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Abstract

The review concentrates on the use of polymeric micelles as pharmaceutical carriers. Micellization of biologically active
substances is a general phenomenon that increases the bioavailability of lipophilic drugs and nutrients. Currently used
low-molecular-weight pharmaceutical surfactants have low toxicity and high solubilization power towards poorly soluble
pharmaceuticals. However, micelles made of such surfactants usually have relatively high critical micelle concentration
(CMC) and are unstable upon strong dilution (for example, with the blood volume upon intravenous administration). On the
other hand, amphiphilic block co-polymers are also known to form spherical micelles in solution. These micelles have very
high solubilization capacity and rather low CMC value that makes them very stable in vivo. Amphiphilic block co-polymers
suitable for micelle preparation are described and various types of polymeric micelles are considered as well as mechanisms
of their formation, factors influencing their stability and disintegration, their loading capacity towards various poorly soluble
pharmaceuticals, and their therapeutic potential. The basic mechanisms underlying micelle longevity and steric protection in
vivo are considered with a special emphasis on long circulating drug delivery systems. Advantages and disadvantages of
micelles when compared with other drug delivery systems are considered. New polymer–lipid amphiphilic compounds such
as diacyillipid–polyethylene glycol, are described and discussed. These compounds are very attractive from a practical point
of view, since they easily micellize yielding extremely stable micelles with very high loading capacity. Micelle passive
accumulation in the areas with leaky vasculature (tumors, infarct zones) is discussed as an important physiology-based
mechanism of drug delivery into certain target zones. Targeted polymeric micelles prepared by using thermo- or pH-sensitive
components or by attaching specific targeted moieties (such as antibodies) to their outer surface are described as well as their
preparation and some in vivo properties. The fast growing field of diagnostic micelles is analyzed. Polymeric micelles are
considered loaded with various agents for gamma, magnetic resonance, and computed tomography imaging. Their in vitro
and in vivo properties are discussed and the results of the initial animal experiments are presented.  2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction
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ability and the fraction of the drug accumulated in long enough. Thus, long-circulating microparticu-
the required zone, various drug delivery and drug lates may be used to maintain a required level of a
targeting systems are currently developed or under pharmaceutical agent in the blood for extended time
development. Among drug carriers one can name intervals for better drug availability. Long-circulating
soluble polymers, microparticles made of insoluble diagnostic agents are of primary importance for
or biodegradable natural and synthetic polymers, blood pool imaging. Blood substitutes represent
microcapsules, cells, cell ghosts, lipoproteins, lipo- another important area for the use of long-circulating
somes, and micelles. Each of those carrier types pharmaceuticals, when artificial oxygen carriers
offers its own advantages and has its own short- should be present in the circulation long enough to
comings, so the choice of a certain carrier for each provide sufficient time for the restoration of the
given case can be made only taking into account the normal physiological mechanisms for blood cell
whole bunch of relevant considerations. Those car- production [6].
riers can be made slowly degradable, stimuli-reactive Second, long-circulating drug-containing mi-
(for example, pH- or temperature-sensitive), and croparticulates or large macromolecular aggregates
even targeted (for example, by conjugating them can slowly accumulate (so-called enhanced per-
with specific antibodies against certain characteristic meability and retention effect, EPR, known also as a
components of the area of interest). ‘passive’ targeting or accumulation via an impaired

Micelles as drug carriers are able to provide a set filtration mechanism) in pathological sites with af-
of unbeatable advantages — they can solubilize fected and leaky vasculature (such as tumors, inflam-
poorly soluble drugs and thus increase their bioavail- mations, and infarcted areas) and improve or enhance
ability, they can stay in the body (in the blood) long drug delivery in those areas [7–9].
enough providing gradual accumulation in the re- Third, prolonged circulation can help to achieve a
quired area, their size permits them to accumulate in better targeting effect for those targeted (specific
body regions with leaky vasculature, they can be ligand-modified) drugs and drug carriers since it
targeted by attachment of a specific ligand to the increases the total quantity of targeted drug/carrier
outer surface, and they can be prepared in large passing through the target, and the number of
quantities easily and reproducibly. Being in a micel- interactions between targeted drugs and their targets
lar form, the drug (poorly soluble drug, first of all) is [5].
well protected from possible inactivation under the The most important biological consequence of
effect of biological surroundings, it does not provoke modification of microparticular carriers with protect-
undesirable side effects, and its bioavailability is ing polymers is sharp increase in their circulation
usually increased. time and decrease in their RES (liver) accumulation

The micelle is structured in such a way that the [2,10–12]. Interactions of non-extravasating or very
outer surface of the micelle exposed into the aqueous slowly extravasating drugs /carriers are limited to
surrounding consists of components that are hardly blood components and cells exposed into the blood.
reactive towards blood or tissue components. This Usually, such substances are removed from the
structural peculiarity allows micelles to stay in the circulation via opsonization-mediated phagocytosis,
blood (tissues) rather long without being recognized and surface coating with polyethylene glycol [PEG]
by certain proteins and/or phagocytic cells. This or PEG-like polymers slows opsonization down.
longevity is an extremely important feature of mi- From the clinical point of view, it is extremely
celles as drug carriers. important that various long-circulating microparticu-

Long-circulating pharmaceuticals and pharmaceu- late drug carriers of a relatively small size (100–200
tical carriers represent currently a fast growing area nm) were shown to really effectively accumulate in
of biomedical research, see for example Refs. [1–5]. many tumors via the enhanced permeability and
There are several reasons for the search for long- retention (EPR) effect or ‘impaired filtration’ mecha-
circulating drugs and drug carriers. At least three of nism [8,9]. The most important pathways for the
them seem to be the most important. First, one often clearance of long-circulating drugs and drug carriers
needs to keep certain pharmaceuticals in the blood — extravasation, renal clearance, and uptake by cells
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from the blood — are independent processes. How- water-soluble flexible polymer on the same carrier
ever, namely extravasation determines interstitial and [20,21]. Alternatively, antibodies were immobilized
lymphatic transport, interstitial and lymphatic uptake on the surface of a drug carrier via the long spacer
of long-circulating substances, and, generally speak- group or even directly on termini of some protecting
ing, their bioavailability. With this in mind, it was polymer (such as PEG) molecules [22–25]. Natu-
suggested [13] to divide all long-circulating drugs / rally, protocols developed can be used with the
carriers into extravasating and non-extravasating whole variety of sterically protected drug carriers,
ones. The main difference between these two groups micelles being among them.
is their size, with a border zone being at ca. 5–10
nm. The non-extravasating group includes cells, cell
ghosts, particles, and large liposomes, while the 2. Micelles and micellization. Relevance to drug
extravasating group includes micelles, small lipo- delivery
somes, proteins and their derivatives (including
antibodies and PEG-modified enzymes) and various 2.1. Micelles
polymers which are large enough (more than 40 kDa)
to avoid fast renal clearance. In certain pathological Micelles represent so-called colloidal dispersions
areas with increased endothelial permeability the that belong to a large family of dispersed systems
pattern can change completely. However, such con- consisting of particulate matter or dispersed phase,
ditional division allows to build idealized models distributed within a continuous phase or dispersion
describing the biological behavior of long-circulating medium. In terms of size, colloidal dispersions
substances [13]. occupy a position between molecular dispersions

An important analysis of pharmacokinetics of with particle size under 1 nm and coarse dispersions
long-circulating (PEG-coated) particulate drug car- with particle size greater than 0.5 mm. More spe-
riers was performed by Allen [14,15] using lipo- cifically, micelles normally have particle size within
somes as an example. It clearly follows from this 5 to 50–100 nm range. Among colloidal dispersions
analysis that association of drugs with carriers such normally divided into three principal groups —
as liposomes has pronounced effects of phar- lyophilic, lyophobic and association colloids —
macokinetic profiles of both the drug and the carrier. micelles belong to a group of association or am-
The most important consequences of such associa- phiphilic colloids. Such colloids, under certain con-
tion for the drug are: delayed absorption, restricted ditions (concentration and temperature), are sponta-
biodistribution, decreased volume of biodistribution, neously formed by amphiphilic or surface-active
delayed clearance, and retarded metabolism [16]. All agents (surfactants), molecules of which consist of
these effects are determined by hindered interstitial two clearly distinct regions with opposite affinities
penetration of a drug and lesser drug accessibility for towards a given solvent [26]. At low concentrations
the biological milieu because of entrapment into in a liquid medium, these amphiphilic molecules
liposome. Needless to say that the same regularities exist separately; however, as their concentration is
are applicable to various particulate drug carriers increased, aggregation takes place within a rather
[17–19] including micelles. narrow concentration interval (see the principal

An interesting problem is how to combine the scheme of micelle formation from an amphiphilic
unique properties of long-circulating (PEG-coated) molecule in an aqueous medium in Fig. 1). Those
nanocarriers (liposomes and others) and targeted aggregates include several dozens of amphiphilic
antibody-modified carriers in one preparation. The molecules, usually have a shape close to spherical,
concern about using PEG for immunocarriers protec- and are known as micelles. The concentration of a
tion is that the grafted polymer can create steric monomeric amphiphile at which micelles appear is
hindrances for normal antibody–target interaction. called the critical micelle concentration (CMC),
However, in certain cases this problem can be while the number of individual molecules forming a
avoided as follows from consideration of different micelle is called the aggregation number of the
cases for the co-immobilization of antibody and micelle. In aqueous solutions, the CMC value for a
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Fig. 1. The general scheme of micelle formation from amphiphilic molecules.

given amphiphile can be lowered in the presence of
electrolytes.

There exist several methods to determine the CMC
value for a given amphiphilic compound. Strictly
speaking, almost any physical parameter can be used
to register the change in the system properties at or
near CMC. However, because of sensitivity issues
only certain methods are applied to actually de-
termine the CMC value. Among those methods are
HPLC, particle size measurement by using small
angle light scattering, and fluorescent spectroscopy.
The latter method is the most sensitive and precise
one [27,28]. It is based on the fact that some
fluorescent probes, such as pyrene, have a tendency
to associate with micelles rather than with water
phase and their fluorescence changes depend on
surroundings [29]. Below the CMC, the marker
(pyrene) is solubilized in a polar solvent (water) to a
very small extent; however, in the presence of
micelles a hydrophobic, non-polar micelle core
solubilizes pyrene. Following the fluorescence in-
tensity of a corresponding marker at different con- Fig. 2. Determination of CMC value using a sparingly soluble
centrations of an amphiphilic polymer, one can see fluorescent dye with different solubility in water and in micellar

phase. The typical curve is presented of the dye fluorescence inthe increase in fluorescence intensity when micelles
the presence of variable concentration of a given amphiphilicbegin to appear in the system and the marker
micelle-forming polymer. The increase in dye fluorescence evi-

becomes associated with the micelle core. Fig. 2 dences its solubilization via the incorporation into the micellar
presents a typical curve describing fluorescence phase, i.e. the appearance of micelles in the system. CMC value is
changes of a marker (pyrene) in the presence of calculated as shown.
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varying concentrations of a micelle-forming am- made of nonionic surfactants (the most frequently
phiphile and demonstrates how CMC value is calcu- used pharmaceutical micelles) are known to have an
lated. anisotropic water distribution within their structure

Below the CMC amphiphilic molecules have a — water concentration decreases from the surface
strong tendency to be adsorbed at the air–water towards the core of the micelle. Due to this aniso-
interface [30]. With the increase of amphiphile tropy, such micelles demonstrate a polarity gradient
concentration in the system, a point is reached when from the highly hydrated surface to the hydrophobic
both the interface and the bulk of the solvent (water) core. As a result, the spatial position of a certain
become saturated with monomeric amphiphiles. At solubilized substance (drug) within a micelle will
this point (CMC point), any further increase in depend on its polarity. In aqueous systems, nonpolar
amphiphile concentration leads to the formation of molecules will be solubilized within the micelle core,
micelles within the bulk phase and subsequent polar molecules will be adsorbed on the micelle
decrease in the free energy of the system. Below the surface, and substances with intermediate polarity
CMC, the increase in amphiphile concentration leads will be distributed along surfactant molecules in
to the decrease of the surface tension, while above certain intermediate positions (see Fig. 3). The
CMC the surface tension remains constant at increas- capacity of surfactants for drugs depends on many
ing concentrations of an amphiphile, evidencing the various factors, such as chemical structure of a drug
saturation of the interface with an amphiphile and and surfactant, polarity of a drug, the location of a
micelle formation in the bulk phase. Mixed micelles drug within the micelles, temperature, pH, etc. Thus,
can be composed of several amphiphiles, and in the an increase in the length of a hydrophobic region of
ideal case, the CMC of the mixture can be calculated a surfactant facilitates the solubilization of a hydro-
from CMC values of individual components and phobic drug inside the micelle core. Simultaneously,
their molar fraction (M) in the mixture:

1 /CMC 5 M /CMC 1 M /CMC1 1 2 2

Another important parameter describing the micel-
lization process is a Critical Micellization Tempera-
ture or CMT. Below this temperature amphiphilic
polymers exist as unimers, while above it both
unimers and aggregates (micelles) are already present
in the system. The same methods that are used to
find a CMC value may be successfully applied to
determine CMT. The analysis of CMC and CMT
values, as well as their dependencies on temperature
and concentration, correspondingly, provide a simple
method to determine thermodynamic parameters of
micelle formation, such as free energy and enthalpy
of micellization.

2.2. Solubilization by micelles Fig. 3. Possible patterns of drug association with a micelle
depending on the drug hydrophobicity (black color on a ‘drug
molecule’ shows the hydrophobic area, white, the hydrophilicAn important property of micelles that has a
area). Completely water-soluble hydrophilic drug can only beparticular significance in pharmacy is their ability to
adsorbed within the micelle corona compartment (case 1); whileincrease the solubility of sparingly soluble sub-
completely insoluble hydrophobic molecule can only be incorpo-

stances. This solubilization phenomenon was exten- rated in the micelle core compartment (case 5). Drug molecules
sively investigated and reviewed in many publi- with intermediate hydrophobic /hydrophilic ratio will have inter-

mediate positions within the micelle particle (cases 2 to 4).cations (see, for example, Refs. [31,32]). Micelles
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the increase in the size of a micelle core decreases zation in the gut by naturally occurring biliary lipid /
the Laplace pressure resulting from the interface fatty acid-containing mixed micelles produced by the
curvature, and also facilitates the incorporation of organism as a result of the digestion of dietary fat.
hydrophobic solubilizate into the micelle core. On the other hand, surfactant micelles are widely

From the thermodynamic point of view, the used as adjuvant and drug carrier systems in many
solubilization can be considered as a normal parti- areas of pharmaceutical technology and controlled
tioning of the drug between two phases — micellar drug delivery research. As is evident from the
and aqueous, and the standard free energy of numerous publications; see, for example [35,36] and

osolubilization (DG ) can be expressed via the corre- references therein; almost every possible drug ad-s

sponding partition coefficient: ministration route has benefited from the use of
micellar forms of drugs in terms of either increased

o
DG 5 2 RT ln K bioavailability or reduction of adverse effects. Ins

broad terms, the solubilization of drugs using mi-
celle-forming surfactants (which results in formationIn general, surfactants play an important role in
of mixed micelles) might be advantageous for drugcontemporary pharmaceutical biotechnology, since
delivery purposes because of either increased waterthey are widely used to control such properties of
solubility of sparingly soluble drug or enhancedvarious drug dosage forms as wetting, stability,
permeability across the physiological barrier orbioavailability, etc. [30]. It is important to notice that
substantial changes in the drug biodistribution. Uselyophobic colloids used recently as frequent pharma-
of special amphiphilic molecules as surfactants canceutical formulations require a certain energy to be
introduce the property of micelle extended bloodapplied for their formation, are quite unstable from
half-life upon intravenous administration. In addi-the thermodynamic point of view and frequently
tion, micelles may be made targeted by chemicalform large aggregates [33]. At the same time,
attachment of targeting moiety to their surface.lyophilic colloids, including micelles, under certain

It is believed that the increase in the bioavail-conditions form spontaneously (so-called self-assem-
ability of a lipophilic drug upon oral administrationbling systems), and are thermodynamically more
is caused by drug solubilization in the gut bystable towards both dissociation and aggregation.
naturally occurring biliary lipid / fatty acid-containingNaturally, they are currently attracting increasing
mixed micelles produced by the organism as a resultattention. According to [34], ‘ideal’ self-assembling
of the digestion of dietary fat. The micellar form ofdrug delivery systems should spontaneously form
the drug is transferred across the intestinal mucosalfrom drug molecules, carrier components and target-
membrane into the enterocyte where it enters theing moieties; their size should be of around 10 nm in
lipoprotein biosynthetic pathway and eventually isorder to provide them with the ability to penetrate
released into the intestinal lymphatics being incorpo-various tissues and even cells; they should be stable
rated into chylomicron particles [37]. In this exam-in vivo for a sufficiently long time and should not
ple, mixed micelles play a key role in the transportprovoke any biological reactions; they should release
of drug across the mucosal membrane. Even morea free drug upon contact with target tissues or cells;
interestingly, mixed micelles have been found toand, at last, the components of the carrier should be
enhance bioavailability for not only lipophilic drugseasily removed from the body when the therapeutic
(which presumably possess some affinity to thefunction is completed.
micelle’s hydrophobic core) but also for polar and
even for macromolecular ones including peptides and

2.3. Biological significance of micellization proteins. Fatty acid /synthetic surfactant mixed mi-
celles were identified as effective promoters of

Micellization of biologically-active substances is a gastrointestinal absorption and lymphotropic drug
rather general phenomenon, since it is believed that delivery of poorly absorbable polar compounds [38].
the increase in the bioavailability of a lipophilic drug The proposed molecular mechanism of this effect is
upon oral administration is caused by drug solubili- likely the disturbance of intestinal epithelial cell
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plasma membrane induced by mixed micelles [39]. the target is usually required and we can tolerate
Apparently, similar phenomena are the basis of the even increased non-specific accumulation.
increased permeability of other physiological barriers Summing up, in broad terms, the solubilization of
caused by micellar enhancers. drugs using micelle-forming surfactants (which re-

Among the barriers reachable from systemic circu- sults in formation of mixed micelles) might be
lation, the blood–brain barrier also can be included advantageous for drug delivery purposes because of
into consideration as a potential penetration target for increased water solubility of sparingly soluble drug
micelle-incorporated drugs. Being administered di- and its improved bioavailability, reduction of toxicity
rectly into systemic circulation, mixed micelles can and other adverse effects, enhanced permeability
substantially improve the performance of the seda- across the physiological barriers, and substantial
tive drug diazepam with target receptors in the brain. changes in drug biodistribution. The use of certain
It has been reported that the micellar formulation of special amphiphilic molecules as surfactants can also
this drug has marked superiority over the regular introduce the property of micelle extended blood
non-micellar preparation in a number of psycho- half-life upon intravenous administration. Besides,
metric and psychophysiological parameters in micelles may be targeted by chemical attachment of
humans after intramuscular administration [40]. targeting moiety to their surface. In the latter case,
Another group has reported increased activity of the local release of free drug from the micelles in the
neuroleptic drug haloperidol in mice after intraperi- target organ should lead to the increased efficacy of
toneal administration of its micellar form solubilized the drug, while the stability of the micelles en route
in polyol surfactant [41]. to the target organ or tissue should contribute drug

Amid other micelle-forming amphiphilic sub- solubility and toxicity reduction due to less interac-
stances, low-molecular-weight oligoethyleneglycol- tions with non-target organs. A very important
based surfactants are especially widely used in property of micelles is their size, which normally
pharmaceutical technology as solubilizers for poorly varies between 5 and 50–100 nm and fills the gap
water-soluble or water-insoluble drugs for parenteral between such drug carriers as individual macro-
and oral routes of drug delivery like, for example, molecules (antibodies, albumin, dextran) with the
Polysorbate 80 [42–44]. The main advantage of size below 5 nm and nanoparticulates (liposomes,
oligoethyleneglycol-based surfactants for pharmaco- microcapsules) with the size ca. 50 nm and up. The
logical applications is their reported low toxicity most usual size of a pharmaceutical micelle is
[45–48]. The mechanism of the bioavailability en- between 10 and 80 nm, optimal CMC value should
hancement is apparently close to the one for the be in a low millimolar region, and the loading
biliary lipids / fatty acid mixed micelles earlier: direct efficacy towards a hydrophobic drug should be
disturbance of the absorbing membrane. For exam- between 5 and 25% wt.
ple, it has been reported that the presence of Poly- However, the definite drawback of such systems is
sorbate 80 at a concentration close to the surfactant’s that mixed micelles composed of low molecular
critical micelle concentration (CMC) might increase weight surfactants are thermodynamically not stable
the polarity of the absorbing membrane and disrupt in aqueous media and are subject to dissociation
the stagnant diffusion layer surrounding the mem- upon dilution. Critical micellation concentrations of
brane [42]. these surfactants are usually in a millimolar range. In

As discussed above, micelles can be used for vivo, it results in micelle collapse in the blood
delivery of various pharmaceuticals, for example, immediately upon administration, with subsequent
diagnostic (imaging) agents and therapeutics, and precipitation of the incorporated drug or its transfer
they should meet certain specific requirements in to plasma proteins because of instant dilution with
each particular case. Thus, in the case of diagnostic the entire blood volume. Hence, in terms of drug
micelles, achieving the highest possible target-to- delivery carrier development, there is a need to find a
nontarget ratio (relative accumulation) is of primary new class of surfactant molecules able to form more
importance, whereas for micelles loaded with thera- stable micelles with lower CMC values. One of the
peutic agents, maximum possible accumulation in possible candidates for this role, a class of am-
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phiphilic polymers known to form polymeric mi- water as unimers (individual molecules), while mole-
celles in aqueous solutions, has been proposed as a cules with very long hydrophobic blocks form
drug carrier [49]. structures with non-micellar morphology, such as

rods and lamellae [50]. Polymeric micelles are
distinct from other particulate drug carriers by the

3. Polymeric micelles following properties: the smaller size compared to
liposomes and microparticles, the lack of an interior

3.1. Micelle formation by polymers water compartment, the existence of an interior
hydrophobic compartment, and the protective effect

Polymeric micelles represent a separate class of of an exterior polymer. Contrary to liposomes that
micelles and are formed from copolymers consisting have been shown to incorporate water-soluble drugs
of both hydrophilic and hydrophobic monomer units. into the aqueous interior, polymeric micelles can be
There exist several possible classifications of poly- a carrier for hydrophobic and sparingly soluble
mers and copolymers, however, a very simple classi- pharmaceuticals. The structural resemblance of syn-
fication presented in Fig. 4 will be sufficient for our thetic polymeric micelles and natural lipoproteins
purposes. Unlike homopolymers built of identical that also have been considered as drug carriers was
monomeric units, copolymers include two types of noticed [51]. Moreover, polymeric amphiphiles re-
monomeric units differing in their solubility. Those constituted with hydrophobic drugs could represent a
two types of monomeric groups can be organized sound alternative to the reconstituted low density
into a polymeric chain in different fashions providing lipoproteins approach, since micelles possess the
random, block and graft copolymers. As follows same hydrophobic interior capable of incorporating
from the structures presented in Fig. 4, di-block- and poorly soluble drugs, but they do not need to
tri-block-copolymers can be prepared from the same compete with any naturally occurring particulates or
hydrophilic and hydrophobic monomeric units. molecules for receptor binding.

It has repeatedly been shown that amphiphilic Thermodynamic regularities underlying micelle
block AB-type copolymers with the length of a formation from amphiphilic polymers are the same
hydrophilic block exceeding to some extent that of a as for micellization of any low-molecular-weight
hydrophobic one can form spherical micelles in amphiphiles. The major driving force behind self-
aqueous solutions. The particulates are composed of association is the decrease of the free energy of the
a core of hydrophobic blocks stabilized by a corona system, due to removal of hydrophobic fragments
of hydrophilic polymeric chains. If the length of a from the aqueous surroundings with the formation of
hydrophilic block is too high, copolymers exist in a micelle core stabilized with hydrophilic blocks

exposed to water [29,30]. Similar to low-molecular-
weight surfactants, critical micellation concentration
or CMC, the key parameter characterizing micelle
formation, shows the concentration of an amphiphilic
polymer in solution when micelles begin to form and
exist in the equilibrium with unimers. At CMC and
slightly above it, the micelles are still loose and
contain some water in the core [52]. With further
increase in amphiphile concentration in the medium,
the unimer:micelle equilibrium shifts towards micelle
formation, micelles become more tight and stable,
lose the residual solvent from the core and decrease
their size. The lower is the CMC value of a given
amphiphilic polymer, the more stable are the mi-
celles, even at a low concentration of an amphiphile

Fig. 4. Main structural types of copolymers. in the medium. This is especially important from the
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pharmacological point of view, since upon dilution known to be well soluble, highly hydrated and able
with a large volume of the blood only micelles with to serve as an efficient steric protector for various
low CMC value still exist, while micelles with high microparticulates (such as micelles, liposomes,
CMC value may dissociate into unimers and their nanoparticles and nanocapsules) in biological media
content may precipitate in the blood. Another im- [4,60]. In di-block copolymers PEG chains are
portant issue is micelle stability against possible simply conjugated with various hydrophobic blocks,
aggregation in solution. In general, micelles formed while in tri-block copolymers both termini of a
by amphiphilic graft-copolymers are more likely to hydrophilic or hydrophobic block may be coupled
form aggregates, since hydrophobic chains in such with the second component. Triple copolymers of
micelles are less mobile and more loosely packed hydrophilic ethylene oxide units with hydrophobic
than in micelles formed by block-copolymers so that propylene oxide units (such polymers are known as
they can interact with hydrophobic blocks from other Pluronics) are the most common examples of phar-
micelles [49,52–56]. maceutical tri-block copolymers. Some structures of

Numerous studies have been published developing pharmaceutical di- and tri-block copolymers are
a theoretical description of micelle formation and presented in Fig. 5. In the case of grafted co-
properties. Refs. [36,39,52,57] represent just a few polymers, multiple hydrophobic chains are distribut-
examples. In general, micelles are considered as ed along the main chain composed of hydrophilic
particles with a spherical core representing a molten units [61,62].
liquid globule and a swollen hydrophilic corona Micelle-forming block co-polymers presented in
surrounding this core. The liquid nature of the core Fig. 5 are synthesized by anionic polymerization,
permits effective mixing of hydrophobic blocks that ring-opening polymerization, or by polymerization
leads to a thermodynamic equilibrium state. Strictly with the use of poly(ethylene oxide)-based initiators
speaking, this is a quasi-equilibrium state, since [47]. All these methods permit to synthesize am-
simple dilution can shift micelle:unimer equilibrium phiphilic co-polymers with different molecular mass
towards unimers, i.e. causes micelle dissociation. (between 1000 and 10 000 Da) and different hydro-
However, even upon dilution, certain micelles dem- phobic–lipophilic balance by controlling the lengths
onstrate rather high kinetic stability, i.e. their dis- of hydrophobic /hydrophilic blocks. Various physico-
sociation into unimers proceeds very slowly. From chemical and biological properties of micelle-form-
the practical point of view, at a concentration above ing polymers can be controlled by varying molecular
CMC micelles can exist indefinitely long, so that size of different blocks and their molar ratio in the
their storage stability should not be an issue. Certain final copolymer. Types of micelles formed from
data are available [57] demonstrating that in some different block co-polymers are shown in Fig. 6.
cases the micelle core can exist in a glassy state or Micelles formed by randomly modified grafted co-
the molten core can undergo a liquid:glass phase polymers are usually smaller in size than micelles
transition. Different phases are characterized by formed by end-modified block co-polymers, since
different porosity and ability to entrap solvent mole- they can be formed within one polymeric chain
cules and/or drugs. providing micelles with a smaller aggregation num-

ber [53]. On the other hand, however, since random-
3.2. The structure and properties of micelle- ly modified grafted co-polymers can form micelles
forming co-polymers where some of the hydrophobic fragments may be in

close contact with water, such micelles can addition-
From the pharmacological point of view, micelle- ally aggregate into larger particles [52,55].

forming di- and tri-block-copolymers are of par- Whatever route of micelle formation is envisioned,
ticular interest [36,49,58–60]. As hydrophilic blocks, still in the majority of cases the structure of am-
both di-block and tri-block-copolymers frequently phiphilic unimers follows some simple regulations:
contain poly(ethylene oxide) or PEO chains (this PEG blocks with a molecular weight from 1 to 15
polymer is also commonly referred to as poly- kDa are usual corona-forming blocks, and the length
ethylene glycol or PEG), since this polymer is of a hydrophobic core-forming block is close or
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Fig. 6. The mechanisms of micelle formation from different types
of amphiphilic co-polymers.

[66,67], aspartic acid [68,69], b-benzoyl-L-aspartate
[55,70], g-benzyl-L-glutamate [71], caprolactone
[72,73], D,L-lactic acid [74,75], spermine [76]. In
some cases, phospholipid residues — short, however,
extremely hydrophobic due to the presence of two
long-chain fatty acyl groups — can also be success-
fully used as hydrophobic core-forming groups [35].
In certain cases, the starting copolymers can be
prepared from two hydrophilic blocks and then one
of those blocks is modified by the attachment of a
hydrophobic pharmaceutical agent (such as taxol,
cisplatin, antracyclin antibiotics, hydrophobic diag-
nostic units, etc.) yielding amphiphilic micelle-form-
ing copolymer [36,67,77]. Table 1 presents some
examples of various amphiphilic micelle-formingFig. 5. Some examples of micelle-forming di-block and tri-block

co-polymers. polymers that were used for the preparation of
micellar drugs. The size and composition distribution

somewhat lower than that of a hydrophilic block of micelles is usually quite narrow and from the
[63]. Though some other hydrophilic polymers may practical point of view it is reasonable to assume that
be used to make corona blocks [12,64], still PEG all micelles in a given preparation are of a single size
remains the hydrophilic block of choice. At the same and composition [78].
time, a variety of polymers may be used to build Amphiphilic block co-polymers themselves (first

hydrophobic core-forming blocks. The list includes of all, Pluronics ) were extensively studied as
polymers of propylene oxide [41,65], L-lysine components of blood substitutes [79], adjuvants
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Table 1
Some examples of the block copolymers used to prepare drug-loaded micelles; modified from [85]

Block co-polymers Drugs incorporated
Pluronics doxorubicin, cisplatin [122]

doxorubicin, epirubicin [117]
doxorubicin [123]
haloperidol [41]
ATP [121]

Polycaprolactone-b-PEG FK506, L-685,818 [73]

Polycaprolactone-b-methoxy-PEG indomethacin [189]

Poly(N-isopropylacrylamide)-b-PEG miscellaneous [56,63,126]

Poly(aspartic acid)-b-PEG doxorubicin [54,68,115,116]
cisplatin [190]
lysozyme [69]

Poly(g-benzyl-L-glutamate)-b-PEG clonazepam [71]

Poly(D,L-lactide)-b-methoxy-PEG pacitaxel [74]
pacitaxel [111]
testosterone [75]

Poly(b-benzyl-L-aspartate)-b-
poly(a-hydroxy-ethylene oxide) doxorubicin [63]

Poly(b-benzyl-L-aspartate)-b-PEG doxorubicin [70,98,191]
indomethacin [55]
KRN [115,116]
amphotericin B [192,193]

Poly(L-lysine)-b-PEG DNA [66,133]

Oligo(methyl methacrylate)-b-poly(acrylic acid) doxorubicin [86]

PEG-PE dequalinium [161]
soya bean trypsin inhibitor [166]

[80,81], antitumor /antimetastatic agents [82], etc. unimers that should be easily cleared from the body,
Some of these polymers (more hydrophilic ones) and carry a substantial quantity of a micelle-incorpo-
were shown to reduce blood viscosity and vascular rated pharmaceutical agent. To meet these ‘net’
resistance [83,84] increasing thus the efficacy of the requirements, the core compartment should demon-
microvascular transport. strate high loading capacity, controlled release pro-

Keeping in mind the future pharmaceutical appli- file for the incorporated drug, and good compatibility
cation of polymeric micelles, one can put together a between the core-forming block and incorporated
set of requirements towards properties of such drug. The micelle corona should build an effective
micelles as a whole, as well as towards properties of steric protection for the micelle providing sufficient
corona- and core-forming blocks. According to [85], density and thickness of hydrophilic blocks. In more
the ‘ideal’ pharmaceutical micelle should possess a general terms, the micelle corona should determine
suitable size (from 10 to 100 nm), demonstrate for the micelle hydrophilicity, charge, the length of
sufficiently high stability both in vitro and in vivo hydrophilic blocks, surface density of these blocks,
(i.e. have a good combination of reasonably low and the presence of reactive groups suitable for
CMC value and reasonably high kinetic stability), be further micelle derivatization, such as an attachment
able to stay in the body long enough and still of targeting moieties [18,19,41,75,86,87]. These
eventually disintegrate into bioinert and non-toxic properties, in turn, control such important biological
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characteristics of a micellar carrier as phar- dimethylformamide, acetonitryl, tetrahydrofuran,
macokinetics, biodistribution, biocompatibility, etc., and subsequent dialysis against water.
longevity, surface adsorption of biomacromolecules, The morphology of supermolecular aggregates that
adhesion to biosurfaces and targetability can form from amphiphilic block co-polymers is
[1,18,19,41,75,88–90]. Similarly, the core compart- currently a subject of intensive research [73,85,91].
ment defines the drug compatibility, the size of a Usually, it is accepted that micelles are spherical
‘cargo’ space for a hydrophobic drug, and the particles with a clear distinction between core and
hydrophobic /hydrophilic ratio. These parameters, in corona compartments. However, as was shown in
turn, determine the efficacy of drug loading into numerous studies from Eisenberg and his group
micelle, drug release profile, and micelle stability [50,73,77,85,91–93], block copolymer aggregates
[85]. can exist in many different morphologies, such as

spheres, rods, large compound rods, branched short
3.3. Micelle preparation methods and micelle rods, discontinuous rods, various vesicles, tubules,
morphology branched tubules, baroclinic tubes, needles, large

compound micelles, lamellae, hexagonally packed
All individual methods of micelle preparation can hollow hoops, various mixed and combined mor-

be divided into two large groups — the direct phologies and many more. Different structures are
dissolution method and the dialysis method [85], see formed at equilibrium, near-equilibrium and non-
Fig. 7. In each particular case, the choice of the equilibrium conditions. Usually, non-spherical struc-
method is usually determined by the extent of the tures are formed from asymmetric block copolymers
solubility of a micelle-forming block co-polymer in in which the length of the hydrophobic core-forming
an aqueous medium. In case of direct dissolution, block is significantly shorter than the length of the
co-polymer is simply dissolved in an aqueous hydrophilic corona-forming block. The formation of
medium at normal or elevated temperature and at a these crew-cut aggregates was explained [50,92] by a
concentration well above its CMC value. This meth- force balance effect between the degree of stretching
od is frequently applied for micelle preparation from of the core-forming blocks, the interfacial energy

Pluronics and similar block co-polymers possessing between the micelle core and the solvent, and the
a certain degree of solubility in water. Micelle- interaction between corona-forming hydrophilic
forming co-polymers with very low water solubility chains [94]. Copolymer composition (which influ-
are converted into micelles by dissolution in a water ences the degree of stretching of core-forming block
miscible organic solvent, such as dimethylsulfoxide, and the interactions between corona-forming blocks),

copolymer concentration (which increases the aggre-
gation number of the micelles), and common organic
solvent used for micelle preparation can be listed
among the key morphogenic factors [85]. One
should, however, admit that the usefulness of non-
spherical aggregates as drug delivery vehicles is still
to be established.

3.4. Stability of polymeric micelles

From general considerations, it is evident that
pharmaceutical drug-loaded micelles should be stable
enough to provide a sufficient time for drug delivery
and accumulation in the target zone, and simul-
taneously be able to slowly dissociate into micelle-
forming unimers to provide their easy and problem-Fig. 7. Two main methods of micelle preparation — dissolution

and dialysis. free elimination from the body. Stability of micelles
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both in vitro and in vivo, as well as their clearance exposed into the aqueous surroundings interfere with
from the body, depends on their CMC values. It is, inter-particle attraction caused by van der Waals
however, important to differentiate between thermo- forces. In vitro, it results in the prevention of the
dynamic and kinetic stability. If the first one just aggregation process [103], while in vivo it prevents
shows below which concentration unimer:micelle adsorption of blood proteins (including opsonins)
equilibrium is shifted towards unimer formation, the onto the micelle surface. Since protein adsorption
latter one provides information on the actual time of onto drug carriers not only facilitates their RES-
micelle dissociation into unimers, since even upon mediated clearance, but can also influence such
dilution to a concentration below CMC preformed important characteristics as biodistribution, stability,
micelles can still exist long enough to perform their drug release profile, etc., the protective capacity of
carrier function. The kinetic stability (the actual rate the PEG corona is of primary importance. Naturally,
of micelle dissociation below CMC) depends on the efficacy of protection depends on both the
many factors including the physical state of the surface density of PEG blocks and the thickness of
micelle core, contents of a solvent inside the core, the protective layer, i.e. the size of the PEG block
the size of a hydrophobic block, and the hydro- [55]. The mechanism of PEG-mediated steric protec-
phobic /hydrophilic ratio [95–97]. tion is essentially the same as was discussed above

From the practical point of view, the size of for the case of PEG-modified sterically stabilized
unimers formed upon micelle dissociation plays an liposomes [11,21,104].
important physiological role in the efficacy of its
kidney filtration. In an optimal case, the unimer 3.5. Solubilization with polymeric micelles.
molecular size should not exceed 20 to 30 kDa, Preparation of drug-loaded micelles
roughly corresponding to the renal filtration limit
[63]. Though both hydrophilic and hydrophobic The process of solubilization of water-insoluble
blocks influence the micelle CMC value, the hydro- drugs by micelle forming amphiphilic block-copoly-
phobic block plays a more crucial role [98,99]. The mers was investigated both as a theoretical and
following general regularities can be applied to practical problem [78]. It was shown that the
characterize the role of different blocks in micelle solubilization process strongly depends on the type
stability: (a) the increase in the length of a hydro- and efficacy of the interactions between a solubilized
phobic block at a given length of a hydrophilic block drug and micelle core-forming hydrophobic block of
causes a noticeable decrease in CMC value and a copolymer. However, the interactions between a
increase in micelle stability; (b) the increase in the drug to be solubilized and the hydrophilic corona-
length of a hydrophilic block at a given length of a forming block as well as interfacial interactions
hydrophobic block results in only a small rise of the between drug and solvent (water) may also influence
CMC value; (c) the increase in the molecular weight the solubilization process. Recent mathematical
of the unimer at a given hydrophilic /hydrophobic simulation of the solubilization process [105] demon-
ratio causes some decrease in the CMC value; (d) in strated that the initial solubilization proceeds via the
general, the CMC value for tri-block copolymers is displacement of solvent (water) molecules from the
higher than for di-block copolymers at the same micelle core, and later a solubilized drug begins to
molecular weight and hydrophilic /hydrophobic ratio accumulate in the very center of the micelle core
[78,98–101]. The stability of a micelle is also ‘pushing’ hydrophobic blocks away from this area.
strongly influenced by such properties of the micelle Extensive solubilization may result in some increase
core as its microviscosity, which can be experimen- of micelle size due to the expansion of its core with a
tally determined using fluorescent probes [53,62] or solubilized drug.
proton magnetic resonance [102]. The compatibility between the loaded drug and

The specific role of hydrophilic PEG blocks in core-forming component determines the efficacy of
vivo is, as it has been already mentioned, the steric drug incorporation [85]. This compatibility is based
stabilization of a micelle preventing it from being on such drug characteristics as polarity, hydropho-
opsonized and cleared through the RES. PEG chains bicity, and charge. Still, the structure of the hydro-
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phobic block can be selected providing maximum real optimization of micelle properties as drug
compatibility with virtually any poorly soluble drug. carriers should aim at finding a proper balance
To assess compatibility between the polymer and between micelle stability and their ability to disso-
solubilized drug, the Flory–Huggins interaction pa- ciate or degrade.
rameter may be used [85]. This parameter, x is There are several types of micelles that can besp

described as formed by block co-polymers. According to the
general scheme [85], micelles may be considered as

2
x 5 (d 2 d ) V /RT microcontainers with physically entrapped drug in-sp s p s

side, or may be formed by so-called polymeric drugs
where x is the interaction parameter between where the drug is chemically attached to a hydro-sp

solubilized drug (s) and core-forming polymer block phobic core-forming block, or may appear as as-
(p), d is the Scatchard–Hildebrand solubility param- sociates of block ionomer complexes when charge-
eter of the core-forming polymer block and V is the bearing drug molecules may interact with an oppo-s

molar volume of the solubilized drug [106,107]. The site charge-bearing hydrophobic core-forming block.
lower is the x parameter, the greater the com- It means that the drug can be incorporated into thesp

patibility between the drug and the micelle core. micelle by simple physical entrapment or via pre-
Among other factors influencing the efficacy of liminary covalent or electrostatic binding with a

drug loading into the micelle, one can name the size hydrophobic block of a micelle-forming amphiphilic
of both core-forming and corona-forming blocks block co-polymer. Naturally, some mixed or inter-
[85]. In the first case, the larger the hydrophobic mediate cases are also possible. Since the hydro-
block the bigger core size and its ability to entrap phobic interactions constitute the main driving force
hydrophobic drugs. In the second case, an increase in behind micellar solubilization of water-insoluble
the length of the hydrophilic block results in the drugs, the increase in the hydrophobic block content
increase of the CMC value, i.e. at a given con- within the polymer molecule was shown to enhance
centration of the amphiphilic polymers in solution a insoluble drug incorporation into micelles [111,112].
smaller fraction of this polymer will be present in the This was experimentally confirmed by much better
micellar form and the quantity of the micelle-associ- micelle incorporation of a more hydrophobic com-
ated drug drops. The hydrophobic /hydrophilic bal- pound [75]. Thus, the efficacy of the incorporation of
ance of the drug molecule itself will also influence Sudan Black into polylactide-PEG micelles was
load efficacy, since depending on this balance, the around 65%, while for testosterone this figure was
drug molecule will be located in different micellar well below 1%. The data become quite clear, if one
compartments (see Fig. 3) and, as a result, will have takes into the account that the partition coefficient P
different strength of association with a micelle. (in an octanol /water system) for Sudan Black is
Those molecules that are located within the corona much higher than for testosterone (log P57.6 and
area or close to it can be released from the micelle 3.35, respectively).
pretty fast, and mainly these molecules are kept The successful incorporation of charged drugs into
responsible for the ‘fast release’ component of the micelles requires the presence of the opposite charge
net release curve [108]. The phase state of the drug on the hydrophobic block of a micelle-forming co-
can also be important for its association with a polymer. This is especially important for obtaining
micelle, since in some cases the drug is not dissolved micellar forms of DNA.
in the core compartment, but exists as a separate If a drug is chemically or electrostatically attached
phase inside the core, which may hinder drug release to a hydrophobic block of a micelle-forming co-
from the micelle [109,110]. polymer, its incorporation into the micelle core

As noted in [59], the excessive stabilization of proceeds simultaneously with micelle formation.
drug-bearing polymeric micelles may negatively However, if a drug is supposed to be physically
influence drug efficacy and bioavailability, since the entrapped into a micelle, different protocols are used
drug would not release from such micelles. Thus, the for drug incorporation into micelles depending on the
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method of micelle preparation (see Fig. 7). Thus, in release. The rate of drug release from the micelle can
the direct dissolution protocol, a co-polymer solution be controlled by a whole variety of parameters such
in water is added to a drug dried from a solution in as micelle structure, the size of a hydrophobic block,
an organic solvent, or, alternatively, drug dissolved phase state of the micelle core, pH value of the
in a volatile organic solvent is added to the water external medium, and temperature. Thus, an acceler-
solution of preformed micelles with a subsequent ated release of indomethacin from micelles made of
solvent evaporation from the system. In the case of PEG-poly(b-benzyl-L-aspartate) co-polymer was
the dialysis method, a drug to be incorporated is shown when the pH value of the medium was
simply dissolved together with a micelle-forming increased from acidic to neutral [55]. Certain mi-
co-polymer in an organic solvent with further celles (stimuli-responsive micelles) were specifically
dialysis against water. The oil-in-water emulsion designed to release the incorporated drug in response
method is also frequently used to incorporate drugs to changes in external pH or temperature, see, for
into micelles. example Refs. [56,63,125,126], where pH-sensitive

Whatever exact protocol was used, Pluronic - and temperature-sensitive micelles were described
based micelles were shown to effectively solubilize made of poly(N-isopropylacrylamide)-b-polystyrene
such drugs as diazepam and indomethacin [113,114], or poly(alkylacrylic acid) co-polymers.
adriamicin [54,68,115,116], anthracycline antibiotics Early detailed studies of in vivo behavior and
[117], and polynucleotides [118,119]. Doxorubicin biodistribution of therapeutic polymeric micelles

incorporated into Pluronic micelles demonstrated have been performed by Kataoka et al. using the
superior properties as compared with free drug in the micelles formed by copolymer of poly(ethylene
experimental treatment of murine tumors (leukemia glycol) and poly(aspartic acid) (PEG-b-PAA) with
P388, myeloma, Lewis lung carcinoma) and human covalently bound adriamycin [PEG-b-PAA(ADR)]
tumors (breast carcinoma MCF-7) in mice [59]. In [36,68,98]. The approach involves the covalent at-
addition, the reduction of the side effects of the drug tachment of a relatively hydrophobic drug to PAA of
was observed in many cases. Thus, the toxicity PEG-b-PAA copolymer, resulting in the formation of
decrease (smaller vascular damage and liver focal an amphiphilic AB-type copolymer. This copolymer
necrosis) was found for the polymeric micelle-in- is able to form polymeric micelles with the hydro-
corporated anti-tumor drug KRN5500 [120]. phobic block making up the particle’s core, while the

A variety of different mechanisms are involved in PEG block forms a surrounding water-soluble shell.
polymeric micelle-mediated drug transport and deliv- Micelles formed from this conjugate are rather stable

ery. Thus, Pluronic micelles were found to produce in vivo and their disintegration takes hours. It has
a certain effect on specific membrane ATP transpor- been found that upon intravenous injection, the
ters [121], reverse multiple drug resistance and cause circulation time and biodistribution of micelles de-
the sensitization of resistant cells [122,123], increase pend on relative size of the copolymer blocks. PEG-
drug transport across the blood–brain barrier by b-PAA(ADR) micelles with PEG block of 12 kDa
inhibiting efflux or stimulating a vesicular transport and PAA(ADR) with 20 aspartyl adriamycin units in
[65], and participate in the receptor-mediated trans- mice have t approx. 7 h, while micelles with 51 / 2

port of micellar drugs into cells [124]. kDa PEG block have t approx. 1.5 h, and micelles1 / 2

Micelle-incorporated drugs may slowly release with 1 kDa block have circulation half-time substan-
from an intact micelle, especially if those drugs are tially lower than 1 h. It seems that longer PEG
not too hydrophobic (log P value is not too high). blocks and shorter PAA segments favor longer
Still, in some cases a micellar drug demonstrates circulation times and lower uptake by the reticuloen-
lower activity than a free drug that is specifically dothelial system [127]. In addition, the presence of
attributed to retarded release of the drug from the this polymer on the particle surface can contribute to
micelle [115,116]. When the drug is covalently its steric protection from interaction with some
attached to a hydrophobic block, the drug-to-polymer unwanted blood components and substantially
bond should be cleaved for the subsequent drug prolong its circulation time. It is important to notice
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that in this particular case it is not a polymer- formed with subsequent ‘insolubilization’. The in-
conjugated drug that expresses anti-cancer activity, corporation of DNA into the interior of such micelles
but rather a free drug solubilized in the micelle core was confirmed by the lack of DNA degradation
in addition to adriamycin covalently attached to core- under the action of nucleases in these conditions.
forming blocks [115,116].

The whole set of micelle-forming co-polymers of 3.6. Micelles in immunology
PEG with poly(L-aminoacids) was used to prepare
drug-loaded micelles by direct entrapment of a drug A very interesting and promising area for the use
into the micelle core and without covalent attach- of polymeric micelles is applied immunology.

ment of drug molecules to core-forming blocks Nonionic block copolymers, first of all, Pluronics
[51,55,99,103,128]. The most vivid example is the or copolymers of PEG (PEO) and PPG (PPO), are
micellar form of indomethacin [55]. A similar ‘non- finding application as immunological adjuvants for
covalent’ approach was used for a successful the modulation of immune response and preparation
solubilization of taxol by micelle-forming co-poly- of new and effective vaccines [134]. Usually, linear
mers of PEG and poly(D,L-lactic acid) (PEG-b-PLA) tri-block co-polymers with the linear structure PEG-
[74,111]. The use of micelles permitted to increase PPG-PEG are used for this purpose. The adjuvant
taxol solubility from less than 0.1 to 20 mg/ml. In activity of these polymers is strongly influenced by
addition, micelles decrease taxol toxicity against the length of the PPG block, its increase resulting in
normal organs and tissues. However, the final biodis- the increase of the adjuvant activity. It is worth

tribution (and, consequently, anti-tumor activity) of mentioning that Pluronics themselves are able to
taxol administered in a micellar form does not differ provoke macrophage activation. Though the exact
much from that of free taxol, since micellar taxol is mechanism of this activation is still under inves-
eventually transferred onto certain serum proteins tigation, there are data suggesting that actually

and lipoproteins [74,111]. Pluronics activate the alternative complement path-
PEG-b-poly(caprolactone) co-polymer micelles way [135], and certain proteins belonging to the

were successfully used as delivery vehicles for complement system, in turn, cause macrophage
dihydrotestosterone [129]. The loading capacity of activation [136].

such micelles for the drug was rather high — up to Pluronics demonstrate their adjuvant properties
1.3 mg of dihydrotestosterone per 0.1 ml volume of both in emulsion and micellar forms. In an emulsion
the micelle solution and the partition coefficient for form, they not only activate the alternative comple-
the drug between micelle core phase and solution ment pathway, but also enhance the binding of
varied from approx. 1000 to 20 000 depending on protein antigens at the water /oil interfaces increasing

conditions. The biological activity of micelle-in- antibody response [137,138]. Pluronics with higher
corporated hormone was fully retained. molecular weights (PPG blocks with MW around 10

An important area of polymeric micelle-mediated kDa with attached from both sides shorter PEG
drug delivery is gene therapy, since both plasmid blocks) form micelles able to incorporate various
DNA and antisense oligonucleotides can assemble antigens. High adjuvant activity of such micelles was
into micelle-like particles in the presence of various demonstrated with an influenza virus vaccine [134].
amphiphilic block co-polymers, such as PEG-b-poly- It was also shown that the optimization of vaccine
(L-lysine) (PEG-b-PLL) or PEG-b-polyspermine, pri- properties can be achieved by controlling the size of
marily via electrostatic interactions [66,130–133]. PPG and PEG blocks. Thus, with ovalbumin as a
This is an interesting example of a conversion of a model antigen it was shown that the most potent
soluble hydrophilic co-polymer (PEG-PLL) into vaccine was obtained using co-polymer with 11 kDa
micelle-forming co-polymer after interaction with a core PPG block and containing between 5 and 10%
water-soluble drug (DNA). In this particular case, the of attached PEG blocks. Naturally, the size of
formation of a tight electrostatic complex between antigen-bearing polymeric micelles depends also on
the oppositely charged DNA and PLL block leads to the size of micelle-incorporated protein antigen
the removal of water from the electrostatic complex [139,140]. The mechanism of protein antigen inter-
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action with polymeric micelles is seen as hydrogen earlier for liposomes [22–25,147,148] and involving
bonding between protein antigen molecule and termi- the use of a PEG component with the protein-
nal hydroxyl groups of PEG blocks or with multiple reactive group on the distal tip of the hydrophilic
hydrogen bond acceptor sites along the hydrophobic PEG block.
PPG block [134].

As noted in [134], studies on cellular immune
response provoked by ovalbumin in Pluronic mi- 4. Diacyllipid–PEG conjugates — a new class of

celles demonstrated that more hydrophilic carrier micelle-forming polymers
augments mainly Th2 types of responses, while more
hydrophobic copolymers augment both Th1 and Th2 4.1. In vitro properties of diacyllipid–PEG
responses. These data together with available in- micelles
formation on the low toxicity of a Pluronic-based
composition for vaccinations [141] permit to believe The use of lipid moieties as hydrophobic blocks
that polymeric micelles may find a real clinical capping hydrophilic polymer (such as PEG) chains
future as adjuvants and vaccine components. can provide additional advantages for particle stabili-

ty when compared with conventional amphiphilic
3.7. Targeted polymeric micelles polymer micelles due to the existence of two fatty

acid acyls which might contribute considerably to an
Three targeting mechanisms can be seen for increase in the hydrophobic interactions between the

micelles as for any other pharmaceutical long-circu- polymeric chains in the micelle’s core.
lating drug carrier. The first one is based on micelle Diacyllipid–PEG conjugates have been introduced
spontaneous penetration into the interstitium through into the area of controlled drug delivery as polymeric
the leaky vasculature (EPR effect) and is considered surface modifiers for liposomes [10]. Interestingly,
as a ‘passive targeting’ [7–9]. Thus, it was repeated- the diacyllipid–PEG molecule itself represents a
ly shown that micelle-incorporated anticancer drugs characteristic amphiphilic polymer with a bulky
(such as adriamycin, see, for example, Ref. [127]) hydrophilic (PEG) portion and a very short but
much better accumulate in tumors than in non-target extremely hydrophobic diacyllipid part. Similar to
tissues (such as the heart muscle) which minimizes other PEG-containing amphiphilic block-copolymers,
undesired drug toxicity. diacyllipid–PEG conjugates were found to form

The second targeting mechanism is based on the micelles in an aqueous environment [149].
fact that many pathological processes in various A series of PEG–phosphatidylethanolamine
tissues and organs are accompanied with local (PEG–PE) conjugates was synthesized using egg PE
temperature increase and/or acidosis [142,143], and (transphosphotidylated) and N-hydroxysuccinimide
micelles made of thermo- or pH-sensitive compo- esters of methoxy-PEG succinates (molecular weight
nents, such as poly(N-isopropylacrylamide) and its of 2 kDa, 5 kDa and 12 kDa) [10]. HPLC-based gel
co-polymers with poly(D,L-lactide) and other blocks, permeation chromatography showed that these poly-
can disintegrate in such areas releasing the micelle- mers form micelles of different sizes in an aqueous
incorporated drug [29,56,63,144,145]. environment (see Fig. 8). The stability of the poly-

And, at last, specific ligands can be attached to the meric micelles was confirmed using the same meth-
water-exposed termini of hydrophilic blocks, such as od: no dissociation into individual polymeric chains
antibodies and/or certain sugar moieties [25,41,146]. was found following chromatography of the serially
In this case, in order to make micelles targeted diluted samples of PEG(5 kDa)–PE up to a polymer
without creating any steric hindrances for the anti- concentration of ca. 1 ml /ml which corresponds to a
body, the antibody of choice or its fragment can be micromolar CMC value (see Fig. 9), which was
chemically attached to an activated water-exposed additionally confirmed using fluorescent dyes Orange
free terminus of a hydrophilic block of micelle- T and pyrene methods.
forming polymer. For this purpose, relatively simple PEG–PE micelles can efficiently incorporate some
chemistry can be applied similar to that developed sparingly soluble and amphiphilic substances. We
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prototype drug incorporation (see contour chromato-
graphs in Fig. 10). After running the protocol with
several different water-insoluble /amphiphilic sub-
stances, we identified three basic types of interac-
tions of prototype drug with the surfactant depending
on the hydrophobicity of a drug: I. Incorporation of
the drug into true stable micelles (for substances
with a structural resemblance to micelle core-form-
ing substances, like modified phospholipids, i.e. lipid
derivative of rhodamine), Fig. 10B; II. Formation of
stable larger aggregates (for non-polar hydrophobic
particles, initially solubilized by PEG–lipid conju-
gates, e.g. diphenylhexatriene), Fig. 10C; III. Initial

Fig. 8. HPLC-based gel permeation chromatography of micellar solubilization of the drug followed by its exclusion
forms of PEG–PE conjugates with different molecular weights of

from the micelle core or formation of unstablePEG blocks. A: 12 kDa; B: 5 kDa; C: 2 kDa. Molecular weight
aggregates (for more polar hydrophobic compounds,standards; I: Blue Dextran (2000 kDa); II: thyroglobulin (669
like topoisomerase inhibitor camptothecin), Fig. 10D.kDa); III: amylase (200 kDa). Column: Shodex Protein KW-804;

solvent PBS, pH 8.0; detection: 215 nm. From [182]. An experiment on micelle incorporation of the
topoisomerase II inhibitor ellipticine, a substance

have developed a protocol for a prototype drug with water solubility as low as 1.5 mg/ml, demon-
incorporation procedure involving sonication of strated good ellipticine incorporation into PEG(5
PEG–lipid: drug: organic solvent: water mixture
which allows the efficient solubilization of insoluble /
amphiphilic substances into the core of PEG–lipid
micelles [150,151]. HPLC-based GPC with diode-
array UV/VIS detection allowed us to evaluate the
nature of the resulting particles and the degree of

Fig. 9. HPLC-based gel permeation chromatography of serial Fig. 10. Contour HPLC chromatograms (absorption wavelength
dilutions of PEG(5 kDa)–PE micelles. Total amount of the vs. retention time) of different substances incorporated into PEG(5
polymer injected is indicated. Sample volume: 100 ml; Column: kDa)–PE micelles. A: PEG–PE micelles (control); B: PEG–PE
Shodex Protein KW-804; solvent PBS, pH 8.0; detection: 215 nm. micelles1rhodamine–PE; C: PEG–PE micelles1

From [182]. diphenylhexatriene; D: PEG–PE micelles1camptothecin.



V.P. Torchilin / Journal of Controlled Release 73 (2001) 137 –172 155

kDa)–PE micelles. The resulting mixed micelles
contained up to 4% mol of an incorporated ellip-
ticine. However, the most successful examples of
hydrophobic substance incorporation into PEG–lipid
micelles were different amphiphilic lipid derivatives.
Unlike ellipticine, which can be successfully in-
corporated into PEG(5 kDa)–PE micelles only at the
drug:PEO–PE molar ratio51:25, fluorescent lipid
probe rhodamine–PE incorporates into the same
micelles up to 2:1 drug:PEO–PE molar ratio.

One can suggest that the most successful therapeu-
tic applications of PEO-lipid polymeric micelles as
drug carriers would require the use of the appropriate
hydrophobized prodrugs. The similar hydrophobized
prodrug approach is not a new one in the area of
drug delivery systems as it has been successfully
used for increased permeation of peptides across
intestinal membrane [151,152] and for increased
loading of anti-cancer drug derivatives into reconsti-
tuted low density lipoproteins due to the covalent
coupling of a lipophilic anchor directly to the drug
[153].

By now, quite a few various amphiphilic polymers
were shown to possess properties similar to that of Fig. 11. Some of amphiphilic synthetic polymers that may be
PEG–PE [4,12,154,155]. Such polymers can in- used for micelle preparation.
corporate into liposomes and provide them an effi-
cient steric protection [4] and form micelles [35].
Some of these polymers are presented in Fig. 11.
From the biological point of view, polymers of vinyl
pyrrolidone (PVP) are of special interest because of
their high biocompatibility. We have synthesized the
whole set of various amphiphilic PVP derivatives
using long chain acyls (such as palmityl, P, and
stearyl, S) or phosphilipid residues as hydrophobic
blocks [156,157]. Spontaneous micellization of dif-
ferent P-PVP and S-PVP samples and the corre-
sponding CMC values were investigated by the
pyrene method, HPLC and particle size measure-
ments. It turned out that the ability of polymers to
micellize depends on both the type of a hydrophobic
residue and the MW of the PVP block. Fast sponta-
neous micellization and low CMC values (in a low Fig. 12. CMC value for PVP(2.5 kDa)-palmityl as determined
mM range) were found for amphiphilic PVP with following pyrene fluorescence. Micelles were prepared by sonica-

tion of 5 mM PVP-PE dispersion in PBS, and micelle suspensionsMW of a PVP block under 15 kDa. The determi-
of different concentrations were prepared by serial dilutions. Eachnation of the CMC value for a typical representative
sample was incubated with an excess of pyrene for 20 h in

of the amphiphilic PVP family using the pyrene darkness, the excessive pyrene was removed by filtration, and the
method is shown in Fig. 12. One can see that the fluorescence of the samples was measured at the excitation
CMC value is rather low and close to that for wavelength of 339 nm and the emission wavelength of 390 nm.
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PEG–PE of a close molecular weight. This means
that stable micelles may be prepared from a whole
variety of different amphiphilic polymers, which
broadens the possibility to prepare micelles with the
required physico-chemical and biological properties
for each particular purpose.

4.2. Interaction of diacyllipid–PEG micelles with
blood plasma components. Implications for micelle
stability in vivo

Some experiments have been performed on the
interaction of a micelle-incorporated prototype drug
with biological surroundings [151]. The stability of
polymeric micelles in vivo represents a major issue
in the development of these new drug carriers. Since
poorly soluble drugs or hydrophobized prodrugs are
the most likely candidates to be incorporated into Fig. 13. Blood clearance of murine serum preincubated (d) and

saline preincubated (s) PEG(2 kDa)–PE polymeric micellespolymeric micelles, the exchange of these pharma-
labeled with traces of lipophilic 111-In-DTPA-PE after intraven-ceuticals with plasma components which possess an
ous administration in mice. Dose: 1 mg of micelles (as polymer)

affinity to hydrophobic molecules should be thor- per mouse; mean6S.E.M.; n54.
oughly investigated. The studies showed that upon
incubation of PEG(5 kDa)–PE micelles loaded with
amphiphilic fluorescent rhodamine–PE with mouse kDa)–PE micelles in Fig. 13). This is a long half-life
plasma at 378C, two rhodamine–PE fractions were compared with the majority of non-surface-modified
detected after separation of the incubation mixture particulates (though somewhat shorter than for PEG-
using NaBr gradient centrifugation: protein-rich frac- containing liposomes). The shorter micelle half-life
tion (A /A 51.7, density range 1.00–1.05 g/ml) compared to PEG-liposomes may be accounted for570 280

and protein-poor fraction (A /A 53.2, density by considering the following circumstances: first,570 280

range 1.05–1.10 g/ml). Using spectral peak analysis, micelles might extravasate from the vasculature due
these fractions were identified as VLDL/LDL to their considerably smaller size when compared
lipoprotein fraction and intact PEG–PE micelles. with liposomes; second, an exchange is possible of
Approximately 50% of rhodamine–PE was trans- the amphiphilic label with the plasma proteins
ferred to lipoprotein from micelles after 2 h incuba- possessing affinity to lipidic moieties (such as al-
tion. Some insignificant transfer of rhodamine–PE bumin). The fact that the preincubation of micelles
onto serum albumin was also shown (less than 5% with the murine serum only to a small extent affects
after 2 h incubation). These results demonstrate the micelle longevity in the blood of experimental
importance of experiments that can improve micelle animals (see Fig. 13) may be considered as a certain
stability in vivo or enhance the delivery of micellar evidence in the favor of assumption that namely
drugs to target areas. extravasation and not opsonization plays the major

role in the blood clearance of the micelles. Generally
4.3. Some in vivo properties of diacyllipid–PEG speaking, macrophage-evading properties of poly-
micelles meric micelles are important not only for intravenous

applications but also for other routes of drug carrier
111During biodistribution experiments, In-labeled administration.

PEG–PE micelles were found to have half-life times Due to their size and macrophage avoiding prop-
from 1.5 and up to 2.5 h in mice depending on the erties, the use of PEG–lipid conjugates can be
molecular size of PEG block (see the data for PEG(2 especially advantageous for some specific routes of
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drug delivery. For example, it is known from experi- 50 mol% DQA could be incorporated into small
198ments with Au gold colloids that the optimal size 50–100 nm phosphatidylcholine (PC) liposomes

for a particulate lymphatic absorption from the made by probe sonication. However, other liposome
interstitial space after subcutaneous administration is preparation methods as well as the presence of salt
rather small (approximately 5 nm) [158]. The struc- preclude the formation of DQA-loaded liposomes.
ture of the particulate’s surface is another factor that This indicates that the association of DQA with the
can regulate its disappearance from the injection site bilayer membranes is not stable. In striking contrast
as well as uptake by the lymph node. The importance to liposomes, micelles made from PEG(5 kDa)–PE
of PEG-coated particulates in percutaneous adminis- effectively incorporate DQA in physiological NaCl
tration and lymph node delivery already has been solution, and the resulting micelles contain ca. 30
demonstrated with poloxamer-coated polystyrene mol% DQA. Fig. 14 represents a hypothetical struc-
latex particles [159]. However, as others have ture of PEG–PE micelles with incorporated DQA.
pointed out [160], the potential of polystyrene nanos- DQA is a dicationic compound resembling bola-form
pheres as vehicles for delivery of ‘practical’ bioac- electrolytes, that is, it has a symmetrical molecule
tive agents remains to be established. At the same with two charge centers separated at a relatively
time, polymeric micelles already proved themselves large distance. This bola-like molecule might be able
as effective carriers for a variety of hydrophobic to bend in the middle and incorporate into the
substances. Proper size, surface coating and ability to micelle’s core. So, in certain situations micelles and
be loaded with sufficient quantities of drug or not liposomes may appear to be carriers of choice for
diagnostic agent makes PEG–lipid micelles a perfect some poorly soluble compounds. This might be
choice for percutaneous lymphatic delivery. possible due to more favorable orientation of a drug

molecule within the carrier particle.
4.4. Micellar form of dequalinium

4.5. Accumulation of protein-loaded micelles in
In certain cases, micelles have been shown to tumor

serve as a better delivery system for some hydro-
phobic and/or amphiphilic drugs than the liposomes In other cases, however, it is the small size of
that are traditionally used for this purpose. One of micelles which makes them superior compared to
the known examples of this kind is connected with a other nanoparticulates including liposomes. Thus, the
solubilization system for a ‘bola’-like lipophilic
cation dequalinium [161]. Dequalinium (DQA), a
topical antimicrobial agent, drew considerable inter-
est as a potential anticarcinoma drug. It was shown
to be very effective in prolonging the survival of
mice with intraperitoneally implanted carcinoma
MB49 [162]. Other delocalized lipophilic cations
were also shown to increase the sensitivity of
carcinoma cells to radiation and photodynamic
therapy [163,164]. However, sufficient bioavail-
ability of these agents can hardly be achieved
because of their poor solubility [165].

Thus, even at a very low salt concentration, the
formation of large DQA aggregates is observed in a
sonicated solution of DQA at 10 to 100 mM
concentration range. To overcome solubility prob-
lems of DQA, an attempt was made to incorporate
DQA into liposomes and micelles made of PEG Fig. 14. Hypothetical structure of DQA incorporated into PEG-
[5000]–DSPE [161]. In the absence of NaCl, up to based micelles. From [161].
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use of PEG–PE micelles for the effective delivery of stay in the circulation longer than micelles. Thus,
a model protein drug to a solid tumor, Lewis lung after 1 h, blood concentration of liposomes is still ca.
carcinoma, in mice was recently reported [166]. The 75% dose /g, but only ca. 30% dose /g for micelles.
transport efficacy and accumulation of microparticu- The longevity of PEG-micelles and PEG-liposomes,
lates, such as liposomes and/or micelles, in the together with their slow clearance via liver and
tumor interstitium is to a great extent determined by spleen, naturally results in their improved accumula-
their ability to penetrate the leaky tumor vascular tion in the tumor compared with the native STI. The
endothelium [167,168]. Diffusion and accumulation most important finding, however, is that despite
parameters were recently shown to be strongly somewhat faster blood clearance, micelles still ac-
dependent on the cutoff size of tumor blood vessel cumulate in the tumor significantly better than
wall, and the cutoff size varies for different tumors liposomes, delivering more protein there (see Fig.
[168–170]. 15).

In a general case, the biodistribution of a mi- This result confirms that the efficacy of passive
croparticulate carrier-associated anticancer drug de- delivery to solid tumors is not only controlled by the
pends on its circulation time in blood (summarized in exposure level around sites of extravasation but also
Ref. [8], using liposomes as an example). Thus, it by the more complex relationship between the
was repeatedly confirmed that long-circulating PEG- tumor’s microvascular permeability and the size of a
grafted liposomes demonstrate an increased accumu- drug carrier. The results discussed suggest that in
lation in implanted tumors [171]. Later, however, it certain tumors (such as subcutaneously established
was found that in some cases even the use of
long-circulating liposomes could not provide their
sufficient accumulation in certain tumors. A recent
report [172] has shown that coating 100 nm lipo-
somes with PEG did not result in an increased
accumulation of liposome-encapsulated drug in a
subcutaneously established murine Lewis lung car-
cinoma. This phenomenon may be explained by the
low vascular permeability (small cutoff size) of this
as well as some other tumors. In those cases, drug
carriers smaller in size than liposomes may provide
more efficient drug delivery into tumors. Thus, the
micelle-incorporated model protein (soybean trypsin
inhibitor or STI, MW 21.5 kDa) accumulates to a
higher extent in subcutaneously established murine
Lewis lung carcinoma than the same protein in larger
liposomes [166].

To achieve STI incorporation into liposomes and
micelles, the protein was made hydrophobic by
modifying it with N-glutaryl-PE (NGPE). Animal
experiments with radiolabeled STI-loaded liposomes
and micelles in Lewis lung carcinoma-bearing mice
revealed different biodistribution patterns for all
tested preparations — free STI, STI-liposomes and

Fig. 15. Tumor accumulation 23 h after i.v. injection of nativeSTI-micelles. The native protein demonstrates the
STI (A), NGPE-DTPA-STI (B), NGPE-DTPA-STI anchored inexpected fastest disappearance from the blood and
100 nm long-circulating liposomes (C) and micellar-bound

the maximum accumulation in the liver and spleen. NGPE-DTPA-STI (D). Insert: Blood clearance of NGPE-DTPA-
Both micelles and liposomes demonstrate clear STI anchored in long circulating liposomes and PEG5000-DSPE
longevity in the blood, however, liposomes seem to micelles. From [166].
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murine Lewis lung carcinoma) small-size micelles agents are specific for each imaging modality, and as
provide a better delivery of a drug (protein) than a result of their accumulation in certain sites of
larger long-circulating liposomes. interest, those sites may be easily visualized when

the appropriate imaging modality is applied [173].
Different chemical nature of reporter moieties used

5. Polymeric micelles in medical diagnostic in different modalities and different signal intensity
imaging (sensitivity and resolution) require various amounts

of a diagnostic label to be delivered into the area of
5.1. Diagnostic imaging and imaging modalities interest, and tissue concentrations that must be

achieved for successful imaging vary between diag-
Another emerging area of using polymeric mi- nostic moieties in broad limits (Table 2). Although

celles as carriers for pharmaceuticals is medical rather low in the case of gamma-imaging, it is pretty
diagnostic imaging. Currently used medical imaging high for MRI and CT.
modalities include: (a) Gamma-scintigraphy (based To reach the required local concentration of a
on the application of gamma-emitting radioactive contrast agent, it was a natural progression to use
materials); (b) Magnetic resonance (MR, phenom- microparticulate carriers for an efficient delivery of
enon involving the transition between different contrast agents selectively into the required areas.
energy levels of atomic nuclei under the action of Fig. 16 demonstrates the principal scheme of micelle
radiofrequency signal); (c) Computed Tomography formation and its loading with various reporter
(CT, the modality utilizing ionizing radiation — moieties which might be incorporated into different
X-rays — with the aid of computers to acquire compartments of this particulate carrier.
cross-images of the body and three-dimensional
images of areas of interest); (d) Ultra-sonography 5.2. Loading of micelles with diagnostic agents for
(the modality utilizes irradiation with ultrasound and gamma and magnetic resonance imaging
is based on the different passage rate of ultrasound
through different tissues). All four imaging modali- The micellar transport of contrast agents is a
ties differ in their physical principles, sensitivity, relatively new field [35,174]. Apart from the practi-
resolution (both spatial and temporal), ability to cal value for diagnosis itself, this area has significant
provide images without contrast agent-mediated en- importance for delivery of drugs as it allows visuali-
hancement, and some other parameters, such as cost zation of the exact sites of the drug carrier deposition
and safety. within the body with extraordinary anatomical res-

Whatever imaging modality is used, medical diag- olution. Chelated paramagnetic metal moieties (Gd,
nostic imaging requires that the sufficient intensity of Mn or Dy aqueous ions) represent the major interest
a corresponding signal from an area of interest be for the design of MR positive (T1) contrast agents.
achieved in order to differentiate this area from Different ways have been used to prepare contrast
surrounding tissues. Usually, the imaging of different micelles for this purpose. Thus, for example, mixed
organs and tissues for early detection and localiza- micelles obtained from monoolein and taurocholate
tion of numerous pathologies cannot be successfully with Mn-mesoproporphyrin, were shown to be a
achieved without appropriate contrast agents (see potential oral hepatobiliary imaging agent for T1-
further) in different imaging procedures. The contrast weighted MRI [175]. Often, chelated metal ions

Table 2
Contrast agent concentration required for tissue attenuation in various imaging modalities

Modality Reporter group Required tissue concentration
210Gamma-scintigraphy radionuclide 10 M
24MR imaging paramagnetic metal 10 M
22CT imaging iodine 10 M
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incorporated into micelles, such structures should
acquire amphiphilic nature. Several chelating probes
of this type have been developed earlier for liposome
membrane incorporation studies, such as DTPA-PE
[177], DTPA-stearylamine, DTPA-SA [178], and
amphiphilic acylated paramagnetic complexes of Mn
and Gd [179]. In these agents a hydrophilic chelating
residue is covalently linked to a hydrophobic (lipid)
chain. The lipid part of the molecule can be anchored
either in the liposome bilayer or the micelle’s
hydrophobic core, while a more hydrophilic chelate
is localized on the liposome surface or hydrophilic
shell of the micelle (see Fig. 16). Same or similar
chelates can be used for loading micelles with heavy
radiometals (such as 111-In) for gamma-imaging.

A possible route to improve the efficacy of
liposomes and micelles as contrast mediums is to
increase the quantity of carrier-associated reporter

111metal (such as Gd or In), and to enhance thus the
signal intensity. We have tried to solve this task by
using so-called polychelating amphiphilic polymers
or PAPs [180]. The basic idea behind the new
generation of microparticulate contrast agents was to
increase the number of chelated metal atoms attached
to a single lipid anchor, capable of being incorpo-
rated into the liposomal membrane or into the
micelle core. Pursuing this way one might drastically
increase the number of bound reporter metal atoms
per vesicle which allows, in turn, to decrease the
dosage of an administered lipid without compromis-
ing the image signal intensity.

To increase the loading of micelles (as well as
liposomes that are also successfully used as carriersFig. 16. Schematic structures of micelle formation and loading

with a contrast agent. The micelle is formed spontaneously in for imaging agents) with reporter metals, we have
aqueous media from amphiphilic compound (1) the molecule of suggested and experimentally designed a new family
which consists of distinct hydrophilic (2) and hydrophobic (3)

of amphiphilic polymers containing multiple chelat-moieties. Hydrophobic moieties form the micelle core (4). Con-
ing groups and suitable for incorporation into lipo-trast agent (*; gamma- or MR-active metal-loaded chelating
somes and micelles. Polymer-attached chelating moi-group, or heavy element, such as iodine or bromine) can be

directly coupled to the hydrophobic moiety within the micelle core eties provide high-affinity binding of the wide range
(5), or incorporated into the micelle as an individual monomeric of heavy metal ions, e.g., Fe, In, Tc, Re, Ga, Gd,
(6) or polymeric (7) amphiphilic unit. From [188].

Mn, Eu, Y, Bi, At, Sm, etc. The polymeric backbone
for the attachment of multiple chelating moieties has
to contain a sufficient number of reactive groups,
such as amino-, carboxy-, aldehyde-, or SH-groups.

possess a hydrophilic character: complex of dieth- Both natural and synthetic polymers can be used for
31ylenetriamine pentaacetic acid (DTPA) with Gd , this purpose, poly-L-lysine (PLL) containing multiple

for example, has a water molecule bound directly to free amino-groups being the most frequent choice.
the metal coordination sphere [176]. In order to be To couple the chelator to a PLL, the reactive
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intermediate of the chelator is usually used, con-
taining mixed anhydride, cyclic anhydride, N-hy-
droxysuccinimide ester, tetrafluorophenyl ester, iso-
thiocyanate, etc. The currently used optimized ap-
proach to synthesize polychelating polymers [181] is
based on the use of CBZ-protected PLL with free
terminal amino-group, which is derivatized into a
reactive form with subsequent deprotection and
incorporation of chelating DTPA residues, and pro-
vides an efficient heavy metal load on proteins and
antibodies.

Developing the polylysine N-terminus modifica-
tion chemistry further, we suggested a pathway for
the synthesis of amphiphilic polychelator N,a-
(DTPA-polylysyl)glutaryl phosphatidyl ethanolamine
(DTPA-PLL-NGPE). This polychelator easily in-
corporates into the micelle core in the process of
liposome of micelle preparation, and sharply in-
creases the number of chelated Gd atoms attached to
a single lipid anchor. The reaction scheme for the
synthesis of the polychelating amphiphilic polymers
is presented in Fig. 17.

31After the saturation of polychelator with Gd
ions, the elemental analysis has revealed that Gd-
DTPA-PLL-NGPE contains ca. 40% (w/w) Gd,
which corresponds to 8–10 metal atoms per single Fig. 17. Chemistry of polymeric chelates for loading micelles

with multiple reporter metal atoms. Synthesis of amphiphiliclipid-modified polymer molecule assuming its molec-
DTPA-PLL-NGPE consisting of hydrophilic DTPA-polylysyl moi-ular weight to be 3500–4000 Da. The higher Gd
ety and hydrophobic N-glutaryl phosphatidyl ethanolamine moie-

content leads to the better relaxivity and, conse- ty.
quently, to the greater MR signal intensity (assuming
the Gd tissue concentration does not exceed millimo-
lar range). Additionally, upon the incorporation into quite stable, and can serve as fast and efficient agents
micelle core, the NGPE anchor grafted with a short- for scintigraphy or MR imaging.
chain PAP keeps chelating groups within the mi-
celle’s corona. Metal atoms chelated into these
groups are directly exposed to the exterior water 5.3. In vivo gamma- and magnetic resonance
environment and have better access to the adjacent visualization with micellar imaging agents
tissue water protons. This might lead to the corre-
sponding enhancement of the vesicle contrast prop- In experiments on lymphatic imaging [182], we
erties. As a result, amphiphilic polychelator-con- have incorporated amphiphilic chelating probes
taining micelles have a higher relaxation influence on Gd(111-In)-DTPA-PE and 111-In-DTPA-SA into
water protons compared with conventional prepara- PEG(5 kDa)–PE micelles (20 nm in diameter) and
tions at the same phospholipid content. In addition to tried to use these particulate agents in experimental
the enhanced relaxivity, the micelle corona formed percutaneous lymphography using g-scintigraphy
by PEG polymer can help in avoiding the contrast and MR imaging in rabbits. As a result, we were able
agent (both for gamma and MR imaging) uptake in to demonstrate the localization of 111-In-labeled
the site of injection by resident phagocytic cells. The DTPA-SA/PEG(5 kDa)–PE micelles in local
final preparations of contrast-loaded micelles are lymphatics after subcutaneous administration of a 20
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mCi dose into the dorsum of a rabbit hindpaw. The primary lymph nodes may be visualized, one can
popliteal lymph node can be visualized within sec- suggest that unlike the other lymphotropic contrast
onds after injection. It was shown that the micelles media, polymeric micelles are lymphangiographic in
as smaller particles exhibit higher accumulation in nature. Their action is based on the visualization of
the primary lymph node. lymph flowing through different elements of the

As the above data demonstrates, the micellar lymphatics. The action of other lymphotropic con-
particulates due to their size and surface properties trast media is based primarily on their active uptake
can be moved with ease from the injection site along by the nodal macrophages (i.e. lymph nodes become
the lymphatics to the systemic circulation with the visible only after the concentration of the medium in
lymph flow. Fig. 18 shows T1-weighed transverse the lymph node has achieved a certain threshold
MR images of the axillary /subscapular lymph node value, which usually requires prolonged periods of
area in rabbit obtained after subcutaneous injection time). Similar experiments with PEG–PE mixed
of small doses of Gd-DTPA-PE/PEG(5 kDa)–PE micelles with a core-incorporated amphiphilic 111-
micelles. The collecting lymph vessel (B) and ax- In- or Gd-loaded PAP have also demonstrated fast
illary lymph node (C) become visible only 4 min and efficient gamma and MR visualization of differ-
after administration of Gd-containing micelles. Tak- ent compartments of the lymphatic system. Micelles
ing into account the ease and speed with which the mostly stay within lymph fluid rather than accumu-

Fig. 18. Transverse MR images of axillary-subscapular lymph node area in the rabbit before (A) and 4 min after s.c. administration of
PEG(5 kDa)–phosphatidyl ethanolamine micelles containing core-incorporated Gd-loaded amphiphilic chelate DTPA-phosphatidyl ethanol-
amine (B,C). The dose was 0.5 mmol Gd per injection site. Fast and clear visualization of both lymph vessel (LV) and lymph node (LN) can
be seen. Images were acquired using 1.5 Tesla GE Sigma MRI scanner operated at fat suppression mode and T1-weighted pulse sequence.
From [182].
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Fig. 19. Preparation of iodine-containing polymeric micelles (ICPM) for blood pool CT imaging. A: Synthesis of ICPM-forming block
co-polymer from methoxy-PEG-propionic acid; MPEG-PA, and poly(CBZ)-L-lysine; P(CBZ)LL. B: Scheme of micelle formation. From
[67].
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late in the nodal macrophages (because of the results on the synthesis and in vivo properties of a
protective effect of surface PEG fragments) and block-copolymer of methoxy-poly(ethylene glycol)
rapidly move via the lymphatic pathway. They can (MPEG) and iodine-substituted poly-L-lysine
serve as fast and efficient lymphangiographic agents [67,187]. This copolymer easily micellizes in the
for scintigraphy or MR imaging. solution forming stable and heavily iodine-loaded

particles (up to 35% of iodine by weight) with a size
5.4. Diagnostic iodine-containing polymeric well below 100 nm. The synthesis of MPEG-propi-
micelles for computed tomography imaging of the onic acid(PA)-poly[e,N-(2,3,5-triiodobenzoyl)]-L-
blood pool lysine (MPEG-iodolysine) block-copolymer is shown

in Fig. 19A. First, MPEG-PA NHS ester was pre-
Blood pool imaging is of special interest for the pared from MPEG-PA, NHS and dicyclohexylcar-

evaluation of the current state of blood flow and for bodiimide, and than converted into MPEG-PA-poly-
the discovery of irregularities caused by atheros- (CBZ)lysine diblock copolymer by reaction with
clerotic lesions, thrombi or tumors. Blood pool poly(CBZ)lysine and triethylamine. The product of
imaging requires prolonged circulation of contrast this reaction was ‘deprotected’ by removing CBZ-
agents and is usually based on the utilization of groups with hydrogen bromide in acetic acid. Then,
sterically-protected polymer-modified microparticu- 2,3,5-triiodobenzoic acid NHS ester was prepared by
lates with contrast properties. reacting 2,3,5-triiodobenzoic acid, dicyclohexylcar-

Computed Tomography (CT) represents an imag- bodiimide and NHS. To prepare MPEG-PA-poly-
ing modality with high spatial and temporal res- [e,N-(2,3,5-triiodobenzoyl)]-L-lysine, both synthes-
olution. The diagnostic value of CT might be further ized components were conjugated in the presence of
significantly increased when contrast agents (i.e. triethylamine. The formation of a polymeric micelle
substances containing X-ray absorbing heavy ele- with the iodine-containing core and hydrophilic
ments, such as iodine) are used to attenuate tissues corona consisting of PEG chain is schematically
and organs of interest. Since, as was already told, shown in Fig. 19B. According to size measurement
providing diagnostically acceptable imaging requires data, the prepared iodine-containing micelles had a
the iodine concentration on the order of millimoles size between 50 and 70 nm. The iodine content in
per ml of tissue [183], large doses of low-molecular- these micelles is about 30 to 35% of total weight.
weight CT contrast agent, such as iodine-containing Other amphiphilic polymeric micelles formed by
organic molecules, are normally administered to
patients. In order to more specifically target contrast
agents, attempts have been made to use contrast
agent-loaded microparticulate carriers for CT imag-
ing [184–186]. However, currently suggested par-
ticulate contrast agents possess relatively large par-
ticle size (between 0.25 and 3.5 mm) and are actively
cleared by phagocytosis. Thus, in order to prepare a
material whose distribution is limited to the blood
pool, certain simple properties seem necessary to be
met: a size larger than fenestrated capillaries (.10
nanometers), resistance to phagocytosis, and the
radiopaque moiety structurally incorporated within
the particulate.

Amphiphilic polymers which are able to sponta-
neously form stable and long-circulating 10 to 80 nm
micelles in an aqueous media seem to be carriers of Fig. 20. The clearance of ICPM from the blood of experimental
choice which meet all the above mentioned require- rats. Iodine-containing micelles labeled with 111-In-DTPA-SA
ments [35]. Recently, we have described some were injected intravenously at a dose of 170 mg I /kg.
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block copolymers have sizes around 10–50 nm are presented in Fig. 20). Since such micelles still
[49,51]. The slightly increased particle size of are able to dissociate slowly into unimers, their
MPEG-iodolysine micelles may be explained by components are eventually removed from the body
non-covalent binding of triiodobenzoic acid to the via both the reticuloendothelial system and via the
core of the micelle. kidney with urine [182]. To prove the diagnostic

In vivo, the iodine-containing polymeric micelles utility of this family of polymeric micelles, the
demonstrate prolonged circulation time (the data on micellar CT contrast agent was injected intravenous-
their clearance from the blood of experimental rats ly into rats and rabbits, and the X-ray signal was

Fig. 21. A: CT signal intensity (Hounsfield units) from the rabbit blood pool (registered at the ventricular area) after i.v. administration of
iodine-containing polymeric micelles (250 mg Iodine /kg). B: CT section of the rabbit liver 2 h after i.v. administration of ICPM; vascular
network is still clearly visualized.
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monitored from several organs using a CT scanner. micelles promising candidates for CT imaging of the
A significant enhancement of 3 to 4-fold in the blood blood compartment.
pool (aorta and heart) was visually observed in rats
and rabbits for at least a period of 2 h following the
injection. The quantification of some of these images

Referenceswith the help of image-processing software showed
no sign of a decrease in the blood opacification

¨[1] R.H. Muller, Colloidal Carriers for Controlled Drug Deliveryduring at least a 3-h period following the injection
and Targeting, Wissenschaftliche Verlagsgesellschaft, Stutt-(see the data from the rabbit experiment in Fig. 21).
gart, Germany, and CRC Press, Boca Raton, FL, 1991.

A similar pattern was also observed in rats. Micelles [2] D.D. Lasic, F. Martin (Eds.), Stealth Liposomes, CRC Press,
with such properties might find a certain clinical Boca Raton, FL, 1995.

[3] S. Cohen, H. Bernstein (Eds.), Microparticulate Systems forutility for the diagnostic CT imaging of the blood
the Delivery of Proteins and Vaccines, Marcel Dekker, Inc,pool. The clinical utility of selective blood-pool
New York, 1996.contrast agents may be variable: minimally invasive

[4] V.P. Torchilin, V.S. Trubetskoy, Which polymers can make
angiography, image guidance of minimally invasive nanoparticulate drug carriers long-circulating?, Adv. Drug
procedures, oncologic imaging of angiogenesis, as- Deliv. Rev. 16 (1995) 141–155.
certaining organ blood volume tomographically, and [5] V.P. Torchilin, How do polymers prolong circulation time of

liposomes?, J. Liposome Res. 6 (1996) 99–116.identifying haemorrhage are applications that could
[6] R.M. Winslow, K.D. Vandegriff, M. Intaglietta (Eds.), Bloodbenefit from a long-lived intravascular agent.

Substitutes. New Challenges, Birkhauser, Boston, MA, 1996.
[7] T.N. Palmer, V. J Caride, M.A. Caldecourt, J. Twickler, V.

5.5. Concluding remarks on the diagnostic Abdullah, The mechanism of liposome accumulation in
application of polymeric micelles infarction, Biochim. Biophys. Acta 797 (1984) 363–368.

[8] A.A. Gabizon, Liposome circulation time and tumor target-
ing: implications for cancer chemotherapy, Adv. DrugPerhaps the key benefit of micelle-based diagnos-
Delivery Rev. 16 (1995) 285–294.tic is the ability to ‘image’ (i.e., to measure) the

[9] H. Maeda, J. Wu, T. Sawa, Y. Matsumura, K. Hori, Tumor
functional characteristic of a tissue or other region of vascular permeability and the EPR effect in macromolecular
interest. As long as an understanding of the charac- therapeutics: a review, J. Contr. Rel. 65 (2000) 271–284.

[10] A.L. Klibanov, K. Maruyama, V.P. Torchilin, L. Huang,teristics of the microparticulate carrier and how it
Amphipathic polyethyleneglycols effectively prolong theinteracts with the biological milieu exists, it should
circulation time of liposomes, FEBS Lett. 268 (1990) 235–be possible to design diagnostics that make these
238.

functional measurements possible. The data obtained [11] V.P. Torchilin, V.G. Omelyanenko, M.I. Papisov, A.A. Bog-
so far lead to a definite conclusion that contrast- danov Jr, V.S. Trubetskoy, J.N. Herron, C.A. Gentry, Poly-

(ethylene glycol) on the liposome surface: on the mechanismloaded micelles may be and will be successfully used
of polymer-coated liposome longevity, Biochim. Biophys.for visualization of numerous organs, tissues, and
Acta 1195 (1994) 11–20.disease sites in all imaging modalities. Gamma-im-

[12] V.P. Torchilin, M.I. Shtilman, V.S. Trubetskoy, K. Whiteman,
aging with radiometal-loaded micelles seems to be A.M. Milstein, Amphiphilic vinyl polymers effectively
the most attractive because of relatively small quan- prolong liposome circulation time in vivo, Biochim. Bio-

phys. Acta 1195 (1994) 181–184.tities of both carrier and reporter metal needed for
[13] M.I. Papisov, Modeling in vivo transfer of long-circulatingsuccessful imaging, which greatly minimizes the

polymers (two classes of long-circulating polymers andproblems of side-effects. By using polymeric che-
factors affecting their transfer in vivo), Adv. Drug Deliv.

lates, micelles can be easily loaded with sufficient Rev. 16 (1995) 127–139.
quantities of radioactive (for gamma-imaging) or [14] T.M. Allen, The use of glycolipids and hydrophilic polymers

in avoiding rapid uptake of liposomes by the mononuclearMR-active (for MRI) agents. Additionally, PEG
phagocyte system, Adv. Drug Deliv. Rev. 13 (1994) 285–forming the corona of the micelle can serve as a
309.capture-avoiding agent permitting effective accumu-

[15] T.M. Allen, C.B. Hansen, D.E.L. de Menenez, Phar-
lation of the diagnostic label in the target and also macokinetics of long-circulating liposomes, Adv. Drug
for improvement of MR contrast properties. The Deliv. Rev. 16 (1995) 267–284.
same properties make iodine-containing polymeric [16] K.J. Hwang, Liposome pharmacokinetics, in: M. Ostro (Ed.),



V.P. Torchilin / Journal of Controlled Release 73 (2001) 137 –172 167

Liposomes: from Biophysics to Therapeutics, Marcel [32] D. Attwood, A.T. Florence (Eds.), Surfactant Systems,
Dekker, New York, 1987, pp. 109–156. Chapman and Hall, London, UK, 1983.

[17] G.R. Harper, M.C. Davies, S.S. Davis, T.F. Tadros, D.C. [33] R.J. Hunter (Ed.), Introduction to Modern Colloid Science,
Taylor, M.P. Irving, J.A. Waters, Steric stabilization of Oxford University Press, Oxford, UK, 1993.
microspheres with grafted polyethylene oxide reduces phago- [34] A.V. Kabanov, E.V. Batrakova, N.S. Melik-Nubarov, N.A.
cytosis by rat Kupffer cells in vitro, Biomaterials 12 (1991) Fedoseev, T.Yu. Dorodnich, V.Yu. Alakhov, V.P. Chekhonin,
695–699. I.R. Nazarova, V.A. Kabanov, A new class of drug carriers;

[18] R. Gref, Y. Minamitake, M.T. Peracchia,V.S. Trubetskoy,V.P. micelle poly(oxyethylene)-poly(oxypropylene) block copoly-
Torchilin, R. Langer, Biodegradable long-circulating poly- mers as microcontainers for drug targeting from blood to
meric nanospheres, Science 263 (1994) 1600–1603. brain, J. Contr. Rel. 22 (1992) 141–158.

[19] R. Gref, A. Domb, P. Quellec, T. Blunk, R.H. Muller, J.M. [35] V.S. Trubetskoy, V.P. Torchilin, Use of polyoxyethylene-lipid
Verbavatz, R. Langer, The controlled intravenous delivery of conjugates as long-circulating carriers for delivery of thera-
drugs using PEG-coated sterically stabilized nanospheres, peutic and diagnostic agents, Adv. Drug Deliv. Rev. 16
Adv. Drug Deliv. Rev. 16 (1995) 215–234. (1995) 311–320.

’[20] V.P. Torchilin, A.L. Klibanov, L. Huang, S. O Donnell, N.D. [36] G.S. Kwon, K. Kataoka, Block copolymer micelles as long-
Nossiff, B.A. Khaw, Targeted accumulation of polyethylene circulating drug vehicles, Adv. Drug Deliv. Rev. 16 (1995)
glycol-coated immunoliposomes in infarcted rabbit myocar- 295–309.
dium, FASEB J. 6 (1992) 2716–2719. [37] W.N. Charman, Lipid vehicle and formulation effects on

[21] V.P. Torchilin, M.I. Papisov, Why do polyethylene glycol- intestinal lymphatic drug transport, in: W.N. Charman, V.J.
coated liposomes circulate so long?, J. Liposome Res. 4 Stella (Eds.), Lymphatic Transport of Drugs, CRC Press,
(1994) 725–739. Boca Raton, FL, 1992, pp. 113–179.

[22] G. Blume, G. Cevc, M.D.J.A. Crommelin, I.A.J.M. Bakker- [38] S. Muranishi, Absorption enhancers, Crit. Rev. Ther. Drug
Woudenberg, C. Kluft, G. Storm, Specific targeting with Carrier Syst. 7 (1990) 1–33.
poly(ethylene glycol)-modified liposomes: coupling of hom- [39] N. Muranishi, N. Takagi, S. Muranishi, H. Sezaki, Effect of
ing devices to the ends of the polymeric chains combines fatty acids and monoglycerides on permeability of lipid
effective target binding with long circulation times, Biochim. bilayer, Chem. Phys. Lipids 28 (1981) 269–279.
Biophys. Acta 1149 (1993) 180–184. [40] B. Saletu, P. Anderer, K. Knisperger, J. Grunberger, W.

[23] T.M. Allen, E. Brandies, C.B. Hansen, G.Y. Kao, S. Sieghar, Comparative bioavailability studies with a new
Zalipsky, Antibody-mediated targeting of long-circulating mixed-micelles solution of diazepam utilizing radioreceptor

(Stealth ) liposomes, J. Liposome Res. 4 (1994) 1–15. assay, psychometry and EEG brain mapping, Int. Clin.
[24] C.B. Hansen, G.Y. Kao, E.H. Moase, S. Zalipsky, T.M. Psychopharmacol. 3 (1988) 287–323.

Allen, Attachment of antibodies to sterically stabilized [41] A.V. Kabanov, V.P. Chekhonin, V.Yu. Alakhov, E.V. Bat-
liposomes: evaluation, comparison and optimization of cou- rakova, A.S. Lebedev, N.S. Melik-Nubarov, S.A. Arzhakov,
pling procedures, Biochim. Biophys. Acta 1239 (1995) 133– A.V. Levashov, G.V. Morozov, E.S. Severin, V.A. Kabanov,
144. The neuroleptic activity of haloperidol increases after its

[25] V.P. Torchilin, R. Rammohan, V. Weissig, B.A. Khaw, A.L. solubilization in surfactant micelles, FEBS Lett. 258 (1989)
Klibanov, G.P. Samokhin, PEG-immunoliposomes: attach- 343–345.
ment of monoclonal antibodies to distal ends of PEG chains [42] A. Martinez-Coscolla, E. Miralles-Loyola, T.M. Garrigues,
via p-nitrophenylcarbonyl groups, in: Proceedings of the M.D. Sirvent, E. Salinas, V.G. Casabo, Studies on the
27th International Symposium on Controlled Release of reliability of novel absorption–lipophilicity approach to
Bioactive Materials, Paris, Controlled Release Society, Inc, interpret the effects of the synthetic surfactants on drug and
2000, pp. 217–218. xenobiotics absorption, Drug. Res. 43 (1993) 699–705.

[26] K.L. Mittal, B. Lindman (Eds.), Surfactants in Solution, Vols. [43] Y. Masuda, H. Yoshikava, K. Takada, S. Muranishi, The
1–3, Plenum Press, New York, 1991. mode of enhanced enteral absorption of macromolecules by

[27] N.J. Turro, C.J. Chung, Photoluminescent probes for water lipid-surfactant mixed micelles, J. Pharmacobio.-Dyn. 9
soluble polymers. Pressure and temperature effect on a (1986) 793–798.
polyol surfactant, Macromolecules 17 (1984) 2123–2126. [44] D.D. Lasic, Mixed micelles in drug delivery, Nature 355

[28] I. Astafieva, X. Zhong, A. Eisenberg, Critical micellization (1992) 279–280.
phenomena in block polyelectrolyte solution, Macromole- [45] P. Tengamnuay, A.K. Mitra, Bile salt–fatty acid mixed
cules 26 (1993) 7339–7352. micelles as nasal absorption promoters of peptides, Pharm.

[29] M.-C. Jones, J.-C. Leroux, Polymeric micelles — a new Res. 7 (1990) 127–133.
generation of colloidal drug carriers, Eur. J. Pharm. Bio- [46] G. Magnusson, T. Olsson, J.-A. Nyberg, Toxicity of Pluronic
pharm. 48 (1999) 101–111. F-68, Toxicol. Lett. 30 (1986) 203–207.

[30] A. Martin, in: Physical Pharmacy, 4th Edition, Williams and [47] I.R. Schmolka, A review of block polymer surfactants, J.
Wilkins, Baltimore, MD, 1993, pp. 396–398. Am. Oil Chem. Soc. 54 (1977) 110–116.

[31] P.H. Elworthy, A.T. Florence, C.B. Macfarlane (Eds.), [48] C.D. Port, P.J. Garvin, C.E. Ganote, The effect of Pluronic
Solubilization by Surface Active Agents, Chapman and Hall, F-38 (poloxamer 108) administered intravenously in rats,
London, UK, 1968. Toxicol. Appl. Pharmacol. 44 (1978) 401–411.



168 V.P. Torchilin / Journal of Controlled Release 73 (2001) 137 –172

[49] M. Yokoyama, Block copolymers as drug carriers, CRC Crit. potential pathways for drug absorption, Bioconj. Chem. 8
Rev. Ther. Drug Carrier Syst. 9 (1992) 213–248. (1997) 649–657.

[50] L. Zhang, A. Eisenberg, Multiple morphologies of ‘crew-cut’ [66] S. Katayose, K. Kataoka, Remarkable increase in nuclease
aggregates of polystyrene-b-poly(acrylic acid) block copoly- resistance of plasmid DNA through supramolecular assembly
mers, Science 268 (1995) 1728–1731. with poly(ethylene glycol)-poly(L-lysine) block copolymer,

J. Pharm. Sci. 87 (1998) 160–163.[51] K. Kataoka, G.S. Kwon, M. Yokoyama, T. Okano, Y.
Sakurai, Block-copolymer micelles as vehicles for drug [67] V.S. Trubetskoy, G.S. Gazelle, G.L. Wolf, V.P. Torchilin,
delivery, J. Contr. Rel. 24 (1993) 119–132. Block copolymer of polyethylene glycol and polylysine as a

carrier of organic iodine: design of a long circulating[52] Z. Gao, A. Eisenberg, A model of micellization for block
particulate contrast medium for X-ray computed tomog-copolymers in solutions, Macromolecules 26 (1993) 7353–
raphy, J. Drug Targeting 4 (1997) 381–388.7360.

[68] M. Yokoyama, M. Miyauchi, N. Yamada, T. Okano, Sakurai,[53] F.M. Winnik, A.R. Davidson, G.K. Hamer, H. Kitano,
K. Kataoka, S. Inoue, Characterization and anticancer activi-Amphiphilic poly(N-isopropylacrylamide) prepared by using
ty of the micelle-forming polymeric anticancer drug ad-a lipophilic radical initiator: synthesis and solution properties
riamycin-conjugated poly(ethylene glycol)-poly(asparticin water, Macromolecules 25 (1992) 1876–1880.
acid) block copolymer, Cancer Res. 50 (1990) 1693–1700.[54] M. Yokoyama, T. Okano, K. Kataoka, Improved synthesis of

[69] A. Harada, K. Kataoka, Novel polyion complex micellesadriamycin-conjugated poly(ethylene oxide)-poly(aspartic
entrapping enzyme molecules in the core. Preparation ofacid) block copolymer and formation of unimodal micellar
narrowly-distributed micelles from lysozyme and poly-structure with controlled amount of physically entrapped
(ethylene glycol)-poly(aspartic acid) block copolymer inadriamycin, J. Contr. Rel. 32 (1994) 269–277.
aqueous medium, Macromolecules 31 (1998) 288–294.[55] S.B. La, T. Okano, K. Kataoka, Preparation and characteriza-

[70] G.S. Kwon, M. Naito, M. Yokoyama, T. Okano, Y. Sakurai,tion of the micelle-forming polymeric drug indomethacin-
Y. Kataoka, Block copolymer micelles for drug delivery:incorporated poly(ethylene oxide)-poly(-benzyl L-aspartat)
loading and release of doxorubicin, J. Contr. Rel. 48 (1997)block copolymer micelles, J. Pharm. Sci. 85 (1996) 85–90.
195–201.[56] J.E. Chung, M. Yokoyama, T. Aoyagi, Y. Sakurai, T. Okano,

[71] Y.I. Jeong, J.B. Cheon, S.H. Kim, J.W. Nah, Y.M. Lee, Y.K.Effect of molecular architecture of hydrophobically modified
Sung, T. Akaike, C.S. Cho, Clonazepam release from core-poly(N-isopropylacrylamide) on the formation of thermores-
shell type nanoparticles in vitro, J. Contr. Rel. 51 (1998)ponsive core–shell micellar drug carriers, J. Contr. Rel. 53
169–178.(1998) 119–131.

[72] S.Y. Kim, I.G. Shin, Y.M. Lee, C.G. Cho, Y.K. Sung,[57] C.M. Marques, Bunchy micelles, Langmuir 13 (1997) 1430–
Methoxy poly(ethylene glycol) and e-caprolactone am-1433.
phiphilic block copolymeric micelle containing in-[58] H.H. Bader, H. Ringsdorf, B. Schmidt, Water soluble poly-
domethacin. II. Micelle formation and drug release be-mers in medicine, Angew. Chem. 123/124 (1984) 457–463.
haviors, J. Contr. Rel. 51 (1998) 13–22.[59] V.Yu. Alakhov, A.V. Kabanov, Block copolymeric biotran-

[73] C. Allen, Y. Yu, D. Maysinger, A. Eisenberg, Polycaprolac-sport carriers as versatile vehicles for drug delivery, Expert.
tone-b-poly(ethylene oxide) block copolymer micelles as aOp. Invest. Drugs 7 (1998) 1453–1473.
novel drug delivery vehicle for neurotrophic agents FK506[60] G.S. Kwon, Diblock copolymer nanoparticles for drug
and L-685,818, Bioconj. Chem. 9 (1998) 564–572.delivery, Crit. Rev. Ther. Drug Carrier Syst. 15 (1998)

[74] M. Ramaswamy, X. Zhang, H.M. Burt, K.M. Wasan, Human481–512.
plasma distribution of free paclitaxel and paclitaxel associ-[61] H.G. Schild, D.A. Tirrel, Microheterogenous solutions of
ated with diblock copolymers, J. Pharm. Sci. 86 (1997)amphiphilic copolymers of N-isopropylacrylamide. An in-
460–464.vestigation via fluorescence methods, Langmuir 7 (1991)

1319–1324. [75] S.A. Hagan, A.G.A. Coombes, M.C. Garnett, S.E. Dunn,
M.C. Davies, L. Illum L, S.S. Davis, Polylactide-poly-[62] H. Ringsdorf, J. Venzmer, F.M. Winnik, Fluorescence studies
(ethylene glycol) copolymers as drug delivery systems, 1.of hydrophobically modified poly(N-isopropylacrylamides),
Characterization of water dispersible micelle-forming sys-Macromolecules 24 (1991) 1678–1686.
tems, Langmuir 12 (1996) 2153–2161.[63] S. Cammas, K. Suzuki, C. Sone, Y. Sakurai, K. Kataoka, T.

[76] A.V. Kabanov, V.A. Kabanov, Interpolyelectrolyte and blockOkano, Thermoresponsive polymer nanoparticles with a
ionomer complexes for gene delivery: physico-chemicalcore–shell micelle structure as site specific drug carriers, J.
aspects, Adv. Drug Deliv. Rev. 30 (1998) 49–60.Contr. Rel. 48 (1997) 157–164.

[77] K. Yu, L. Zhang, A. Eisenberg, Novel morphologies of[64] V.P. Torchilin, V.S. Trubetskoy, K.R. Whiteman, P. Caliceti,
‘crew-cut’ aggregates of amphiphilic diblock copolymers inP. Ferruti, F.M. Veronese, New synthetic amphiphilic poly-
dilute solutions, Langmuir 12 (1996) 5980–5984.mers for steric protection of liposomes in vivo, J. Pharm. Sci.

84 (1995) 1049–1053. [78] R. Nagarajan, K. Ganesh, Block copolymer self-assembly in
selective solvents: theory of solubilization in spherical[65] D.W. Miller, E.V. Batrakova, T.O. Waltner, V.Yu. Alakhov,
micelles, Macromolecules 22 (1989) 4312–4325.A.V. Kabanov, Interactions of pluronic block copolymers

with brain microvessel endothelial cells: evidence of two [79] C. Chubb, P. Drapper, Efficacy of perfluorodecalin as an



V.P. Torchilin / Journal of Controlled Release 73 (2001) 137 –172 169

oxygen carrier for mouse and rat testes perfused in vitro, [97] S. Creutz, J. van Stam J, F.C. De Schryver, R. Jerome,
Proc. Soc. Exp. Biol. Med. 184 (1987) 489–494. Dynamics of poly((dimethylamino) alkyl methacrylate) mi-

[80] A.C. Allison AC, N.E. Byars, In vitro immunosuppressive celles. Influence of hydrophobicity and exchange rate of
effects of mycophenolic acid and an ester pro-drug, RS- copolymer molecules, Macromolecules 31 (1998) 681–689.
61443, Mol. Immunol. 28 (1991) 279–284. [98] G.S. Kwon, M. Yokoyama, T. Okano, Y. Sakurai, K. Kata-

[81] I.N. Topchieva, V.N. Erokhin, S.V. Osipova, M.M. Krutskaya, oka, Biodistribution of micelle-forming polymer-drug conju-
T.A. Kuprianova, S.N. Bykovskaya, Block copolymers of gates, Pharm. Res. 10 (1993) 970–974.
ethylene oxide and propylene oxide (pluronics) as immuno- [99] G. Kwon, M. Naito, M. Yokoyama, T. Okano, Y. Sakurai, K.
modulators and antitumour agents, Biomed. Sci. 2 (1991) Kataoka, Micelles based on AB block copolymers of poly-
38–44. (ethylene oxide) and poly(benzyl-aspartat), Langmuir 9

[82] M. Silk, E. Sigman, Effect of Pluronic-F68 on the develop- (1993) 945–949.
ment of tumor metastasis, Cancer 25 (1972) 171–172. [100] P. Alexandridis, J.F. Holzwarth, T.A. Hatton, Micellization

[83] A.R. Moore, B.C. Paton, B. Eiseman, Reduction of splenic
of poly(ethylene oxide)-poly(propylene oxide)-poly-

vascular resistance during perfusion by pluronic F68, J. Surg.
(ethylene oxide) triblock copolymers in aqueous, Macro-

Res. 8 (1968) 563–566.
molecules 27 (1994) 2414–2425.

[84] F.L. Grover, R.S. Kahn, M.W. Heron, B.C. Paton, A nonionic
[101] P. Alexandridis, V. Athanassiou, S. Fuluda, T.A. Hatton,surfactant and blood viscosity. Experimental observations,

Surface activity of poly(ethylene oxide-block-poly-Arch. Surg. 106 (1973) 307–310.
(propylene oxide)-block-poly(ethylene oxide) copolymers,[85] C. Allen, D. Maysinger, A. Eisenberg, Nano-engineering
Langmuir 10 (1994) 2604–2612.block copolymer aggregates for drug delivery, Coll. Surf. B:

[102] K. Nakamura, R. Endo, M. Takeda, Study of molecularBiointerf. 16 (1999) 1–35.
motion of block copolymers in solution by high-resolution[86] T. Inoue, G. Chen, K. Nakamae, A.S. Hoffman, An AB
proton magnetic resonance, J. Polym. Sci. Polym. Phys. Ed.block copolymers of oligo(methyl methacrylate) and poly-
15 (1977) 2095–2101.(acrylic acid) for micellar delivery of hydrophobic drugs, J.

[103] G.S. Kwon, T. Okano, Polymeric micelles as new drugContr. Rel. 51 (1998) 221–229.
carriers, Adv. Drug Deliv. Rev. 21 (1996) 107–116.[87] M.R. Mauk, R.C. Gamble, J.D. Baldenschweiler, Targeting

[104] G. Blume, G. Cevc, Molecular mechanism of the lipidof lipid vesicles: specificity of carbohydrate receptor ana-
vesicle longevity in vivo, Biochim. Biophys. Acta 1146logues for leukocytes in mice, Proc. Natl. Acad. Sci. USA 77
(1993) 157–168.(1980) 4430–4434.

[105] L. Xing, W.L. Mattice, Large internal structures of micelles[88] R.J. Hunter, Foundations of Colloid Science, Vol. 1, Oxford
of triblock copolymers with small insoluble molecules inUniversity Press, New York, 1991.
their cores, Langmuir 14 (1998) 4074–4080.[89] R.M. Kuntz, W.M. Saltzman, Polymeric controlled delivery

[106] R. Nagarajan, M. Barry, E. Ruckenstein, Unusual selectivi-for immunization, Trends Biotech. 15 (1997) 364–369.
ty in solubilization by block copolymer micelles, Langmuir[90] T. Gershanik, S. Benzeno, S. Benita, Interaction of a self-
2 (1986) 210.emulsifying lipid drug delivery system with the everted rat

[107] F. Gadelle, W.J. Koros, R. S Schechter, Solubilization ofintestinal mucosa as a function of droplet size and surface
aromatic solutes in block copolymers, Macromolecules 22charge, Pharm. Res. 15 (1998) 863–869.
(1995) 2403–2409.[91] N.S. Cameron, M.K. Corbierre, A. Eisenberg, Asymmetric

[108] Y. Teng, M.E. Morrison, P. Munk, S.E. Webber, Releaseamphiphilic block copolymers in solution: a morphological
kinetics studies of aromatic molecules into water fromwonderground, Can. J. Chem. 77 (1999) 1311–1326.
block polymer micelles, Macromolecules 31 (1998) 3578–[92] L. Zhang, K. Yu, A. Eisenberg, Ion-induced morphological
3587.changes in ‘crew-cut’ aggregates of amphiphilic block

[109] J.P. Benoit, F. Courteille, C. Thies, Int. J. Pharm. 29 (1986)copolymers, Science 272 (1996) 1777–1779.
95.[93] L. Zhang, C. Bartels, K. Yu, H. Shen, A. Eisenberg,

[110] M. Donbrow (Ed.), Microcapsules and Nanoparticles inMesosized crystal-like structure of hexagonally packed hol-
Medicine and Pharmacy, CRC Press, Boca Raton, FL,low hoops by solution self-assembly of diblock copolymers,
1992.Phys. Rev. Lett. 79 (1997) 5034–5037.

[111] X. Zhang, H.M. Burt, G. Mangold, D. Dexter, D. Von Hoff,[94] L. Zhang, A. Eisenberg, Multiple morphologics and charac-
L. Mayer, W.L. Hunter, Anti-tumor efficacy and biodistribu-teristics of ‘crew-cut’ micelle-like aggregates of polystyrene-
tion of intravenous polymeric micellar paclitaxel, Anti-b-poly(acrylic acid) diblock copolymers in aqueous solution,
cancer Drugs 8 (1997) 696–701.J. Am. Chem. Soc. 118 (1996) 3168–3172.

[112] X. Zhang, H.M. Burt, D. Von Hoff, D. Dexter, G. Mangold,[95] M. Tian, A. Qin, C. Ramireddy, S.E. Webber, P. Munk, Z.
D. Degen, A.M. Oktaba, W.L. Hunter, An investigation ofTuzar, K. Prochazka, Hybridization of block copolymer
the antitumor activity and biodistribution of polymericmicelles, Langmuir 9 (1993) 1741–1748.
micellar paclitaxel, Cancer Chemother. Pharmacol. 40[96] Y. Wang, C.M. Kaush, M. Chun, R.P. Quirk, W.L. Mattice,
(1997) 81–86.Exchange of chains between micelles of labeled polystyrene

as monitored by nonradiative singlet energy transfer, Macro- [113] S.Y. Lin, Y. Kawashima, The influence of three poly(oxy-
molecules 28 (1995) 904–911. ethylene)poly(oxypropylene) surface-active block copoly-



170 V.P. Torchilin / Journal of Controlled Release 73 (2001) 137 –172

mers on the solubility behavior of indomethacin, Pharm. with micelle incorporated fluorescent dye, Biochem. Int. 26
Acta Helv. 60 (1985) 339–344. (1992) 1035–1042.

[125] J.E. Chung, M. Yokoyama, K. Suzuki, T. Aoyagi, Y.[114] S.Y. Lin, Y. Kawashima, Pluronic surfactants affecting
Sakurai, T. Okano, Reversibly thermo-responsive alkyl-diazepam solubility, compatibility, and adsorption from i.v.
terminated poly(N-isopropylacrylamide) core–shell micellesadmixture solutions, J. Parenter. Sci. Technol. 41 (1987)
structures, Coll. Surf. B: Biointerf. 9 (1997) 37–48.83–87.

[126] W.Y. Chen, P. Alexandridis, C.K. Su, C.S. Patrickios, W.R.[115] M. Yokoyama, S. Fukushima, R. Uehara, K. Okamoto, K.
Hertler, T.A. Hatton, Effect of block size and sequence ofKataoka, Y. Sakurai, T. Okano, Characterization of physical
the micellization of ABC triblock methacrylic polyam-entrapment and chemical conjugation of adriamycin in
pholytes, Macromolecules 28 (1995) 8604–8611.polymeric micelles and their design for in vivo delivery to a

solid tumor, J. Contr. Rel. 50 (1998) 79–92. [127] G.S. Kwon, S. Suwa, M. Yokoyama, T. Okano, Y. Sakurai,
K. Kataoka, Enhanced tumor accumulation and prolonged[116] M. Yokoyama, A. Satoh, Y. Sakurai, T. Okano, Y. Matsu-
circulation times of micelles-forming poly(ethylene oxide-mura, T. Kakizoe, K. Kataoka, Incorporation of water-
aspartate) block copolymers-adriamycin conjugates, J.insoluble anticancer drug into polymeric micelles and
Contr. Rel. 29 (1994) 17–23.control of their particle size, J. Contr. Rel. 55 (1998)

219–229. [128] G.S. Kwon, T. Okano, Soluble self-assembled block co-
polymers for drug delivery, Pharm. Res. 16 (1999) 597–[117] E.V. Batrakova, T.Y. Dorodnych, E.Y. Klinskii, E.N. Klius-
600.hnenkova, O.B. Shemchukova, O.N. Goncharova, S.A.

Arjakov, V.Yu. Alakhov, A.V. Kabanov, Anthracycline anti- [129] C. Allen, J. Han, Y. Yu, D. Maysinger, A. Eisenberg,
biotics non-covalently incorporated into the block copoly- Polycaprolactone-b-poly(ethylene oxide) copolymer mi-
mer micelles: in vivo evaluation of anti-cancer activity, celles as a delivery vehicle for dihydrotestosterone, J.
Brit. J. Cancer 74 (1996) 1545–1552. Contr. Rel. 63 (2000) 275–286.

[118] A.V. Kabanov, I.R. Nazarova, I.R. Astafieva, E.V. Bat- [130] L.W. Seymour, K. Kataoka, A.V. Kabanov, Cationic block
rakova, V.Yu. Alakhov, A.A. Yaroslavov, V.A. Kabanov, copolymers as self-assembling vectors for gene delivery, in:
Micelle formation and solubilization of fluorescence probes A.V. Kabanov, L.W. Seymour, P. Felgner (Eds.), Self-As-
in poly(oxyethylene-b-oxypropylene-b-oxyethylene) solu- sembling Complexes for Gene Delivery. From Laboratory
tions, Macromolecules 28 (1995) 2303–2314. to Clinical Trial, John Wiley and Sons, Chichester, 1998,

pp. 219–239.[119] A.V. Kabanov, S.V. Vinogradov, U.G. Suzdaltseva, V.Yu.
Alakhov, Water-soluble block polycations as carriers for [131] K. Kataoka, H. Togawa, A. Harada, K. Yasugi, T. Mat-
oligonucleotide delivery, Bioconj. Chem. 6 (1995) 639– sumoto, S. Katayose, Spontaneous formation of polyion
643. complex micelles with narrow distribution from antisense

oligonucleotide and cationic block copolymer in physiologi-[120] Y. Matsumura, M. Yokoyama, K. Kataoka, T. Okano, Y.
cal saline, Macromolecules 29 (1996) 8556–8557.Sakurai, T. Kawaguchi, T. Kakizoe, Reduction of the side

effects of an antitumor agent, KRN5500, by incorporation [132] M.A. Wolfert, E.H. Schacht, V. Toncheva, K. Ulrich, O.
of the drug into polymeric micelles, Jpn. J. Cancer Res. 90 Nazarova, L.W. Seymour, Characterization of vectors for
(1999) 122–128. gene therapy formed by self-assembly of DNA with syn-

thetic block co-polymers, Human Gene Ther. 7 (1996)[121] V.I. Slepnev, L.E. Kuznetsova, A.N. Gubin, E.V. Batrakova,
2123–2133.V.Yu. Alakhov, A.V. Kabanov, Micelles of poly(oxyethyl-

ene)-poly(oxypropylene) block copolymer (pluronic) as a [133] S. Katayose, K. Kataoka, Water-soluble polyion complex
tool for low-molecular compound delivery into a cell: associates of DNA and poly(ethylene glycol)-poly(L-lysine)
phosphorylation of intracellular proteins with micelle in- block copolymer, Bioconj. Chem. 8 (1997) 702–707.
corporated [gamma-32P]ATP, Biochem. Int. 26 (1992) [134] C.W. Todd, M. Balusubramanian, M.J. Newman, Develop-
587–596. ment of adjuvant-active nonionic block copolymers, Adv.

[122] V.Yu. Alakhov, E.Yu. Moskaleva, E.V. Batrakova, A.V. Drug Deliv. Rev. 32 (1998) 199–223.
Kabanov, Hypersensitization of multidrug resistant human [135] R.L. Hunter, B. Bennett, The adjuvant activity of nonionic
ovarian carcinoma cells by pluronic P85 block copolymer, block polymer surfactants. II. Antibody formation and
Bioconj. Chem. 7 (1996) 209–216. inflammation related to the structure of triblock and octab-

lock copolymers, J. Immunol. 133 (1984) 3167–3175.[123] A. Venne, S. Li, R. Mandeville, A. Kabanov, V. Alakhov,
Hypersensitizing effect of pluronic L61 on cytotoxic activi- [136] P.D. Cooper, The subunit and adjuvant approach, in: M.F.
ty, transport, and subcellular distribution of doxorubicin in Powell, M.J. Newman (Eds.), Vaccine Design, Plenum
multiple drug-resistant cells, Cancer Res. 56 (1996) 3626– Press, New York, 1995, pp. 559–580.
3629. [137] R.L. Hunter, F. Strickland, F.J. Kezdy, The adjuvant

activity of nonionic block polymer surfactants. I. The role[124] A.V. Kabanov, V.I. Slepnev, L.E. Kuznetsova, E.V. Bat-
of hydrophile–lipophile balance, J. Immunol. 127 (1981)rakova, V.Yu. Alakhov, N.S. Melik-Nubarov, P.G. Sves-
1244–1250.hnikov, V.A. Kabanov, Pluronic micelles as a tool for

low-molecular compound vector delivery into a cell: effect [138] R.L. Hunter, B. Bennett, The adjuvant activity of nonionic
of Staphylococcus aureus enterotoxin B on cell loading block polymer surfactants. III. Characterization of selected



V.P. Torchilin / Journal of Controlled Release 73 (2001) 137 –172 171

biologically active surfaces, Scand. J. Immunol. 23 (1986) A. Yamamoto, S. Muranishi, Enhanced permeability of
287–300. tetragastrin across the rat intestinal membrane and its

[139] M.J. Newman, C.W. Todd, E.M. Lee, M. Balusubramanian, reduced degradation by acylation with various fatty acids, J.
P.J. Didier, J.M. Katz, Increasing the immunogenicity of a Pharm. Exp. Ther. 271 (1994) 1509–1513.
trivalent influenza virus vaccine with adjuvant-active [153] M. Samadi-Boboli, G. Favre, P. Canal, G. Soula, Low
nonionic block copolymers for potential use in the elderly, density lipoprotein for cytotoxic drug targeting: improved
Mech. Agening Dev. 93 (1997) 189–203. activity of elliptinium derivative against B16 melanoma in

[140] C.W. Todd, L.A. Pozzi, J.R. Guarnaccia, M. Balasubrama- mice, Br. J. Cancer 68 (1993) 319–326.
nian, W.G. Henk, L.E. Younger, M.J. Newman, Develop- [154] K. Maruyama, S. Okuizumuri, O. Ishida, H. Yamauchi, H.
ment of an adjuvant-active nonionic block copolymer for Kikuchi, M. Iwatsuru, Phosphatidyl polyglycerols prolong
use in oil-free subunit vaccines formulations, Vaccine 15 liposome circulation in vivo, Int. J. Pharm. 111 (1994)
(1997) 564–570. 103–107.

[141] P.L. Triozzi,V.C. Stevens, W. Aldrich, J. Powell, C.W. Todd,
[155] M.C. Woodle, C.M. Engbers, S. Zalipsky, New amphipatic

M.J. Newman, Effects of a beta-human chorionic gonado-
polymer–lipid conjugates forming long-circulating re-

tropin subunit immunogen administered in aqueous solution
ticuloendothelial system-evading liposomes, Bioconj.

with a novel nonionic block copolymer adjuvant in patients
Chem. 4 (1994) 493–496.

with advanced cancer, Clin. Cancer Res. 3 (1997) 2355–
[156] K.R. Whiteman, T.S. Levchenko, M.I. Shtilman, E.V. Mich-2362.

ailova, A.A. Yaroslavov, A.M. Tsatsakis, A.K. Rizos, V.P.[142] G. Helmlinger, F. Yuan, M. Dellian, R.K. Jain, Interstitial
Torchilin, Amphiphilic poly-N-vinylpyrrolidones: synthesis,pH and pO2 gradients in solid tumors in vivo: high-
properties and liposome surface modification, in: Proceed-resolution measurements reveal a lack of correlation, Na-
ings of the 27th International Symposium on Controlledture Med. 3 (1997) 177–182.
Release of Bioactive Materials, Paris, Controlled Release[143] I.F. Tannock, D. Rotin, Acid pH in tumors and its potential
Society, Inc, 2000, pp. 1160–1161.for therapeutic exploitation, Cancer Res. 49 (1989) 4373–

[157] V.P. Torchilin, T.S. Levchenko, K.R. Whiteman, A.A.4384.
Yaroslavov, A.M. Tsatsakis, A.K. Rizos, E.V. Mikhailova,[144] F. Kohori, K. Sakai, T. Aoyagi, M. Yokoyama, Y. Sakurai,
M.I. Shtilman, Amphiphilic poly-N-vinylpyrrolidones: syn-T. Okano, Preparation and characterization of thermally
thesis, properties and liposome surface modification,responsive block copolymer micelles comprising poly(N-
Biomaterials, 2001, in press.isopropylacrylamide-b-DL-lactide), J. Contr. Rel. 55 (1998)

[158] S.E. Strand, B.R.R. Persson, Quantitative lymphoscintig-87–98.
raphy. I: Basic concepts for optimal uptake of radiocolloids[145] O. Meyer, D. Papahadjopoulos, J.C. Leroux, Copolymers of
in the parasternal lymph nodes of rabbits, J. Nucl. Med. 20N-isopropylacrylamide can trigger pH sensitivity to stable
(1979) 1038–1046.liposomes, FEBS Lett. 41 (1998) 61–64.

[159] S.M. Moghimi, A.S. Hawley, N.M. Christy, T. Gray, L.[146] C.S. Cho, M.Y. Chang, H.C. Lee, S.C. Song, M. Goto, T.
Illum, S.S. Davis, Surface engineered nanospheres withAkaike, in: Proc. of the 25th Intl. Symp. Contr. Rel. Bioact.
enhanced drainage into lymphatics and uptake by macro-Mater. Stockholm, Sweden, 1980, pp. 721–722.
phages of the regional lymph nodes, FEBS Lett. 344 (1994)[147] K. Maruyama, T. Takizawa, T. Yuda, S.J. Kennel, L.
25–30.Huang, M. Iwatsuru, Targetability of novel immuno-

[160] J.S. Tan, D.E. Butterfield, C.L. Voycheck, K.D. Caldwell,liposomes modified with amphipathic poly(ethylene gly-
J.T. Li, Surface modification of nanoparticles by PEO/PPOcol)s conjugated at their distal terminals to monoclonal
block copolymers to minimize interaction with bloodantibodies, Biochim. Biophys. Acta 1234 (1995) 74–80.
components and prolong blood circulation in rats, Bioma-[148] G. Bendas, A. Krause, U. Bakovsky, J. Vogel, U. Rothe,
terials 14 (1993) 823–833.Targetability of novel immunoliposomes prepared by a new

[161] V. Weissig, C. Lizano, V.P. Torchilin, Micellar deliveryantibody conjugation technique, Int. J. Pharm. 181 (1999)
system for dequalinium — a lipophilic cationic drug with79–93.
anticarcinoma activity, J. Liposome Res. 8 (1998) 391–400.[149] D.D. Lasic, M.C. Woodle, F.J. Martin, T. Valentincic, Phase

[162] M.J. Weiss, J.R. Wong, C.S. Ha, R. Bleday, R.R. Salem,behavior of ‘stealth-lipid’ decithin mixtures, Period. Biol.
G.D. Steele Jr., L.B. Chen, Dequalinium, a topical anti-93 (1991) 287–290.
microbial agent, displays anticarcinoma activity based on[150] V.S. Trubetskoy, M.D. Frank-Kamenetsky, V.P. Torchilin,
selective mitochondrial accumulation, Proc. Natl. Acad.in: Proceedings of the 22nd International Symposium on
Sci. USA 84 (1987) 5444–5448.Controlled Release of Bioactive Materials, Seattle,

[163] B.A. Teicher, S.A. Holden, J.L. Jacobs, M.J. Abrams, A.G.Washington, Controlled Release Society, Inc, 1995, pp.
Jones, Intracellular distribution of a platinum–rhodamine452–453.
123 complex in cis-platinum sensitive and resistant human[151] V.S. Trubetskoy, M.D. Frank-Kamenetsky, V.P. Torchilin,
squamous carcinoma cell lines, Biochem. Pharm. 35 (1986)in: Proceedings of the 23rd International Symposium on
3365–3369.Controlled Release of Bioactive Materials, Kyoto, Japan,

Controlled Release Society, Inc, 1996, pp. 781–782. [164] A.R. Oseroff, D. Ohuoha, G. Ara, D. McAuliffe, J. Foley,
[152] E. Yodoya, K. Uemura, T. Tenma, T. Fujita, M. Murakami, Intramitochondrial dyes allow selective in vitro photolysis



172 V.P. Torchilin / Journal of Controlled Release 73 (2001) 137 –172

of carcinoma cells, L. Cincotta, Proc. Natl. Acad. Sci. USA liposomes. Comparative approaches, Invest. Radiol. 28
83 (1986) 9729–9733. (1993) 933–938.

[165] X.S. Sun, J.R. Wong, K. Song, J. Hu, K.D. Garlid, L.B. [180] V.S. Trubetskoy, V.P. Torchilin, New approaches in the
Chen, AA1, a newly synthesized monovalent lipophilic chemical design of Gd-containing liposomes for use in
cation, expresses potent in vivo antitumor activity, Cancer magnetic resonance imaging of lymph nodes, J. Liposome
Res. 54 (1994) 1465–1471. Res. 4 (1994) 961–980.

[166] V. Weissig, K.R. Whiteman, V.P. Torchilin, Accumulation of [181] M.A. Slinkin, A.L. Klibanov, V.P. Torchilin, Terminal-
liposomal- and micellar-bound protein in solid tumor, modified polylysine-based chelating polymers: highly effi-
Pharm. Res. 15 (1998) 1552–1556. cient coupling to antibody with minimal loss in immuno-

[167] F. Yuan, M. Leunig, S.K. Huang, D.A. Berk, D. Papahad- reactivity, Bioconj. Chem. 2 (1991) 342–348.
jopoulos, R.K. Jain, Microvascular permeability and inter- [182] V.S. Trubetskoy, M.D. Frank-Kamenetsky, K.R. Whiteman,
stitial penetration of sterically-stabilized (stealth) liposomes G.L. Wolf, V.P. Torchilin, Stable polymeric micelles:
in human tumor xenograft, Cancer Res. 54 (1994) 3352– lymphangiographic contrast media for gamma scintigraphy
3356. and magnetic resonance imaging, Acad. Radiol. 3 (1996)

[168] F. Yuan, M. Dellian, M. Fukumura, M. Leunig, D.A. Berk, 232–238.
V.P. Torchilin, R.K. Jain, Vascular permeability in a human [183] G.L. Wolf, Targeted delivery of imaging agents: an over-
tumor xenograft: molecular size dependence and cutoff view, in: V.P. Torchilin (Ed.), Handbook of Targeted
size, Cancer Res. 55 (1995) 3752–3756. Delivery of Imaging Agents, CRC Press, Boca Raton, 1995,

[169] S.K. Hobbs, W.L. Monsky, F. Yuan, W.G. Roberts, L. pp. 3–22.
Griffith, V.P. Torchilin, R.K. Jain, Regulation of transport [184] G. Krause, J. Leike, A. Sachse, G. Schuhmann-Giampieri,
pathways in tumor vessels: role of tumor type and mi- Characterization of iopromide liposomes, Invest. Radiol. 28
croenvironment, Proc. Natl. Acad. Sci. USA 95 (1998) (1993) 1028–1032.
4607–4612.

[185] S.E. Seltzer, M. Blau, L.W. Herman, R.L. Hooshmand, L.A.
[170] W.L. Monsky, D. Fukumura, T. Gohongi, M. Ancukiewcz,

Herman, D.F. Adams, S.R. Minchey, A.S. Janoff, Contrast
H.A. Weich, V.P. Torchilin, F. Yuan, R.K. Jain, Augmenta-

material-carrying liposomes: biodistribution, clearance and
tion of transvascular transport of macromolecules and

imaging characteristics, Radiology 194 (1995) 775–781.
nanoparticles in tumors using vascular endothelial growth

[186] P. Leander, A new liposomal contrast medium for CT of the
factor, Cancer Res. 59 (1999) 4129–4135.

liver: an imaging study in a rabbit tumor model, Acta
[171] D. Papahadjopoulos, T.M. Allen, A. Gabizon, E. Mayhew,

Radiol. 37 (1996) 63–68.
K. Matthay, S.K. Huang, K.-D. Lee, M.C. Woodle, D.D.

[187] V.P. Torchilin, M.D. Frank-Kamenetsky, G.L. Wolf, CTLasic, C. Redemann, F.J. Martin, Sterically stabilized
visualization of blood pool in rats by using long-circulating,liposomes: improvements in pharmacokinetics and anti-
iodine-containing micelles, Acad. Radiol. 6 (1999) 61–65.tumor therapeutic efficacy, Proc. Natl. Acad. Sci. USA 88

[188] V.P. Torchilin, Pharmacokinetic considerations in the de-(1991) 11460–11464.
velopment of labeled liposomes and micelles for diagnostic[172] M.J. Parr, D. Masin, P.R. Cullis, M.B. Bally, Accumulation
imaging, Quat. J. Nucl. Med. 41 (1997) 141–153.of liposomal lipid and encapsulated doxorubicin in murine

[189] I.G. Shin, S.Y. Kim, Y.M. Lee, C.S. Cho, Y.K. Sung,Lewis lung carcinoma: the lack of beneficial effects by
Methoxy poly(ethylene glycol) e-caprolactone amphiphiliccoating liposomes with poly(ethylene glycol), J. Pharmacol.
block copolymeric micelle containing indomethacin, J.Exp.Ther. 280 (1997) 1319–1327.
Contr. Rel. 51 (1998) 1–11.[173] V.P. Torchilin (Ed.), Handbook of Targeted Delivery of

[190] M. Yokoyama, T. Okano, Y. Sakurai, S. Suwa, K. Kataoka,Imaging Agents, CRC Press, Boca Raton, FL, 1995.
Introduction of cisplatin into polymeric micelles, J. Contr.[174] V.S. Trubetskoy, V.P. Torchilin, Polyethyleneglycol-based
Rel. 39 (1996) 351–356.micelles as carriers of therapeutic and diagnostic drug, STP

[191] K. Kataoka, T. Matsumoto, M. Yokoyama, T. Okano, Y.Pharma. Sci. 6 (1996) 79–86.
Sakurai, S. Fukushima, K. Okamoto, G.S. Kwon, Doxorubi-[175] U.P. Schmeidl, J.A. Nelson, L. Teng, F. Starr, R. Malek,
cin-loaded poly(ethylene glycol)-poly(beta-benzyl-L-aspar-R.J. Ho, Magnetic resonance imaging of the hepatobiliary
tate) copolymer micelles: their pharmaceutical characteris-system: intestinal absorption studies of manganese
tics and biological significance, J. Contr. Rel. 64 (2000)mesoporphyrin, Acad. Radiol. 2 (1995) 994–1001.
143–153.[176] R.B. Lauffer, Magnetic resonance contrast media: princi-

[192] B.G. Yu, T. Okano, K. Kataoka, G. Kwon, Polymericples and progress, Magn. Res. Quart. 6 (1990) 65–84.
micelles for drug delivery: solubilization and hemolytic[177] C.W.M. Grant, S. Karlik, E. Florio, A liposomal MRI
activity of amphotericin B, J. Contr. Rel. 53 (1998) 131–contrast agent: phosphatidyl ethanolamine, Magn. Res.
136.Med. 11 (1989) 236–243.

[178] G. Kabalka, E. Buonocore, K. Hubner, M. Davis, L. Huang, [193] B.G. Yu, T. Okano, K. Kataoka, S. Sardari, G.S. Kwon, In
Gadolinium-labeled liposomes containing paramagnetic am- vitro dissociation and antifungal efficacy and toxicity of
phipatic agents: targeted MRI contrast agent for the liver, amphotericin B-loaded poly(ethylene oxide)-block-poly(b-
Magn. Res. Med. 8 (1989) 89–95. benzyl L-aspartate) micelles, J. Contr. Rel. 56 (1998) 285–

[179] E. Unger, T. Fritz, D.K. Shen, G. Wu, Manganese-based 291.


