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Abstract  PURPOSE: Micellar solubilization is a pow-
erful alternative for dissolving hydrophobic drugs in
aqueous environments. In this work, we provide an
insight into this subject. METHODS: A concise
review of surfactants and micelles applications in phar-
macy was carried out. RESULTS: Initially, a descrip-
tion of surfactants and aqueous micellar systems is
presented. Following, an extensive review on micellar
drug solubilization, including both the principles
involved on this phenomenon and the work already
done regarding solubilization of drugs by micelles is
presented. The application of micelles in drug delivery,
in order to minimize drug degradation and loss, to pre-
vent harmful side effects, and to increase drug bioavail-
ability, is also presented. Special emphasis is given to
the more recent use of polymeric micelles. Finally, we
briefly discuss the importance of surfactants and
micelles as biological systems models as well as its
application in micellar catalysis. CONCLUSIONS:
As can be seen from the review presented, the use of
micelles in pharmacy is an important tool that finds
numerous applications. 

INTRODUCTION

Surfactants are known to play a vital role in many pro-
cesses of interest in both fundamental and applied sci-
ence. One important property of surfactants is the
formation of colloidal-sized clusters in solutions,
known as micelles, which have particular significance
in pharmacy because of their ability to increase the sol-
ubility of sparingly soluble substances in water (1).
Micelles are known to have an anisotropic water distri-
bution within their structure. In other words, the
water concentration decreases from the surface
towards the core of the micelle, with a completely
hydrophobic (water-excluded) core. Consequently, the
spatial position of a solubilized drug in a micelle will

depend on its polarity: nonpolar molecules will be sol-
ubilized in the micellar core, and substances with inter-
mediate polarity will be distributed along the
surfactant molecules in certain intermediate positions. 

On the other hand, numerous drug delivery and drug
targeting systems have been studied in an attempt to
minimize drug degradation and loss, to prevent harm-
ful side effects, and to increase drug bioavailability (2-
6). Within this context, the utilization of micelles as
drug carriers presents some advantages when compared
to other alternatives such as soluble polymers and lipo-
somes. Micellar systems can solubilize poorly soluble
drugs and thus increase their bioavailability, they can
stay in the body (blood) long enough to provide grad-
ual accumulation in the required area, and their sizes
permit them to accumulate in areas with leaky vascula-
ture (7).  

In general, surfactants play an important role in con-
temporary pharmaceutical biotechnology, since they
are largely utilized in various drug dosage forms to
control wetting, stability, bioavailability, among other
properties (8). It is important to notice that lyophobic
colloids, such as polymers, require certain energy to be
applied for their formation, are quite unstable from the
thermodynamic point of view, and frequently form
large aggregates. Association colloids such as micelles,
on the other hand, can form spontaneously under cer-
tain conditions (self-assembling systems), and are ther-
modynamically more stable towards both dissociation
and aggregation (9).  

Therefore, the study of surfactants and their role in
pharmacy is of paramount importance, especially with
respect to their ability of solubilizing hydrophobic
drugs. In this work, we provide a review of micellar
solubilization of drugs in surfactant systems, blending
it with basic information on surfactants structure and
properties, as well as the applications for drug delivery.
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Surfactants and Micelles

Surfactants are amphiphilic molecules composed of a
hydrophilic or polar moiety known as head and a
hydrophobic or nonpolar moiety known as tail. The
surfactant head can be charged (anionic or cationic),
dipolar (zwitterionic), or non-charged (nonionic).
Sodium dodecyl sulfate (SDS), dodecyltrimethylammo-
nium bromide (DTAB), n-dodecyl tetra (ethylene
oxide) (C12E4) and dioctanoyl phosphatidylcholine (C8-
lecithin) are typical examples of anionic, cationic, non-
ionic and zwitterionic surfactants, respectively (Figure
1). The surfactant tail is usually a long chain hydrocar-
bon residue and less often a halogenated or oxygenated
hydrocarbon or siloxane chain   (16, 17).

Figure 1: Examples of I-anionic (SDS), II-cationic (CTAB),
III- nonionic (C12E4) and VI-zwitterionic (C8-lecithin)
surfactants.

A surfactant, when present at low concentrations in a
system, adsorbs onto surfaces or interfaces significantly
changing the surface or interfacial free energy. Surfac-
tants usually act to reduce the interfacial free energy,
although there are occasions when they are used to
increase it (17). When surfactant molecules are dis-
solved in water at concentrations above the critical
micelle concentration (cmc), they form aggregates
known as micelles. In a micelle, the hydrophobic tails
flock to the interior in order to minimize their contact
with water, and the hydrophilic heads remain on the
outer surface in order to maximize their contact with
water (see Figure 2) (18,19). The micellization process
in water results from a delicate balance of intermolecu-
lar forces, including hydrophobic, steric, electrostatic,
hydrogen bonding, and van der Waals interactions.
The main attractive force results from the hydropho-
bic effect associated with the nonpolar surfactant tails,
and the main opposing repulsive force results from
steric interactions and electrostatic interactions
between the surfactant polar heads. Whether micelliza-

tion occurs and, if so, at what concentration of mono-
meric surfactant, depends on the balance of the forces
promoting micellization and those opposing it (19, 20).

Figure 2: Schematic illustration of the reversible
monomer-micelle thermodynamic equilibrium. The black
circles represent the surfactant heads (hydrophilic
moieties) and the black curved lines represent the
surfactant tails (hydrophobic moieties). 

The determination of a surfactant cmc can be made by
use of several physical properties, such as surface ten-
sion (γ), conductivity (κ) – in case of ionic surfactants,
osmotic pressure (π), detergency, etc. When these
properties are plotted as a function of surfactant con-
centration (or its logarithm, in case of surface tension),
a sharp break can be observed in the curves obtained
evidencing the formation of micelles at that point (16)
(Figure 3).

Figure 3: Changes in the physical properties detergency,
conductivity (κ), osmotic pressure (π) and surface
tension (γ) of an aqueous solution of surfactant as a
function of surfactant concentration. The break in the
curve of each property corresponds to the Critical
Micelle Concentration (cmc). 
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Another important parameter that characterizes
micelles is the aggregation number, Nag, that corre-
sponds to the average number of surfactant monomers
in each micelle of a micellar solution. Usually, in a
micellar solution the aggregation number is approxi-
mately constant for a broad total concentration range
(up to about 100 times the cmc), with the number of
micelles varying (21). However, at certain conditions
micelles can grow with the aggregation number vary-
ing with the surfactant concentration. (22). 

Micelles are labile entities formed by the noncovalent
aggregation of individual surfactant monomers. There-
fore, they can be spherical, cylindrical, or planar (discs
or bilayers). Micelle shape and size can be controlled
by changing the surfactant chemical structure as well as
by varying solution conditions such as temperature,
overall surfactant concentration, surfactant composi-
tion (in the case of mixed surfactant systems), ionic
strength and pH. In particular, depending on the sur-
factant type and on the solution conditions, spherical
micelles can grow one-dimensionally into cylindrical
micelles or two-dimensionally into bilayers or discoi-
dal micelles. Micelle growth is controlled primarily by
the surfactant heads, since both one-dimensional and
two-dimensional growth require bringing the surfac-
tant heads closer to each other in order to reduce the
available area per surfactant molecule at the micelle
surface, and hence the curvature of the micelle surface
(18, 22).

For all these micellar structures in aqueous media, the
surfactant molecules are oriented with their polar
heads towards the water phase and their tail away from
it. In ionic micelles, the interfacial region between the
micelle and the aqueous phase contains the ionic head
groups, the Stern Layer of the electrical double layer
related to these groups, approximately half of the
counter ions associated with the micelle, and water.
The remaining counter ions are contained in the
Gouy-Chapman portion of the double layer that
extends further into the aqueous phase. The length of
the double layer is a function of the ionic strength of
the solution and it can be highly compressed in the
presence of electrolytes (23). For the nonionic surfac-
tants having a polyethylene oxide (PEO) head group,
the structure is essentially the same, except that the
counter ions are not present in the outer region, but
rather coils of hydrated polyethylene oxide chains.

The interior of the micelle containing the hydrophobic
groups presents a radius of approximately the length of
the fully extended hydrophobic chain (17). Another
important characteristic of micelles is that the aqueous
phase penetrates into the micelle beyond the hydro-
philic head groups, and the first few methylene groups
adjacent to the head are considered in the hydration
sphere. Therefore, we can divide the interior region of
the micelle in an outer core penetrated by water and in
an inner core completely water-excluded (22).

Based on the geometry of various micellar shapes and
the space occupied by the hydrophilic and hydropho-
bic groups of the surfactants, it is possible to estimate
the structure of a micelle (20). Accordingly, the param-
eter VH/lcao can determine the shape of the micelle,
with VH corresponding to the volume of the hydro-
phobic group in the micellar core, lc is the length of the
hydrophobic group in the core and ao the cross-sec-
tional area occupied by the hydrophilic group at the
micelle-solution interface. Based on Tanford (19), VH

= 27.4 + 26.9n Å, where n is the number of carbon
atoms in the chain less one, and lc = 1.5 + 1.265n Å,
depending upon the extension of the chain. Therefore,
for a fully extended chain, lc = 1.5 + 1.265n Å (Table
1).

Table 1: Correlation between the parameter VH/lcao and

the structure of the micelle.

Micellar Solubilization

An important property of micelles that has particular
significance in pharmacy is their ability to increase the
solubility of sparingly soluble substances in water. In
this context, solubilization can be defined as the spon-
taneous dissolving of a substance by reversible interac-
tion with the micelles of a surfactant in water to form a
thermodynamically stable isotropic solution with
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reduced thermodynamic activity of the solubilized
material (17). If we plot the solubility of a poorly solu-
ble compound as a function of the concentration of
surfactant, as shown in Figure 4, usually what happens
is that the solubility is very low until the surfactant
concentration reaches the cmc. At surfactant concen-
trations above the cmc the solubility increases linearly
with the concentration of surfactant, indicating that
solubilization is related to micellization.

Figure 4: Schematic plot of the concentration of a poorly
soluble compound as a function of the surfactant
concentration in aqueous solution.

From the thermodynamic point of view, the solubili-
zation can be considered as a normal partitioning of
the drug between two phases, micelle and aqueous, and
the standard free energy of solubilization (ΔGS

º) can be
represented by the following expression (1):

 (1)

where R is the universal constant of the gases, T is the
absolute temperature, and P is the partition coefficient
between the micelle and the aqueous phase.

Usually, the solubilization of a molecule by a surfac-
tant can be evaluated based on two descriptors that are
the molar solubilization capacity, χ, and the micelle-
water partition coefficient, P (24). The χ  value is
defined as the number of moles of the solute (drug)
that can be solubilized by one mol of micellar surfac-
tant, and characterizes the ability of the surfactant to
solubilize the drug. It can be calculated based on the
general equation for micellar solubilization:

 (2)

where Stot is the total drug solubility, SW is the water
drug solubility, Csurf is the molar concentration of sur-
factant in solution, and cmc is the critical micelle con-
centration (25). Since above the cmc the surfactant
monomer concentration is approximately equal to the
cmc, the term (Csurf – cmc) is approximately equal to
the surfactant concentration in the micellar form and,
therefore, χ is equal to the ratio of drug concentration
in the micelles to the surfactant concentration in the
micellar form.

On the other hand, the micelle-water partition coeffi-
cient is the ratio of drug concentration in the micelle
to the drug concentration in water for a particular sur-
factant concentration, as follows:

 (3)

Combining Equations (2) and (3), we can relate the
two solubility descriptors. Accordingly, for a given
surfactant concentration:  

 (4)

As can be seen, P is related to the water solubility of
the compound, in contrary to χ (25). In order to elimi-
nate the dependence of P on the surfactant concentra-
tion, a molar micelle-water partition coefficient (PM),
corresponding to the partition coefficient when Csurf  =
1 M, can be defined as follows:

 (5)

The lower is the cmc value of a given surfactant, the
more stable are the micelles. This is especially impor-
tant from the pharmacological point of view, since
upon dilution with a large volume of the blood, con-
sidering intravenous administration, only micelles of
surfactants with low cmc value still exist, while
micelles from surfactants with high cmc value may dis-
sociate into monomers and their content may precipi-
tate in the blood (26).

There are a number of possible loci of solubilization
for a drug in a micelle, as represented in Figure 5.
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Figure 5: Possible loci of solubilization of drugs in
surfactant micelles, depending on the drug
hydrophobicity. The black bold lines (⎯) represent the
drug at different sites in the micelle. The black circles
represent the surfactant heads, the black bold curved
lines represent surfactant heads consisting of PEO, and
the light black curved lines represent the surfactant tails.

Accordingly, hydrophilic drugs can be adsorbed on the
surface of the micelle (1), drugs with intermediate solu-
bility should be located in intermediate positions
within the micelle such as between the hydrophilic
head groups of PEO micelles (2) and in the palisade
layer between the hydrophilic groups and the first few
carbon atoms of the hydrophobic group, that is the
outer core (3), and completely insoluble hydrophobic
drugs may be located in the inner core of the micelle
(4) (7,17). The existence of different sites of solubiliza-
tion in the micelle results from the fact that the physi-
cal properties, such as microviscosity, polarity and
hydration degree, are not uniform along the micelle
(27).

Mukerjee and Cardinal (28) studied the microenviron-
ments of benzene, some of its derivatives, Triton X-
100, and naphthalene when solubilized in micelles at
low solubilizate to surfactant ratios and proposed the
existence of at least two states (loci) of solubilization
with different polarity. According to the authors, the
total uptake by micelles could be divided approxi-
mately into an “adsorbed” fraction (location at the
micelle-water interface) and a “dissolved” fraction
(location in the hydrocarbon core). When adsorption
takes place the solubility increases beyond the solubil-
ity power of the hydrocarbon core. In fact, numerous
studies indicate that the solubility of slightly polar sub-
stances and aromatic compounds tend to be consider-
ably higher than the solubility of aliphatic compounds
presenting similar molar volumes, despite the fact that
the later are expected to be more compatible with the
aliphatic hydrocarbon core of most micelles (28). 

The capacity of surfactants in solubilizing drugs
depends on numerous factors, such as chemical struc-
ture of the surfactant, chemical structure of the drug,
temperature, pH, ionic strength, etc (7). Nonionic sur-
factants usually are better solubilizing agents than
ionic surfactants for hydrophobic drugs, because of
their lower cmc values. For polar drugs it is more com-
plicate to establish a general relationship between the
degree of solubilization and the chemical structure of
the surfactant, since solubilization can be in both the
inner and the outer regions of the micelle. Krishna and
Flanagan (29) observed that, for the antimalarial drug
β-Arteether (an endoperoxide containing a sesquiter-
pene lactone), nonionic surfactants showed much
lower solubilization power than ionic surfactants.
They suggested that the solubilization of this drug may
not only involve incorporation into the micellar inte-
rior, but may be substantially due to adsorption at the
micelle-water interface. 

 Regarding the influence of structure of the drug, crys-
talline solids generally show less solubility in micelles
than do liquids of similar structure (17). For polar
drugs, the depth of penetration into the micelle varies
with the structure of the drug. Usually, the less polar
the drug (or the weaker its interaction with either the
polar head of the surfactant in the micelle or the water
molecules at the micelle-water interface) and the longer
is the chain length, the smaller its degree of solubiliza-
tion, reflecting its deeper penetration into the palisade
layer (17,23). 

The extent of solubilization into a particular micelle
depends upon the locus of solubilization and therefore
the shape of the micelle. As described previously, the
shape of the micelle is determined by the value of the
parameter VH/lcao and as this parameter increases the
micelle becomes more asymmetrical and the volume of
the inner core increases relative to that of the outer
portion. Therefore, one can expect that the solubiliza-
tion of drugs in the core will increase with increase in
asymmetry, whereas the solubilization of drugs in the
outer region will decrease (17). In fact, it was observed
that for alkyl sodium sulfates and alkyl trimethylam-
monium bromides, the solubilization of β-Arteether
increases with the increase in the alkyl chain length,
due to the larger micellar size (29).
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However, Barry and El Eini (30) studying the solubili-
zation of non-polar steroidal drugs in aqueous solu-
tions of long-chain polyoxyethylene nonionic
surfactants have observed that the molar solubilizing
efficiency of surfactants increased as the length of the
PEO chain increased while micellar sizes are known to
decrease with the increase in PEO chain length. The
authors suggested that, although the inclusion of non-
polar steroids into the micelles decreases as the PEO
hydrophilic chain increases, the number of micelles in
equimolar amounts of surfactants increases and conse-
quently the total amount of steroid per mole of surfac-
tant is greater, hence the observed increase in
solubilizing efficiency with increased hydrophilic
chain length when molar concentrations are consid-
ered. 

Ong and Manoukian (31) have studied the solubiliza-
tion of timobesone acetate, a corticosteroid used in
inflammatory therapy, in nonionic surfactants solu-
tions and observed that the solubilization capacity
increased with increasing length of the hydrophobic
tail of the surfactants. Therefore, timobesone was
assumed to be solubilized in the hydrophobic core of
the micelles. This observation was also confirmed by
the fact that the length of the PEO chain of the surfac-
tants studied did not affect the solubilization capacity,
for a given tail length, and thus solubilization should
not have occurred in the palisade layer or among the
PEO heads.

In general, the amount of drug solubilized in a micellar
system increases with the increase in temperature.
Alkhamis et al. (32) studied the solubilization of the
drug gliclazide, a second-generation sulfonylurea used
in the treatment of non-insulin dependent diabetes
mellitus. The drug solubility was determined as a func-
tion of the concentration of different surfactants at 25
and 37oC and, for all the ionic surfactants studied, the
solubilization was higher at 37oC than at 25oC. This
was attributed to the increase in thermal agitation,
which results in an increase in the space available for
solubilization in the micelle, in addition to the increase
of gliclazide solubility in water at higher temperatures.
For the polyoxyethylene nonionic surfactants, the
effect of the temperature on the extent of drug solubili-
zation may depend on whether the drug is located
inside the hydrophobic core or in the palisade layer. In
this same work, the solubility of gliclazide was found

to decrease with temperature for the nonionic surfac-
tants studied. Barry and El Eini (30) also observed a sig-
nificant decrease in the micelle/water molar partition
coefficient, PM, obtained for nonpolar steroidal drugs
in PEO surfactants solutions when the temperature
was increased from 10 to 50oC. The drugs are believed
to be located preferentially in the palisade layer, and
the increase in temperature causes dehydration of the
PEO groups, bringing them closer and consequently
reducing the space available for the drugs in this region
of the micelle. Nevertheless, the solubility of drugs
located preferentially in the inner core of PEO
micelles is expected to increase as the temperature is
raised, due to micellar growth (23).

The ionic strength can influence significantly the solu-
bilization of a drug in micellar solutions, especially in
case of ionic surfactants. The addition of small
amounts of salts decreases the repulsion between the
similarly charged ionic surfactant head groups, thereby
decreasing the cmc and increasing the aggregation num-
ber and volume of the micelles. The increase in aggre-
gation number favors the solubilization of
hydrophobic drugs in the inner core of the micelle. On
the other hand, the decrease in mutual repulsion of the
ionic head groups causes closer packing of the ionic
surfactant molecules in the palisade layer decreasing
the volume available for solubilization of polar drugs.
The addition of salts to solutions of PEO nonionic sur-
factants may also increase the extent of solubilization
of hydrophobic drugs because of the increase in aggre-
gation number (17).

The pH of micellar solutions can also show significant
influence on the extent of solubilization of drugs, since
it may change the equilibrium between ionized and
molecular forms of some drugs. LI et al. (33) studied
the solubility of the ionized and un-ionized forms of
flavopiridol in polysorbate solutions at different pH
values. This drug is a weakly basic (pKa = 5.68) deriva-
tive of rohitukine that has been developed for breast
cancer treatment. The authors observed that the high-
est total drug solubility was achieved at pH 4.3 where
most of the drug was ionized. More recently, Li and
Zhao (34) studied the solubilization of flurbiprofen, a
non-steroidal antinflamatory drug used in rheumatoid
arthritis, in polysorbate solutions at different pH val-
ues. This drug is a weak acid, with a pKa of 4.17. It was
observed that the drug solubility increases with the
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increase in pH for pH values over the pKa, due to the
increase in the ionized form of the drug. The authors
have also proposed an equilibrium-based model to
characterize drug-surfactant interactions in pH-con-
trolled systems, reflecting both interactions and inter-
dependence among all drug-containing species:
unionized drug in water, ionized drug in water, union-
ized drug in micelles, and ionized drug in micelles. The
model proposed yielded reasonably good estimation
when compared to experimental data.

Regarding ionic surfactants, a particular kind of behav-
ior can be observed for the solubility of drugs at differ-
ent pH values. Enhanced solubility of a drug may be
observed at pH values at which the drug is found
mostly ionized, when surfactant and drug are oppo-
sitely charged. This behavior is a consequence of the
electrostatic interactions between the surfactant mole-
cules and the charged drug that causes a decrease in the
repulsive forces between the head groups of the surfac-
tant molecules, contributing to the micellization pro-
cess and thus decreasing the cmc value. In fact, an early
study has demonstrated that the drug chlorpromazine
can form mixed monomolecular films with phospho-
lipids such as L-α-dipalmitoyl phosphatidylethanola-
mine and L-α-dipalmitoyl phosphatidyl-choline (35).

More recently, Caetano et al. (36) observed a comicelli-
zation phenomenon for the negatively charged surfac-
tant SDS and trifluoperazine, an amphiphilic cationic
drug used as antipsychotic and tranquilizer. The
authors demonstrated, based on SAXS (Small Angle X-
ray Scattering) studies, that the presence of the proto-
nated drug mediates the effect that the counter ion has
on the SDS micelle, in such a way that the drug is able
to promote micellar surface charge screening. More-
over, the electrostatic interaction between the posi-
tively charged drug and the negatively charged SDS
must cause a decrease in the repulsive forces between
the head groups of the surfactant. 

One interesting approach is to combine micellar solu-
bilization with other properties that may be improved
in a drug solution. In this context, recently Palma et al.
(37) combined the solubilization properties of a surfac-
tant with the ascorbic acid antioxidant property that
protects drugs from degradation by light, heat, dis-
solved oxygen and other radical producing species, by
means of synthesizing an ascorbyl-decanoate surfac-

tant. It was observed that micellar solutions of the sur-
factant obtained significantly improved the solubility
of hydrophobic drugs with respect to pure water, by
including these molecules in the hydrophobic micellar
core, as well as protected them from degradation. It
was also observed that the drug solubilization was
more effective for the most hydrophobic drugs (Dan-
thron and Griseofulvin) than for more hydrophilic
ones (Phenacetin).

A nonionic surfactant that deserves special attention is
Cremophor EL (CrEL), which has been used for solu-
bilization of a wide variety of hydrophobic drugs such
as anaesthetics, photosensitizers, sedatives, immuno-
suppressive agents and anticancer drugs. This heteroge-
neous surfactant is a result of the reaction of castor oil
with ethylene oxide, with polyoxyethylene glycerol
ricinoleate 35 as the major component identified (38).
Formulations containing CrEL have been shown to
present important biological side effects, including
severe anaphylactic hypersensitivity reactions, hyper-
lipidaemia, abnormal lipoprotein patterns, aggregation
of erythrocytes and peripheral neuropathy (39-44). 

One of the most recognized applications of CrEL is
the pharmaceutical formulation of paclitaxel, a hydro-
phobic drug active against several murine tumors that
has its development suspended for several years due to
solubilization problems. Various studies have shown
that CrEL influences the pharmacokinetics of many
drugs including paclitaxel that presents a nonlinear dis-
position when formulated with this surfactant (38).
Recently, Sparreboom et al. (45) proposed that the
effect of CrEL on paclitaxel pharmacokinetics is associ-
ated with micellar solubilization, i.e. encapsulation of
the drug within CrEL micelles, with the micelles act-
ing as the principal carrier of paclitaxel in the systemic
circulation. 

In paclitaxel I.V. infusions, an exceptionally large
amount of CrEL is necessary, resulting in important
biological events that can lead to serious acute hyper-
sensitivity reactions and neurological toxicity. There-
fore, large variety CrEL-free formulation vehicles for
paclitaxel are currently in (pre)clinical development,
including liposomes, nanocapsules and microspheres
(46).
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Polymeric Micelles and Drug Delivery

Long-circulating pharmaceuticals and drug carriers rep-
resent a growing area of medical and pharmaceutical
research. There are several reasons for the search for
long-circulating pharmaceuticals and drug carriers,
such as:

(i) Long-circulating particles may be used to main-
tain a required level of a pharmaceutical agent in the
blood for extended time intervals for better drug avail-
ability. Moreover, long-circulating diagnostic agents
are of primary importance for blood pool imaging (47).  

(ii) Long-circulating particles of nanoscopic size can
slowly accumulate in pathological sites with affected
and leaky vasculature (such as tumors, inflammations,
and infarcted areas) and improve or enhance drug
delivery in those areas. This phenomenon is usually
called enhanced permeability and retention effect,
EPR, known also as “passive” targeting or accumula-
tion via an impaired filtration mechanism (48,49).

(iii) Prolonged circulation can help to achieve a better
targeting effect for specific ligand-modified drugs and
drug carriers, since it increases the total quantity of tar-
geted drug/carrier passing through the target, and the
number of interactions between the drug and the tar-
get (50).

As stated before, micellar systems present some advan-
tages when compared to other drug carriers. For exam-
ple, micelles can be obtained in an easy and
reproducible manner in large scale and specific ligands
can be attached to their outer surface in order to opti-
mize the controlled releasing and specificity of phar-
macological effect (7). Polymeric carriers might lead to
precipitation in water, since the drug-polymer interac-
tion can result in conversion of functional water-solu-
ble groups of the drug   into more hydrophobic
groups. Micelles, on the other hand, offer a core/shell
structure and, therefore, stay water-soluble (51). 

According to Kabanov et al. (52), the ideal self-assem-
bling drug delivery system should spontaneously form
from drug molecules, carrier components and targeting
moieties; their size should be of around 10 nm in order
to enable them to penetrate various tissues and even
cells; they should be stable in vivo for a sufficiently

long period of time without provoke any biological
reactions; should release the drug upon contact with
target tissues/cells; and the components of the carrier
(surfactant molecules) should be easily removed from
the body when the therapeutic function is completed.

A very important property of micelles is their size,
which is normally around 5 to 100 nm, filling the gap
between such drug carriers as individual macromole-
cules (antibodies, albumin, and dextran) with size
below 5 nm, and particles such as liposomes and micro-
capsules with size of 50 nm and up. The most usual
size of a pharmaceutical micelle is between 10 and 80
nm and the optimal cmc value should be in a low milli-
molar region.

In drug delivery, special attention has been given to the
so-called polymeric micelles (5,7,53-57). Polymeric
micelles are formed from copolymers consisting of
both hydrophilic and hydrophobic monomer units,
such as PEO and PPO (polypropylene oxide), respec-
tively. These amphiphilic block co-polymers with the
length of the hydrophilic block exceeding the length of
the hydrophobic block can form spherical micelles in
aqueous solution. The micellar core consists of the
hydrophobic blocks and the shell region consists of the
hydrophilic blocks (53). The PEO coating has been
shown to prevent opsonization and subsequent recog-
nition by the macrophages of the reticuloendothelial
system (RES), allowing the micelles to circulate longer
and deliver drugs more effectively to the desired sites.
(58). Another advantage of polymeric micelles refers to
the ease of sterilization via filtration and safety for
administration (59, 60). Figure 6 presents a schematic
representation of the mechanism of polymeric micelles
formation.

As aforementioned, micelles are subject to extreme
dilution upon intravenous injection into humans.
However, the slow dissociation of kinetically stable
polymeric micelles allows them to retain their integ-
rity and perhaps drug content in blood circulation
above or even below the cmc for some time, creating
an opportunity to reach the target site before decaying
into monomers (51,61). In addition, some polymeric
micelles seems to present better solubilization capacity
when compared to surfactant micelles due to the
higher number of micelles and/or larger cores of the
formers (62).
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Figure 6: Formation of polymeric micelles from different
types of amphiphilic block co-polymers (Extracted from
Torchillin, 2001).

Besides the solubilization of a drug by physical encap-
sulation, polymeric micelles can be loaded with hydro-
phobic molecules that are conjugated or complexed
with the polymeric backbone (63). In case of drug con-
jugates, there should be a cleavage (hydrolysis) of the
covalent bond between drug and polymer. Therefore,
the release may be dependent on the rate of micellar
dissociation, since water diffusion into the hydropho-
bic micellar core must be restricted, resulting in a sus-
tained drug release (64).  

Most studies and applications that have been con-
ducted are based on block copolymers of PEO and
PPO blocks, commercially known as Pluronics® (65).
Studies for the solubilization of drugs such as haloperi-
dol, indomethacin, doxorubicin (DOX), amphotericin
B and digoxin have been reported (52, 66-70) and a
parenteral formulation of DOX in these polymeric
micelles has entered the phase I of clinical trials in Can-
ada.

More recently, biodegradable block copolymers with
polyester core-forming structures have been developed.
For example, micelles of PEO-poly(D,L-lactic acid-co-
caprolactone) (PEO-PDLLA) have been used to encap-
sulate paclitaxel and shown similar in vitro toxicity,
fivefold increase in maximum tolerable dose and
increased efficacy after intraperitoneal injection in
murine P388 leukemia model when compared to the
standard formulation with Cremophor EL (71).

Polymeric micelles made of poly(ethylene oxide)-b-
poly(L-amino acid) (PEO-b-PLAA) has been suggested
as synthetic analogs of natural carriers presenting a
unique ability for chemical modification, since the free
functional groups of PLAA blocks constitute sites to
attach drugs. In addition, these PLAA blocks are of
increasing interest once they may generate biocompati-
ble monomers after hydrolysis and/or enzymatic deg-
radation (61). 

Yokoyama et col. studied PEO-b-poly(L-aspartic acid)-
DOX conjugates and, according to the results, the
superiority of the block copolymer-drug conjugate
over the free drug was a result of the lower toxicity of
the former (72-75). Cisplatin (CIS) has also been com-
plexed with PEO-b-poly(Asp), demonstrating increase
in cytotoxic concentration against B16 melanoma cells
and lower nefrotoxicity (76). In addition, a PEO-b-
poly(α-glutamic acid)-CIS complex was investigated
and presented greater stability, prolonged circulation
in blood stream and improved accumulation in tumor
site when compared to the previous complex (77).

Despite the several block copolymer-drug conjugates
studies, physical encapsulation of drugs within poly-
meric micelles offers a great alternative, since conjuga-
tion of the drug may lead to changes in the biological
properties of the drug and consequently difficult the
characterization and regulatory approval of the drug.
However, physical encapsulation may present low
capacity and/or rapid release of the encapsulated drug
(51). 

Other alternative that emerges in the field of poly-
meric micelles refers to polyion complex micelles.
Oppositely charged macromolecules, such as peptides
and DNA, can complex with the charges of the side
chains of some PLAA blocks resulting in the required
amphiphilic character for micellization of the complex
and leading to stabilization against digestive enzymes
such as nucleases (51). These systems seem to be prom-
ising and have been receiving significant attention (78-
81).

Recently, polymeric micelles incorporating CIS were
prepared through polymer-metal complex formation
between CIS and poly(ethylene glycol)-poly(glutamic
acid) block copolymers, and showed remarkably pro-
longed blood circulation and effective accumulation in
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solid tumors (82). Other polyion complex micelles
composed of a porphyrin dendrimer and PEG-b-
poly(aspartic acid) were evaluated as new photosensi-
tizers for photodynamic therapy in the Lewis lung car-
cinoma cell line and resulted in reduced dark toxicity
of the cationic dendrimer porphyrin, probably due to
the biocompatible PEG shell of the micelles (83). 

In another work, α-lactosyl-PEG-poly(2(dimethy-
lamino)ethyl methacrylate) block copolymer (lactose-
PEG-PAMA) was synthesized to construct a polyion
complex micelle-type gene vector potentially useful for
selective transfection of hepatic cells, by spontaneously
complexion with plasmid DNA encoding luciferase
(pGL3-Luc). The lactose-PEG-PAMA-pDNA micelle
revealed enhanced transfection compared to the con-
trol polyion complex micelle without the ligand (lac-
tose) at a lower pDNA dose (84).

One of the drawbacks of polyion complex micelles is
the sensitivity to environment changes such as dilution
and ionic strength. To overcome these, polymeric
micelles prepared from PEG-poly(α,β,aspartic acid)
and the cationic protein trypsin were cross-linked with
glutaraldehyde through the Schift base formation, con-
ferring stability to high salt concentrations and increas-
ing the stability of the protein (85).

Micelles, Biological Systems and Micellar Catalysis

The study of cell membranes and of the roles it plays
in living cells contributes significantly to the under-
standing of cellular function. Membranes have been
shown to consist of lipids in association with proteins
and glycoproteins (16). The present accepted model of
a biomembrane is that the phospholipids are organized
in a bilayer structure, resulting in a fluid lipid matrix of
varying composition and fluidity. Embedded in this
matrix are the integral proteins that are able to
undergo lateral and rotational diffusion. A wide vari-
ety of lipids is found in biological membranes, with the
phospholipids being among the most common (86). 

Many biological processes occur at membrane surfaces
or within their hydrophobic moiety. Owing to the
ionic head groups of the lipids, the surface of biological
membranes frequently presents a net charge, giving
rise to different binding properties of charged and
uncharged forms of molecules such as drugs (87-88). In

this sense, the relationship between the binding prop-
erties of a drug and its active form, as well as its mem-
brane location, deserves attention. Despite the effort
aiming at an understanding of drugs mechanism of
action at the molecular level, demonstrate by the num-
ber of studies on the interaction of drugs with biologi-
cal membranes, more studies involving model systems
are necessary (87,89). 

Surfactants have a far-ranging use in membrane studies.
Because surfactants are amphiphilic molecules, like lip-
ids, some of the same rules governing lipid behavior
also apply to the surfactants. Among the membrane
models utilized, micellar systems can be considered an
interesting alternative to study the interactions of dif-
ferent compounds with membranes because of the rela-
tive simplicity of these systems, and therefore have
been used with this purpose (13,20).

Reactions behavior observed at surfactant interfaces
are expected to be more representative of many biolog-
ical reactions than are reactions studied in dilute aque-
ous solutions (90). In this sense, micellar catalysis of
reactions is important because of the parallel with
enzymes behavior. Catalysis by both normal micelles
and reversed micelles is possible. In normal micelles in
aqueous medium, enhanced reaction of the solubilized
substrate generally occurs at the micelle-water inter-
face; in reversed micelles in non-polar medium this
reaction occurs deep in the inner core (17). 

Micellar catalysis in aqueous solution is generally
explained in terms of distribution of reactants between
water and micelles, with reactions occurring in both
media. Therefore, it is possible to treat the rate-surfac-
tant profiles in terms of the concentrations of reactants
in the aqueous and micellar pseudo-phases and the rate
constants in each pseudo-phase (91).

There are different kinetic models to explain micellar
catalytic effects in aqueous medium (92-95). In the
pseudo-phase kinetic model (92), the kinetics of a nth
order reaction is analyzed by considering the partition-
ing of the reactants between the two pseudo-phases. 

The reactants (A and B) may be distributed as shown
in Figure 7. 
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Figure 7: Schematic representation of a micellar
catalyzed reaction according to the pseudo-phase kinetic
model. AW, BW and AM, BM correspond to the
concentrations of the reactants in the aqueous (W) and
micellar (M) phases; KA and KB are the biding constants
of the reactants to the micelles, and kW and kM are the
rate constants in the aqueous and micellar paths.

Therefore, a quantitative rate expression for a bimolec-
ular reaction can be given by the following equation: 

(6)

where kexp is the observed second-order rate constant,
PA and PB are the partition coefficients of the reactants
A and B, respectively; C is the total surfactant molar
concentration minus the cmc; V is the partial molar
volume of the surfactant in the micelle and, therefore,
CV and (1 – CV) stand for the volume fractions of the
micellar and aqueous phases, respectively. The binding
constants (KA and KB) are related to the partition coeffi-
cient (P), as follows:

(7)

For dilute surfactant solutions, where the volume frac-
tion of the micellar phase is small, 1 >> CV and Eq. (6)
can be simplified to: 

(8)

Utilizing Eq. (7), we can rewrite Eq. (8) as follows:

(9)

In this model, no distinction is made between the vari-
ous regions of the micelles, although reactions gener-
ally occur in the Stern layer, at the micelle/water
interface, rather than in the hydrocarbon-like core of
the micelle. Nevertheless, the pseudo-phase model
explains many features of micellar rate effects and it
can be applied, at least qualitatively, to a variety of
reactions in colloidal assemblies (96).  

Since the binding constant K depends on the extent of
hydrophobic bonding between surfactant and sub-
strate, it can be expected that K will increase with
increase in the chain length of both the surfactant and
the substrate. However, if the hydrophobic group of
the substrate is too long, it may be solubilized so
deeply in the micelle that access to its reactive site by a
reagent in aqueous solution phase is hindered and,
therefore, solubilization will inhibit the reaction (17).

The charge of surfactant head group also influences the
catalytic power of micelles. Thus, catalysis of some
nucleophilic aromatic substitution reactions is more
pronounced by dicationic micellar surfactants than by
cationic micellar hexadecyltrimethylammonium bro-
mide (96). Yu et al. (97) observed that cationic micelles
inhibit, anionic micelles accelerate and nonionic
micelles show no appreciable effect on metal ion
hydrolysis of p-nitrophenyl picolinate. The higher the
electron charge of metal ions, the greater these effects
are, indicating that electrostatic interactions are the
major contribution for this reaction in micellar solu-
tion. In another work, it was observed an increase in
the oxidation rate of L(+)arabinose by chromic acid
with the addition of SDS and Triton X-100 concentra-
tions. On the other hand, the addition of ammonium,
lithium and sodium bromides in SDS micelles resulted
in rate decrease (98).

Plots of rate constant versus surfactant concentration
often show a maximum at some surfactant concentra-
tion above the CMC. One of the reasons for this is that
the number of micelles increases with increase in the
surfactant concentration. When the number of
micelles exceeds that required to solubilize all of the
substrate there is a dilution of the substrate concentra-
tion per micelle with further increase in surfactant con-
centration, leading to a reduction in the rate constant.
Moreover, the charge surface of an ionic micelle in
aqueous solution may cause not only the concentra-
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tion of an oppositely charged reactant at the micelle-
solution interface, but the adsorption of that reactant
on it or even the solubilization into micelles, resulting
in a decrease in the reactant activity in the solution
phase. Therefore, an increase in surfactant concentra-
tion over that required to complete solubilization of
the substrate may result in a decrease in the rate con-
stant (17).

There is strong evidence to believe that most micelle-
catalyzed reactions occur on the surface of the ionic
micelles, at or near the charged double layer that sur-
rounds the hydrocarbon core. Typically, reactions
between very hydrophobic substrates and hydrophilic
anions seem to have lower second-order rate constants
in the micellar pseudo phase than in water, because the
anions are located in the Stern layer at the micelle/
water interface whereas the substrate may be, on aver-
age, more deeply in the micelle (96).

Micelles also allow co-solubilization of compounds of
very different hydrophobic and hydrophilic character
and, as a result, chemical reactions can be developed
which otherwise would proceed only with difficulty.
An example is the formation of o-phthaldehyde
adducts from water-insoluble amines of high molecular
mass (99). The presence of micelles can also result in
the formation of different reaction products. A diazo-
nium salt in an aqueous micellar solution of sodium
dodecyl sulfate, for example, yielded the correspond-
ing phenol from reaction with OH- in the bulk phase,
but the corresponding hydrocarbon from material sol-
ubilized in the micelles (100).

One interesting approach refers to functional surfac-
tants, which are surfactants containing a reactive resi-
due, usually at the head group, that can be micellized
or co-micellized with a chemically inert, non-func-
tional surfactant. In this sense, micelles functionalized
with groups that model the amino acid side chains
responsible for enzyme activity are generally impres-
sive catalysts (96).

Final Considerations

Considering the importance of micellar systems in the
pharmaceutical field and the many applications that it
presents, our group have been carrying research on this
matter, with special attention to the solubilization of

drugs in aqueous micellar solutions. We study the solu-
bilization of model drugs, such as the non-steroidal
anti-inflammatory ibuprofen, as well as of potential
drugs such as p-substituted benzhydrazides compounds
in solutions of different surfactants. 

Recently, we investigated the solubilization of ibupro-
fen (IBU) in micellar solutions of three surfactants pos-
sessing the same hydrocarbon tail but different
hydrophilic head groups, namely sodium dodecyl sul-
phate (SDS), dodecyltrimethylammonium bromide
(DTAB), and n-dodecyl octa(ethylene oxide) (C12E8)
(101). The results obtained showed that, irrespective of
the surfactant type, the solubility of IBU increases lin-
early with increasing surfactant concentration, because
of the association between the drug and the micelles.
Nonionic surfactants were shown to provide a combi-
nation of good molar solubilization capacity and high
micellar concentration, due to their low cmc, resulting
in increased solubility of IBU. On should keep in mind
that the low toxicity of nonionic surfactants makes
them particularly interesting for solubilization and
drug delivery purposes. In addition to these studies,
Small Angle X-ray Scattering (SAXS) studies on the
interaction of ibuprofen with micelles of SDS, DTAB
and C12E8 are in progress, aiming at a deeper under-
standing on the nature of these interactions as well as
on the properties of the aggregates obtained.  

The p-substituted benzhydrazides are hydrophobic
compounds synthesized by Taveres et col. that repre-
sent potential drugs with anti-staphylococci and anti-
trypanosome activities. Quantitative Structure-Activ-
ity Relationships (QSAR) studies and experimental
results have shown a dependency between biological
activity and hydrophobicity of these compounds, with
the more hydrophobic molecules presenting higher
activity (102,103). However, the more hydrophobic
the compound, the more difficult the solubilization in
the culture media used for activity determination.
Therefore, the possibility of micellar solubilization of
these molecules should contribute to more precise
determinations of biological activity. We are currently
carrying on experiments on the solubilization of p-sub-
stituted benzhydrazides in aqueous micellar solutions
of n-dodecyl octaethylene oxide (C12E8) and n-hexade-
cyl octaethylene oxide (C16E8), two nonionic surfac-
tants possessing the same hydrophilic head groups but
different hydrophobic tails. 
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