Int ] Pharm 2009;371:148-55 Fax: +86 571 88208437;

Oral lipid-based formulations: enhancing 98.  Patel D, Sawant KK. Oral bioavailability E-mail: gaojianqing1029@yahoo.com.cn
the bioavailability of poorly water soluble enhancement of acyclovir by “Shenyang Pharmaceutical University,
drugs. Informa Healthcare, Inc.: New self-microemulsifying drug delivery School of Pharmacy,

York; 2007 systems (SMEDDS). Drug Dev 103 Wenhua Road, Shenyang 110016,

90.  Schick MJ. Nonionic surfactants. Marcel Ind Pharm 2007;33:1318-26 Liaoning, China
Dekker, Inc.: New York; 1977 99.  Cui SX, Nie SF, Li L, et al. Preparation Tel: +86 24 23986321

d evaluation of self-microemulsifyin E-mail: hezhonggui@gmail.com

91.  Han M, He CX, Fang QL, et al. an u g
A Novel Camptothecin derivative drug delivery system containing

460 Expert Opin. Drug Deliv. (2010) 7(4)

RIGHTES

Wy



