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Summary Polymeric micelles provide a platform that can be carefully tuned for drug delivery.
The nano-scale aggregates form spontaneously in aqueous solution and can be used to over-
come drug insolubility and increase circulation half life. Self-assembled polymeric micelles are
dynamic in nature; thermodynamics defines how the system acts as micelles approach equilib-
rium, while kinetics characterizes the system’s behavior over time. In this review, we discuss
factors that affect the stability of self-assembled polymeric micelle systems for drug delivery
and methods used to study stability. Considerations of polymer composition, drug encapsulation,
and environmental conditions influence polymeric micelle stability. Ultimately, we emphasize
the importance of investigating micelle systems in physiologically relevant media to improve
therapeutic efficacy and reduce systemic toxicity in clinical applications.
© 2012 Elsevier Ltd. All rights reserved.

Introduction

Advances in drug discovery due to combinational chemistry
and high throughput screening have greatly increased the
number of potential therapeutic drugs [1]. However, almost
one-third of the compounds are poorly soluble in water
and cause systemic toxicity [2,3]. Therapeutic drugs are
transported through the bloodstream, therefore, solubility
directly affects absorption and physiological distribution [4].
Copolymers that self-assemble into micelles are being inves-
tigated as vehicles to increase the solubility and decrease
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the toxicity of hydrophobic drugs. Among these, a unique
class of amphiphilic polymers aggregate to form nano-scale
carriers (∼10—200 nm) that can encapsulate hydrophobic
drugs in the core and allow for biocompatible modifications
at the surface.

The paradigm of utilizing polymeric micelles to encapsu-
late therapeutic agents emerged nearly 30 years ago from
the labs of Ringsdorf et al. [5—12]. Although micelle forma-
tion from block copolymers was well-known at that time
[13—15], the majority of micelles were not synthesized
from biocompatible materials. For therapeutic delivery, a
new class of amphiphilic carriers was required. These were
designed to mimic natural carrier systems, such as viruses,
and intentionally composed of relatively bio-inert materials.
The amphiphilic copolymers self-assembled into micelles in
aqueous environments with the hydrophobic polymer form-
ing the core of the micelle and the hydrophilic polymer
forming the corona (Fig. 1). Small molecule hydrophobic
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Figure 1 Schematic illustration of polymer micelle formation. Amphiphilic copolymers self-assemble to have a hydrophobic core
and a hydrophilic corona structure in aqueous environments.

drugs were soluble in the hydrophobic core and thereby
encapsulated within these amphiphilic polymeric micelles.

Self-aggregating, biocompatible, polymeric micelles
(hereafter referred to as ‘‘micelles’’) are promising, yet the
micelle must meet stringent design criteria for success. The
micelle must: (i) be small enough (∼10—200 nm) to effec-
tively penetrate into tissue; (ii) be unrecognizable by the
mononuclear phagocyte system (MPS) for a sufficient time
to allow accumulation in target tissue; (iii) be eliminated
from the organism either after degradation or dissolution;
(iv) locate and interact with the target cells; (v) have tun-
able stability; (vi) improve the pharmacokinetic (PK) profile
of the encapsulated drug cargo; (vii) possess high loading
capacity; and (viii) be synthesized in a reproducible, facile
method which is reasonably inexpensive [6,8,16—18].

Despite this daunting list of expectations, there has been
increasing interest and research into micelles since their
introduction and several systems are now being evaluated
clinically [19—22]. Polymeric micelles have found particu-
lar utility in the delivery of cancer therapeutics based on
physiological changes associated with the tumor, such as
over-expression of cell surface receptors in cancerous tis-
sue and the enhanced permeability and retention theory
[23,24]. Currently, six micelle drug delivery formulations
for cancer treatment are in clinical trials. Representative
PK data from two of these systems, NK911 and SP1049C,
in phase 1—3 clinical trials show 3.5-fold (NK911) [19] and
3.1-fold (SP1049C) [22] increase in the circulation time of
micelle formulations of doxorubicin compared to the free
drug. For both micelle systems, the elimination half life
(t1/2,�) (2.8 ± 0.3 h for NK911 and 2.4 ± 2.1 h for SP1049C)
value was improved over that for the free drug (1.4 ± 0.6 h).
Disappointingly, systemic toxicity matched closely with free
drug formulations. As such, the pioneering micelle formula-
tions have seen only limited clinical success.

Several characteristics limit the efficiency of modern
micelle systems including inadequate drug loading capacity,
poor stability in blood, and insufficient binding and uptake
by cells. These limitations have been generally discussed

in recent review articles [18,25,26]. Among confounding
issues, the inherent instability of micelles remains a signif-
icant challenge. Improving the stability of micelles under
physiological conditions may lead to dramatic improvements
in PK and thereby unlock the door to successful clinical
applications of micelle systems.

The goals of this review are to inform the reader of fac-
tors that influence the stability of self-assembled polymeric
micelle systems used for drug delivery, to discuss current
methods being utilized to study stability, and to emphasize
the importance of investigating micelle systems in physio-
logically relevant media to improve clinical translation.

Structure and properties of micelles

The most common polymeric micelles used in drug deliv-
ery are amphiphilic di-block (hydrophilic—hydrophobic)
or tri-block (hydrophilic—hydrophobic—hydrophilic) poly-
mers. Additional structures include graft (hydrophilic-g-
hydrophobic) or ionic (hydrophilic-ionic) copolymers. In
almost all systems, the hydrophilic segment is composed
of poly(ethylene glycol) (PEG) [16,27,28]. While alternative
hydrophilic polymers such as poly(ethylenimine) [29,30],
poly(aspartic acid) [31], poly(acrylic acid) [32], and dextran
[33] have been studied, most novelty in micelle composition
is derived from the choice of hydrophobic or ionic segments.

The defining characteristic of micelle systems is the
ability of polymer units to self-assemble into nano-scale
aggregates. Self-assembly is a thermodynamic process. The
potential for self-assembly is determined by the mass and
composition of the copolymer backbone, the concentration
of polymer chains, and the properties of encapsulated or
pendant drugs and targeting agents. The contributions of
each of these factors are discussed in detail below.

Critical micelle concentration (CMC)

Amphiphilic polymers self-assemble in aqueous solutions
with the hydrophobic chains aggregating together to form
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the core and the hydrophilic chains extended towards the
aqueous environment. In this way, the hydrophilic chains
shield the hydrophobic chains from interaction with water,
reducing the interfacial free energy of the polymer—water
system. Minimizing interfacial free energy is the main driv-
ing force for micelle formation. In aqueous solutions, the
hydrophobic effect is the major mechanism for decreasing
interfacial free energy [34,35].

The critical micelle concentration (CMC) is the minimum
concentration of polymer required for micelles to form. At
low polymer concentrations, there are insufficient numbers
of chains to self-assemble and instead the chains are found
distributed throughout the solution and act as surfactants,
adsorbing at the air—water or aqueous—organic solvent
interface. As the concentration of polymer increases, more
chains are adsorbed at the interface. Eventually a con-
centration is reached at which both the bulk solution and
interface are saturated with polymer chains — this is the
CMC. Adding more polymer chains to the system beyond this
point will result in micelle formation in the bulk solution to
reduce the free energy of the system. At high polymer con-
centration, the micelles are stable unless they are diluted
below the CMC. The micelles will then disassemble and free
chains are again found in the bulk solution and adsorbed at
the air—water interface or aqueous—organic solvent inter-
face.

While micelles are often pictured as spheres, it is criti-
cal to recognize that the micelles are not always spherical
and not solid particles. The individual polymer chains that
form a micelle are in dynamic equilibrium with chains that
remain in the bulk solution, at the solvent interface, and
incorporated into adjacent micelles.

Size and aggregation number

The number of polymer chains that assemble to form a
micelle is the aggregation number [36,37]. In its simplest
form, the aggregation number (Nag) is given by the equation:

Nag = M

M0

M is the molecular weight of one micelle and M0 is the molec-
ular weight of the polymer backbone. Direct determination
of the molecular weight of a micelle using centrifugal sed-
imentation or other techniques can be difficult; however,
estimates of M can be found by calculating the size of the
micelle, as in the equation:

M = 4�NAR3

3�2

Here, R is the radius of the micelle, NA is Avogadro’s number,
and �2 is the partial specific volume of the polymer. Using a
second approach, Nag can be calculated by determining the
hydrodynamic radius of a micelle and measuring intrinsic
viscosity, as in the equation:

Nag = 10�R3
HNA

3[�]M

where RH is the hydrodynamic radius and [�] is the intrin-
sic viscosity. The aggregation number for micelles usually
varies from tens to hundreds, but also has been reported in
the thousands [38—40]. The majority of polymeric micelles
are spherical and fall in the size range of 10—200 nm
[16—18,41—44]. The structure, molecular weights and molar
mass ratio between hydrophilic and hydrophobic segments
of the polymer backbone have a direct impact on the size
and shape of assembled micelles (see ‘Contributions to
stability from hydrophobic segments’ section). In general,
when the hydrophilic polymer segment (corona) is longer
than the hydrophobic polymer segment (core), spherical
micelles are favored; however, an increase in the number of
crystalline folds in the core leads to a reduction in corona
crowding, favoring rod-like morphologies (see ‘Contribu-
tions to stability from hydrophobic segments’ and ‘Impact
of encapsulated and conjugated drug’ sections). As micelles
are physically assembled structures, environmental changes
often result in size changes and therefore impact micelle
stability. In addition, micelle size is determined by the
molecular geometry of the individual chains which are influ-
enced by solution conditions such as ionic strength, pH,
temperature, and polymer concentration (‘Environmental
influence on micellization’ section).

Stability

Micelles undergo a number of environmental changes upon
intravenous injection, including significant dilution, expo-
sure to pH and salt changes, and contact with numerous
proteins and cells. For use as drug delivery vehicles, micelles
must remain intact to prevent drug cargo release before
reaching the target cells. For use in drug solubilization or
local drug delivery, micelles must remain intact during for-
mulation and administration. The stability of micelles can be
thought of generally in terms of thermodynamic and kinetic
stability. Thermodynamic stability describes how the system
acts as micelles are formed and reach equilibrium. Kinetic
stability describes the behavior of the system over time and
details the rate of polymer exchange and micelle disassem-
bly.

Thermodynamic stability

The CMC is a fundamental parameter used to character-
ize the thermodynamic stability of micelles. It is related to
thermal energy, kBT, and the effective interaction energy
between polymers and the bulk solution, εh, in the equa-
tion, CMC = exp(−nεh/kBT). Lower values indicate greater
thermodynamic stability. CMC is also directly related to the
standard free energy of micellization, �G

◦
mic, in the equa-

tion, �G
◦
mic = RT ln(CMC) [45]. Polymeric micelles exhibit

lower CMC values than low molar mass surfactant micelles
because the polymer chains have many more points of
interaction than small molecules. Polymer solutions exhibit
different physical properties below and above the CMC.
Typically, polymeric micelle CMCs are at micromolar con-
centrations [46,47]. The length of the hydrophobic segment
correlates directly with stability [48,49]. The propensity
for micelles to dissociate is related to the composition
and cohesion of the hydrophobic core [50]. Increasing the
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Figure 2 Schematic diagrams of PEG configurations on the
upper hemisphere of a polymeric nanoparticle. In (a), the low
surface coverage of PEG chains leads to the ‘‘mushroom’’ con-
figuration where most of the chains are located closer to the
particles surface. In (b), the high surface coverage and lack of
mobility of the PEG chains leads to the ‘‘brush’’ configuration
where most of the chains are extended away from the surface.
Reprinted from International Journal of Pharmaceutics 307,
Peppas, NA, et al., Opsonization, biodistribution, and pharma-
cokinetics of polymeric nanoparticles, 93—102. Copyright 2006
with permission from Elsevier.

hydrophobicity of the copolymer increases the cohesion of
the hydrophobic core and results in a lower CMC [48,51].
For micelles used in drug delivery, the drug—core interaction
can also affect stability. An encapsulated, hydrophobic drug
may stabilize the micelle through additional hydrophobic
interactions between the core and the drug [52].

Thermodynamic stability is also influenced by the inter-
actions between polymer chains in the corona with each
other and with the aqueous environment. Most micelles
for drug delivery employ PEG as the hydrophilic segment.
Individual PEG chains interact by intermolecular van der
Waals forces; the PEG chains interact with water in the
bulk solution by hydrophilic interactions, such as hydro-
gen bonding/dipole—dipole forces [27]. Increasing the PEG
chain length and surface density will force the polymers to
adopt more rigid and extended, brush-like conformations
(Fig. 2). In contrast, low MW PEG and low surface density
of PEG results in limited surface coverage of the micelle,
leading to aqueous exposure to the hydrophobic core and
micelle destabilization. Sufficient hydrophilic polymer sur-
face coverage is required to allow fluid movement of surface
chains while also preventing exposure of the hydrophobic
core (‘Destabilization from environmental factors’ section
for details on destabilization mechanisms).

Measuring thermodynamic stability

The CMC can be determined by measuring sharp changes in
physical parameters that occur at the CMC, such as micelle

size, optical clarity of a solution, surface tension measure-
ments, and viscosity. The most common methods, which are
chosen due to high sensitivity, include HPLC, particle size by
light scattering, and fluorescence spectroscopy [28].

HPLC-based gel permeation chromatography is used to
separate single polymer chains from those aggregated into
micelles. The main method of detection is UV—vis, normally
set to detect absorbance at low wavelengths of approxi-
mately 220—280 nm. The absorbance can be quantified by
vigilant users from a set of standards to estimate aggregation
number and CMC. As detection is non-specific, there is the
potential spectral overlap of polymer chains that makeup
the micelle and any encapsulated/conjugated molecules. In
addition, the relatively large size of micelles often results in
similar retention times between micelles and components of
the solution. This is especially true in more complex media
containing proteins.

Static light scattering (SLS) and dynamic light scattering
(DLS) techniques provide a rapid, high-throughput means
to determine CMC, micelle size and polydispersity of the
sample [53]. In DLS measurements, when light hits the
micelles suspended in solution, it scatters in all directions
and the scattering intensity, in relation to time, is used to
determine the size and distribution of particles in solution.
Current light scattering techniques are limited to polymer
concentrations above 50 ppm and are limited in resolving the
contribution from a single population in media with multiple
components.

To determine the CMC using fluorescence techniques,
fluorogenic dyes are encapsulated in assembled micelles
and the release of the dye is measured using a spec-
troflourometer at varying micelle concentrations [48]. The
hydrophobic fluorogen, pyrene, is a popular agent due
to its tendency to associate within the micelle core and
because it can be used to determine CMC onset at poly-
mer concentrations lower than other techniques (∼1 ppm
for PEO-b-PS). When pyrene is added to polymer solutions,
it partitions into the hydrophobic core during micelliza-
tion and its spectroscopic properties change [28]. There
are three changes that can be observed based on pyrene’s
characteristic behavior in aqueous versus hydrophobic envi-
ronments: (i) a red shift in the excitation spectrum maximum
from 332 nm to 338 nm; (ii) a decrease in the intensity
ratio of the first and third vibrational bands of pyrene
(I1/I3); (iii) an increase in the fluorescence lifetime from
∼200 ns to ∼350 ns [54]. Fluorescence experiments should
be closely monitored because emission is also sensitive to
environmental factors including temperature, pH, and ionic
strength.

The CMC in solution can also be determined by measur-
ing surface tension. A Wilhelmy plate or a Du Noüy ring is
used to measure surface tension of solutions with various
concentrations of polymer. The CMC is indicated by a sharp
decrease in the surface tension as a function of concentra-
tion and signifies the saturation of polymer at the air—water
or aqueous—organic interface [55]. Measuring the surface
tension arguably provides the most direct determination of
micelle formation, but these methods can be technically
challenging. Separate investigations by Moran et al. [56] and
Erbil [57] show that the speed of the ring or plate being
removed from solution can change the surface tension mea-
surement.
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Contributions to stability from hydrophobic segments
For block copolymer micelles, increased hydrophobic
chain length correlates with increased stability (and
therefore reduced CMC). Gaucher et al. demonstrated
that increasing the percent of poly(D,L-lactide) com-
position in a polyvinylpyrrolidone-block-poly(D,L-lactide)-
block-polyvinylpyrrolidone (PVP-b-PDLLA-b-PVP) tri-block
copolymer decreased the CMC value [50]. Similarly, a study
in Kwon’s lab showed that increasing the hydrophobic acyl
chain length decreased the CMC in poly(ethylene oxide)-
block-poly(N-hexyl-L-aspartamide)-acyl copolymers [49,58].

Importantly, there must be a balance between the
hydrophobic and hydrophilic chain lengths on the copolymer
for maximum stability. Beyond a certain point, increasing
the hydrophobic chain length leads to micelles of less uni-
form shape, resulting in non-spherical aggregates. Notably,
Winnik and co-workers have generated complex micelle
architectures from di-block copolymers by controlling the
hydrophobic to hydrophilic block ratio [59].

In addition to the length of the hydrophobic
block, the hydrophobicity of the core influences
micelle stability. Measurements of the CMC for PEG-
block-poly(alkylmethacrylates) of differing degrees of
hydrophobicity demonstrated that the most hydrophobic
copolymer had the lowest CMC as determined by steady
state pyrene fluorescence [51]. Furthermore, Van Dome-
selaar et al. completed light scattering measurements on
PEO-b-peptides with various peptide sequences. Polymers
synthesized from more aliphatic and aromatic peptide
cores had lower CMC values [48]. Increased hydrophobic-
ity and stacking interactions in the core decreased the
CMC. In contrast, micelles formed from mixtures of two
hydrophobic copolymer chains had much higher CMCs. The
authors suggested that hydrophobicity alone is insufficient
to predict stability, and that intermolecular interactions in
the micelle core, such as stacking interactions, resulted
in a ‘‘glassy’’ state in the core that influences stability.
Mixed peptide cores had more disordered secondary struc-
tures than homopolymers resulting in greater exposure of
the polar chains to the surrounding medium, preventing
micellization.

The above examples demonstrate that the composition
of the hydrophobic chain is paramount in micelle design.
In general, increasing the hydrophobic chain length and
degree of hydrophobicity leads to more stable micelles;
however, there is little detail into how far these parameters
can be increased before their respective contributions start
to plateau. Additionally, examples in the literature inves-
tigating mixed micelles are limited making it difficult to
decipher if the stability of micelles is the result of generic
‘‘hydrophobicity’’ or specific to the interactions between
copolymer chains.

Impact of encapsulated and conjugated drug
Drug—core interactions also influence micelle stability. Lee
et al. investigated the CMC of PEO-b-PLA micelles with vary-
ing amounts of carboxylic acid in the hydrophobic segment
[52]. The release of the encapsulated drug, papaverine, was
also monitored in terms of cohesive forces between drug and
polymer core. There was an increase in drug loading effi-
ciency when the block copolymer contained more carboxylic
acid functionality for ion interactions with papaverine. This

enhanced interaction between drug and micelle core low-
ered the CMC and also decreased the release rate of the
drug.

Allen’s lab investigated the differences in drug stability
and morphology between micelles loaded with docetaxel
and micelles that were conjugated with docetaxel and
then loaded with additional drug. Docetaxel was conjugated
to the hydrophobic portion of poly(ethylene glycol)-block-
poly(�-caprolactone) (PEG-b-PCL) micelles [60]. Docetaxel
was then encapsulated into both PEG-b-PCL and PEG-b-
PCL-docetaxel micelles. Conjugated micelles showed an
1840-fold increase in aqueous solubility of the drug and
more uniform, spheroid morphology (Fig. 3). The favor-
able increase in drug solubilization and more uniform shape
are attributed to the increased hydrophobic interactions
between conjugated and encapsulated drug in the micelle
core. Such a dramatic increase in solubility is encouraging.
It is neither clear whether these characteristics are con-
sistent with other conjugated/encapsulated drug micelles
nor whether a similar effect could be achieved with another
small hydrophobic molecule.

Environmental influence on micellization
The microenvironment is a major factor for micelle forma-
tion and stability. Two common methods for micellization
are dialysis and co-solvent evaporation [61]. In the for-
mer method, polymer is dissolved in organic solvent which
is then removed by dialysis against an aqueous buffer. In
the latter method, polymer is dissolved in mixtures of
organic and aqueous solvents and the organic solvent is then
removed by spray drying or rotoevaporation. To demonstrate
the reliance of micellization on preparation method, Meli
et al. showed that micelles prepared from two methods had
significantly different sized particles and distributions, as
determined by dynamic laser light scattering [62]. Here,
micelles prepared from co-solvent evaporation were smaller
(∼30 nm) and more uniform with a polydispersity index (PI)
of 0.07 while dialysis produced much larger (∼110 nm) and
more disperse micelles with a PI of 0.27. The authors suggest
that the difference between micelle size is path-dependent
and may be a result of changes in rates to reach equilibrium.
The disparity between micelle size based on preparation
methods is intriguing. Okano and co-workers have suggested
that even small changes (e.g. temperature and molecular
weight cut-off of dialysis membrane) in a single preparation
method can have a dramatic impact on micelle size [63].

Changes in solvent conditions have a dramatic effect on
the CMC and size of micelles formed as well [62,64—67].
Cheng et al. tested assembly of PLGA-PEG micelles in
different solvent formulations by altering the type and con-
centration of organic solvent used to solubilize the polymer
chain for a given solvent/water system [68]. Four common
solvents with varying degrees of water miscibility — THF,
DMF, acetone, and acetonitrile — were investigated. Results
show a general correlation between solvent/water miscibil-
ity and micelle size where an increase in miscibility led to a
decrease in micelle size. Similar results from Lavasanifar’s
lab demonstrate the impact of solvent selection on size and
dispersity of micelles formed from methoxy poly(ethylene
oxide)-block-poly(�-caprolactone) (MePEO-b-PCL) [67]. The
use of acetone as the organic solvent produced micelles
with an average diameter of 87.8 ± 9.4 nm and a relatively
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Figure 3 TEM images of micelles formed from mixtures of PEG-b-PCL(2k1k)-DTX and PEG-b-PCL(2k1k) in molar ratios of (a) 9:1, (b)
7:3, (c) 3:7, and (d) 1:9. Micelles containing physically entrapped DTX (2% w/w): (e) PEG-b-PCL (2k2k), (f) PEG-b-PCL(2k1k) + DTX, (g)
PEG-b-PCL(2k2k) + DTX, and (h) PEG-b-PCL(2k1k)-DTX + DTX. The concentration of all copolymers and the copolymer-drug conjugate
was 10 mg/mL. In brush micelles where the hydrophilic polymer segment (corona) is longer than the hydrophobic polymer segment
(core), spherical micelles are generally favored; however, an increase in the number of crystalline folds in the core leads to a
reduction in corona crowding, favoring rod-like morphologies. In this example, the morphology of PEG-b-PCL(2k1k) and PEG-b-
PCL(2k2k) copolymer micelles show a mixed population of rods and spheres when DTX is encapsulated. When DTX is conjugated to
the micelle core and crystallinity of the core increases, the morphology shifts to give only spherical micelles.
Reprinted with permission from Biomacromolecules 11 (2010) 1273—1280. Copyright 2010 American Chemical Society.

uniform distribution with PI of 0.11. In contrast, the use
of THF as the organic solvent produced larger micelles at
109 ± 29 nm that were also more disperse, having a PI = 0.52.
Both of the above examples provide excellent guidelines for
the selection of cosolvents for micellization.

Temperature influences inter-micelle chain movement as
well. For example, the PDLLA core of PEG-PDLLA micelles
had increased mobility at temperatures above their glass
transition temperature (Tg). As a result, the CMC increases
at greater temperatures demonstrating the direct impact of
temperature on thermodynamic stability [69].

Micelle formation is an extremely sensitive process, sus-
ceptible to permeations from a number of internal and
external sources. Even when a stable micelle is formed,
there can be complications with lyophilization which suggest
insufficient coverage of PEG or other hydrophilic compo-
nent.

Kinetic stability

Kinetic stability describes the behavior of the micelle system
over time in aqueous solution, specifically dealing with the

dynamics between individual micelles, their environment
and each other. Any change in the environment of a micelle
can impact stability. As drug delivery vehicles, micelles are
exposed to extreme and acute changes in their environment
as described above. After micellization, individual chains
remain dynamic and exchange between micelles and the
bulk solution. Finally, after being exposed to changes in the
environment or by simple dilution, micelles will begin to
fall apart. Therefore, kinetic stability is used to describe
the dynamics of micelles over time and during the process
of disassembly. It is essential to characterize the kinetic sta-
bility of micelles to ensure that the encapsulated drug cargo
is not released prematurely.

At equilibrium, the concentration of individual polymer
chains (A) with respect to the concentration of micelles can
be described as shown below:

KM = [A]n

[micelle]

KM is the micelle dissociation constant and has the units of
concentration; n is the aggregation number of the micelle.
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As described by Mattice and co-workers, the dynamic
equilibrium for copolymer exchange in micelles can be
classified into three distinct mechanisms: chain inser-
tion/expulsion, micelle merging/splitting, and micelle
spanning (Fig. 5) [70]. For chain expulsion and insertion, a
polymer chain is expelled from one micelle, returns to the
bulk, and is then inserted into a second micelle. Chains can
be exchanged when two micelles temporarily merge and the
micellar cores come in contact. Here, the chain transfers
from the first micelle to the second.

The final mechanism for copolymer exchange occurs by
micellar spanning. The exteriors of two micelles are bridged
by one extended chain without the chain ever completely
returning to the bulk. The chain migrates from one micelle
to another in this manner without being completely expelled
from a micelle and without the two micelle cores ever con-
tacting. Such elaborate kinetic studies can be modeled or
observed experimentally by labeling one chain and tracing
the transitions. Early work by Aniansson and Wall described

Figure 4 Micelles incorporating Fluorescence Resonance
Energy Transfer (FRET) pair DiO and DiI are used to determine
micelle stability. Representative fluorescence spectra showing
micelles (A) assembled in water and (B) disassembled in ace-
tone.
Reprinted with permission from Langmuir 24 (2008) 5213—5217.
Copyright 2008 American Chemical Society.

Figure 5 Methods for copolymer exchange in micelles can
be classified into three distinct mechanisms: (A) chain inser-
tion/expulsion, (B) micelle merging/splitting, and (C) micelle
spanning.

the kinetics of micelle relaxation by polymer exchange and
disassociation [71,72]. Recently, Diamant et al. have revis-
ited kinetic modeling which described multiple stages for
the micellization process [73].

Measuring kinetic stability

In general, the same analytical techniques used to measure
thermodynamic stability can also be applied to observe
kinetic stability. Most common among these are HPLC size
exclusion chromatography (SEC) and dynamic light scat-
tering (DLS). For example, Lin et al. used DLS to monitor
a series of tri-block copolymers of PCL—PEG—PCL [74].
Micelles were incubated at 4 ◦C and the size measured each
week for 8 weeks. Over the course of the study, micelles did
not show significant levels of aggregation or disassembly.

Förster resonance energy transfer (FRET) experiments
have recently been used to measure micelle integrity. Sev-
eral groups have utilized FRET experiments using lipophilic
fluorescent energy donor probes, DiO, and acceptor probes,
DiI, loaded in the micelle core [75—77]. If the micelle is
intact, FRET occurs between the donor probe (excited at
a wavelength of 484 nm), and the acceptor probe resulting
in fluorescence emission at 565 nm. Upon micelle dissocia-
tion, the distance between FRET pair is increased, resulting
in decreased emission at 565 nm and increased emission at
501 nm (the emission of the donor probe) (Fig. 4) [47,77].

In an innovative approach, Yu et al. directly measured the
force required to disassemble micelles in water using atomic
force microscopy (AFM)-single molecule force spectroscopy
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Figure 6 Monomer desorption rate is measured by fluorescence self-quenching between rhodamine-labeled polymers when
micelles with high rhodamine surface density are mixed with unlabeled micelles. Rhodamine fluorescence decreases as quenched
polymers (red circles) leave the densely labeled micelle, becoming unquenched (solid red hairy circles). Unquenched polymers are
then free to remain in solution or incorporate into unlabeled micelles.
Reprinted with permission from Langmuir 25 (2009) 5213—5217. Copyright 2009 American Chemical Society.

(SMFS) [78]. Their results show that micelle disassembly
depends strongly on solvent properties where the force
required to disassemble micelles in water completely dis-
appears in ethanol.

Kinetic stability stems from polymer chain exchange
between micelles
Tirrell’s lab measured the monomer desorption/exchange
rates of micelles by labeling 1,2-distearoyl-phosphatidyl
ethanolamine-PEG (2000) (DSPE-PEG2000) with rhodamine
[79]. At high rhodamine surface density, fluorescence is self-
quenched. Rhodamine-labeled micelles were mixed with
unlabeled micelles and the increase in fluorescence was
measured as the quenched polymers left the labeled micelle
and were incorporated into unlabeled micelles or return to
the bulk (Fig. 6). As such, the observed fluorescence inten-
sity is a measurement of the rate of polymer desorption.

Merkx and Reulen furthered the investigation of polymer
exchange by functionalizing DSPE-PEG2000 micelles with
the FRET protein pair consisting of enhanced cyan fluores-
cent protein (ECFP) and enhanced yellow fluorescent protein
(EYFP) [80]. They determined that the number and rate
of transitions is directly related to aggregate number and
kinetic stability. Most importantly, the authors concluded
that the short polymer exchange half-life of 4 min shows that

this micelle system is not kinetically stable under physiologic
conditions.

Kinetic stability is dependent on CMC, Tg, block ratios,
and the encapsulated drug
In terms of CMC, Van Domeselaar et al. used poly(ethylene
oxide-block-peptide) (PEO-b-polypeptide) to show that
micelle stability is correlated strongly with core length. PEO-
block-poly(tyrosine)15 displayed less than 30% dissociation
after seven days below the CMC while the shorter PEO-block-
poly(tyrosine)12 was less stable. Dissociation was observed
by dynamic light scattering experiments [48].

Jette et al. altered the polycaprolactone (PCL)
core length in poly(ethylene glycol)-block-polycaprolactone
(PEG-b-PCL) copolymers. The dissociation of micelles was
then measured by separating chains from intact micelles
using HPLC and size exclusion. Their results confirmed that
increasing the hydrophobic lengths in block copolymers
resulted in increased kinetic stability [81].

A fluorescence based method, corroborated by surface
tension measurements was used by Grant et al. to show that
micelles below the CMC may still be kinetically stable [82].
Alternatively, size exclusion HPLC can be used to measure
the dissociation rate of micelles below the CMC. The elution
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times of polymer chains and micelles can therefore be used
to evaluate micelle integrity [48].

Stability is directly related to the hydrophobic character
of the core. The hydrophobicity of the core can be mod-
ified by increasing chain length or chemical modification.
Strategies to improve stability include altering hydrophobic
and hydrophilic segment lengths or altering the hydropho-
bicity of the core [58,69,83—85]. Studies from the Kwon
lab showed that poly(ethylene oxide)-block-poly(N-hexyl-L-
aspartamide) (PEO-b-p(N-HA) micelles had more fluid core
regions than PEO-b-p(N-HA) micelles derivatived to incorpo-
rate stearate side chains. Increasing the degree of stearate
esterification increased the hydrophobic interactions in the
core and resulted in micelles with greater thermodynamic
and kinetic stability [58,83]. In a separate approach, Thur-
mond et al. found that cross-linking the core of hydrophobic
micelles, after assembly, also increases stability [85].

Destabilization from environmental factors
Micelle stability also depends on the composition and con-
centration of disrupting agents in solution. Work by Savic
used fluorescein-5-carbonyl azide conjugated to the micelle
core of poly(caprolactone)-block-poly(ethylene oxide) (PCL-
b-PEO) to evaluate the integrity of micelles in media
of varying complexity. Micelles were stable in phosphate
buffered saline but disassembled in serum and multi-
component media [84]. The authors did not elucidate the
specific source of micelle destabilization.

The hydrophobic core of micelles is protected from the
aqueous environment by the hydrophilic corona [86]. If,
however, the hydrophobic components are exposed to the
aqueous medium, the micelle loses integrity [87,88]. Alter-
ing the molecular weight ratio between the hydrophobic
and hydrophilic segments of the copolymer allows it to
resist destabilization by the environment. For example,
when hydrophilic PEG is bound to strongly hydrophobic
polystyrene (PS) segments, even the addition of surfactants
does not destabilize the micelles [88]. Yokoyama and col-
leagues showed that adriamycin-conjugated poly(ethylene
glycol)-poly(aspartic acid) (PEG-P[Asp(ADR)]) micelles were
stable in distilled water but lost their integrity in phosphate-
buffered saline under similar conditions [89]. The difference
between these two systems is the strong hydrophobic inter-
actions between the poly(styrene) chains that are absent in
the poly(aspartic acid) chains as a result of the environment
— poly(aspartic acid) contains ionizable groups that respond
to the pH and osmolarity of the solution.

In addition to changes in salt content and pH in solu-
tion composition, micelles are exposed to a vast array of
proteins following systemic delivery. Proteins can adsorb
to the surface of micelles and disrupt micelle cohesion
and stability [50]. Three mechanisms of micelle instability
resulting from their interaction with serum proteins have
been proposed: protein adsorption, drug extraction, and
protein penetration into the core [90]. Protein adsorption
to functionalized micelles was shown by Thayumanavan and
co-workers to cause destabilization and subsequent release
of guest molecules from the micelle [91]. Lynch et al. inves-
tigated the interaction of micelles and two of the most
abundant serum proteins, albumin and fibrinogen [92]. The
authors demonstrate that both of these proteins do indeed

bind dynamically to the surface of N-isopropylacrylamide
(NIPAM) and N-tert-butylacrylamide (BAM) based polymeric
micelles.

Consistent with the Vroman effect, recent work sug-
gests that many proteins interact with micelles and other
nanoparticles in a dynamic fashion and with a range of affini-
ties. An important, emerging concept is that of a ‘‘protein
corona’’ that results from adsorption to the micelle sur-
face and subsequently determines the biological response,
including elimination via the mononuclear phagocyte sys-
tem (MPS) and uptake into cells. The reader is directed to
a recent review that covers this topic in detail [93]. Con-
sidering the plethora of PEG-based micelles, the emerging
evidence of protein adsorption and compliment activation
of this polymer is profoundly important [94]. Alternate
hydrophilic polymers are required to overcome some of the
limitations posed by PEG.

Stability under physiologic conditions

Much insight has been gained from the micelle stabil-
ity studies mentioned above. Nevertheless, it has become
apparent that in order to fully understand the implications of
micelle stability on effective drug delivery, we must consider
micelles under more representative conditions.

FRET experiments utilizing DiO and DiI as the FRET
donor and receptor, respectively, have been used to eval-
uate micelle stability in the presence of serum proteins.
Kwon and co-workers showed that PEG-block-poly(N-hexyl
stearate L-aspartamide) (PEG-b-PHSA) micelles were stable
in serum albumin, alpha and beta globulins, and gamma
globulins for 1—2 h [47]. Chen et al. investigated (PEG-DSPE)
micelles and found they were not stable in serum after injec-
tion [75]. Using a similar FRET approach, as well as SEC,
the Shoichet lab showed that poly(DL-lactide-co-2-methyl-
2-carboxytrimethylene carbonate)-graft-PEG (poly(LA-co-
TMCC)-g-PEG) micelles had a half-life of ∼9 h in complete
serum and were even more stable when exposed to indi-
vidual serum proteins [77]. The micelle diameter and
polydispersity index did not change significantly after
incubation with albumin, suggesting only limited albumin
absorption.

The Maysinger lab conjugated a fluorogenic probe to
the hydrophobic segment of PEG-b-PCL micelles [84]. Intact
micelles were nonfluorescent as a result of autoquenching
of the fluorophore, whereas fluorophores on disassembled
micelles are not quenched and therefore showed measur-
able fluorescence. Micelles incubated for 48 h in phosphate
buffer showed no change in fluorescence levels; however,
incubation in RPMI media with no serum showed a 13%
increase in fluorescence and incubation in RPMI with 5%
serum showed a 64% increase in fluorescence after 48 h,
demonstrating increased instability of micelles with increas-
ingly relevant protein concentrations.

Camptothecin (CPT) was used to evaluate the stability of
PEG-poly(benzyl aspartate) by Okano and colleagues [95].
CPT was encapsulated into the micelle core and the rate of
hydrolysis of the CPT lactone ring was measured. As micelles
disassembled, more CPT escaped and the rate of lactone
hydrolysis increased. Micelles were significantly destabilized
in the presence of human and bovine serum and human



62 S.C. Owen et al.



Polymeric micelle stability 63

albumin; however, mouse albumin did not affect the stabil-
ity of micelles. Considering the common progression from
in vitro studies to initial preclinical evaluation in mice, this
result is of utmost importance and shows the foreboding
challenge of extrapolating animal models to clinical appli-
cations.

Kataoka and co-workers designed a double-labeled
micelle to measure in situ micelle integrity by fluores-
cence [96]. Two distinct fluorophores were conjugated to
PEG-block-poly(glutamic acid) PEG-b-poly(Glu) micelles —
one on the corona surface and one in the core. The core
conjugated dye is quenched if the micelle remains intact
and thus only the corona conjugated dye emits fluores-
cence. When micelle integrity is lost, the fluorescence of
the core-conjugated dye is visible. This system was used
to evaluate the cellular uptake of the micelles. Most sig-
nificantly, these micelles were also utilized to monitor the
in vivo distribution and integrity of micelles in blood ves-
sels and tumors after intravenous administration (Fig. 7),
thereby providing important insight into the mechanism
of circulation half-life and tumor targeting. The authors
show that micelle-carried drug may bypass the normal cell
defense mechanisms, potentially increasing the amount of
drug delivered to otherwise resistant cells.

Each of the above examples provides excellent starting
points to investigate the stability of micelles in rele-
vant media and represent the cutting-edge of studying
micelle stability; however, the contribution of the various
‘‘additives’’ should not be overlooked. For example, in the
FRET experiments outlined, both DiO and DiI are incorpo-
rated into the micelles and therefore have a direct impact
on the structure/stability of the system. Likewise, ‘Impact
of encapsulated and conjugated drug’ section outlined the
influence of encapsulated and conjugated drugs on the sta-
bility of micelle systems. Pendant fluorophores, such as
those mentioned here, often have many drug-like charac-
teristics and as such will also influence the micelles they
are used to probe. Investigators should be cautioned to
either develop methods to investigate micelle stability with-
out perturbing the system, or use modified micelles in final
formulations.

Conclusions and outlook

Over the past 30 years, polymeric micelles have become
increasingly sophisticated in their design; however, many
micelles are not evaluated in physiologically relevant media,
thereby limiting the predictability of the in vitro assay to the
complex in vivo microenvironment. The scientific commu-
nity has benefited from the investigation of micelle stability

in water or aqueous buffers, revealing mechanisms of both
micellization and destabilization. The contributions of indi-
vidual micelle components have been elucidated and can
be further tuned to increase the thermodynamic and kinetic
stability of micelles used for drug delivery.

Understanding micelle stability in physiologically rele-
vant media is the first step to establishing whether a micelle
has promise for drug delivery. The most relevant media is
human blood with its full complement of proteins and cells.
The difficulty with using this complex system lies in estab-
lishing a mechanistic understanding of the results. To gain
a greater understanding, the media can be broken down
into individual components. When examining micelle sta-
bility, a good place to start is serum and the major protein
constituents therein (e.g. albumin, globulins). Micelle sta-
bility can be further examined with the addition of cells.
Advancing from the bench top to the animal model is crit-
ical to gain further insight to micelle stability and will
likely require that new methods be developed to answer
fundamental questions which cannot be answered using flu-
orescence techniques to the level of sensitivity required.

There are a significant number of unanswered questions
related to micelle stability. For example, if the hydropho-
bic drug interacts with the hydrophobic core, then how is it
released and how does this drug release influence micelle
stability? Moreover, if drug loading is a limitation, how will
can it be enhanced and in turn how will this affect micelle
stability? Additional questions relate to micelle stability
during freeze-drying and re-constitution. These impact scal-
ability and development of micelles for clinical use.

PEG has been studied almost exclusively as the
hydrophilic component of amphiphilic copolymer micelles
with a variety of hydrophobic cores. There is clearly a sig-
nificant opportunity for the investigation of new hydrophilic
components. The need for new hydrophilic polymers is
substantiated by the mounting evidence that, contrary to
popular belief, proteins bind to the surface of micelles and
destabilize them. Micelle stability may be extended by pre-
incubating micelles in specific proteins prior to i.v. injection
as a way to alter the biologic response.

Micelle stability may be further enhanced by crosslink-
ing the core or the corona [97]. In achieving a more stable
micelle, we must evaluate the effect of crosslinking on drug
release and cellular interaction. The physical properties of
the micelle may also impact its ability to cross the hyperper-
meable vasculature that surrounds tumor tissue. Therefore,
micelle stability cannot be isolated from drug delivery.

Importantly, current micelle systems have progressed
beyond copolymer backbone design to include conjugated
targeting molecules. These modifications can potentially
increase the targeting of micelles to diseased sites, as well

Figure 7 In vivo confocal laser scanning microscopy (CLSM) observation of PEG-b-poly(Glu) dual fluorescence micelles in blood
vessels and tumors after intravenous administration. (A and B) CLSM observation of micelle in the blood vessels of solid tumors
(A) immediately after injection and (B) in the tumor tissue at 12 h after injection. Yellow arrows, tumor tissue; white arrow, blood
vessel. (C) Time-dependent CLSM observation of fluorescent micelles in the tumor tissues at 2, 4, 12, and 24 h after injection. Green,
fluorescence from the shell-conjugated dyes (BODIPY FL); red, core-conjugated dyes (BODIPY TR); blue, cell surfaces stained by
CellMask. (D) Magnification of selected areas [square regions in (C)] by channel.
Reprinted from Science Translational Medicine 64, Murakami, M, et al., Improving Drug Potency and Efficacy by Nanocarrier-Mediated
Subcellular Targeting, 59—63. Copyright 2011 with permission from Elsevier.
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as boost the binding to cells and subsequent internalization
[98]. Notwithstanding these important benefits, the effect
of having a targeting ligand exposed to blood serum proteins
and cells may also influence micelle stability and in vivo
circulation in blood.

A new trend in micelle research is the co-delivery of both
therapeutic and diagnostic agents. These ‘‘theranostic’’ sys-
tems boast two benefits in a single macromolecule where the
therapeutic is specifically delivered to the desired site while
the diagnostic images the same tissue, thereby providing
greater information on the cancer tissue [99]. There is sig-
nificant excitement surrounding these systems but they, like
the simple micelles, need to be studied in relevant media —
both for micelle stability, cellular interaction and ultimately
efficacy in relevant animal models with orthotopic (and not
ectotopic or subcutaneous) tumors.

Numerous possibilities exist to expand micelle chemistry
and stability. With each modification, the system becomes
more complex and the evaluation of these systems must be
equally sophisticated to provide meaningful results. A more
thorough understanding of polymeric micelle stability under
physiological conditions will facilitate the ultimate clinical
success — greater localized therapeutic efficacy and reduced
systemic toxicity.

References

[1] Nat. Rev. Drug Discov. 6 (2007) 853.
[2] C.A. Lipinski, J. Pharmacol. Toxicol. Methods 44 (2000)

235—249.
[3] S. Kim, K. Park, Targeted Delivery of Small and Macromolecular

Drugs, CRC Press/Taylor & Francis Group, 2010, pp. 513—551.
[4] H. van de Waterbeemd, D.A. Smith, K. Beaumont, D.K. Walker,

J. Med. Chem. 44 (2001) 1313—1333.
[5] M. Yokoyama, M. Miyauchi, N. Yamada, T. Okano, Y. Sakurai, K.

Kataoka, S. Inoue, J. Control. Release 11 (1990) 269—278.
[6] A.V. Kabanov, E.V. Batrakova, N.S. Meliknubarov, N.A.

Fedoseev, T.Y. Dorodnich, V.Y. Alakhov, V.P. Chekhonin, I.R.
Nazarova, V.A. Kabanov, J. Control. Release 22 (1992) 141—157.

[7] M. Yokoyama, G.S. Kwon, T. Okano, Y. Sakurai, T. Seto, K.
Kataoka, Bioconjugate Chem. 3 (1992) 295—301.

[8] K. Kataoka, G.S. Kwon, M. Yokoyama, T. Okano, Y. Sakurai, J.
Control. Release 24 (1993) 119—132.

[9] G. Kwon, M. Naito, M. Yokoyama, T. Okano, Y. Sakurai, K.
Kataoka, Langmuir 9 (1993) 945—949.

[10] M.K. Pratten, J.B. Lloyd, G. Horpel, H. Ringsdorf, Makromol.
Chem.: Macromol. Chem. Phys. 186 (1985) 725—733.

[11] H. Bader, H. Ringsdorf, B. Schmidt, Angew. Makromol. Chem.
123 (1984) 457—485.

[12] A.V. Kabanov, V.P. Chekhonin, V.Y. Alakhov, E.V. Batrakova, A.S.
Lebedev, N.S. Meliknubarov, S.A. Arzhakov, A.V. Levashov, G.V.
Morozov, E.S. Severin, V.A. Kabanov, FEBS Lett. 258 (1989)
343—345.

[13] V. Abetz, Block Copolymers, vol. II, Springer, Berlin, London,
2005.

[14] V. Abetz, Block Copolymers, vol. I, Springer-Verlag, Berlin, Hei-
delberg/New York, 2005.

[15] A. Halperin, S. Alexander, Macromolecules 22 (1989)
2403—2412.

[16] V.P. Torchilin, Nanoparticulates as Drug Carriers, Imperial Col-
lege Press, 2006.

[17] V.P. Torchilin, Cell. Mol. Life Sci. 61 (2004) 2549—2559.
[18] H.M. Aliabadi, A. Lavasanifar, Expert Opin. Drug Deliv. 3 (2006)

139—162.

[19] Y. Matsumura, T. Hamaguchi, T. Ura, K. Muro, Y. Yamada, Y. Shi-
mada, K. Shirao, T. Okusaka, H. Ueno, M. Ikeda, N. Watanabe,
Br. J. Cancer 91 (2004) 1775—1781.

[20] M.W. Saif, N.A. Podoltsev, M.S. Rubin, J.A. Figueroa, M.Y. Lee,
J. Kwon, E. Rowen, J. Yu, R.O. Kerr, Cancer Invest. 28 (2010)
186—194.

[21] S.Y. Lee, S.Y. Kim, K.Y. Lee, Y. Jeon, K. Lee, Y. Kim, K. Kim,
J.C. Lee, T.W. Jang, H.K. Yum, Ann. Oncol. 21 (2010) 136—137.

[22] M. Ranson, S. Danson, D. Ferry, V. Alakhov, J. Margison, D. Kerr,
D. Jowle, M. Brampton, G. Halbert, Br. J. Cancer 90 (2004)
2085—2091.

[23] H. Maeda, J. Fang, H. Nakamura, Adv. Drug Deliv. Rev. 63 (2011)
136—151.

[24] G. Kwon, S. Suwa, M. Yokoyama, T. Okano, Y. Sakurai, K.
Kataoka, J. Control. Release 29 (1994) 17—23.

[25] S. Kim, Y.Z. Shi, J.Y. Kim, K. Park, J.X. Cheng, Expert Opin.
Drug Deliv. 7 (2010) 49—62.

[26] Z. Chen, Trends Mol. Med. 16 (2010) 594—602.
[27] N.A. Peppas, D.E. Owens, Int. J. Pharm. 307 (2006) 93—102.
[28] V.P. Torchilin, J. Control Release 73 (2001) 137—172.
[29] L.Y. Qiu, Y.H. Bae, Biomaterials 28 (2007) 4132—4142.
[30] Y.S. Nam, H.S. Kang, J.Y. Park, T.G. Park, S.H. Han, I.S. Chang,

Biomaterials 24 (2003) 2053—2059.
[31] H. Arimura, Y. Ohya, T. Ouchi, Biomacromolecules 6 (2005)

720—725.
[32] R.K. O’Reilly, M.J. Joralemon, K.L. Wooley, C.J. Hawker, Chem.

Mater. 17 (2005) 5976—5988.
[33] M. Verma, S. Liu, Y. Chen, A. Meerasa, F. Gu, Nano Res. 5 (2012)

49—61.
[34] A.N. Martin, P.J. Sinko, Y. Singh, Martin’s Physical Pharmacy

Pharmaceutical Sciences: Physical Chemical Biopharmaceutical
Principles in the Pharmaceutical Sciences, 6th ed., Lippincott
Williams, Wilkins, Baltimore MD, 2011.

[35] T.F. Tadros, Applied Surfactants: Principles and Applications,
John Wiley & Sons, 2006.

[36] K. Kataoka, T. Matsumoto, M. Yokoyama, T. Okano, Y. Sakurai,
S. Fukushima, K. Okamoto, G.S. Kwon, J. Control. Release 64
(2000) 143—153.

[37] F. Cau, S. Lacelle, Macromolecules 29 (1996) 170—178.
[38] M. Shi, J.H. Wosnick, K. Ho, A. Keating, M.S. Shoichet, Angew.

Chem. Int. Ed. Engl. 46 (2007) 6126—6131.
[39] P. Alexandridis, B. Lindman, Amphiphilic Block Copolymers

Self-assembly and Applications, Elsevier, Amsterdam, New
York, 2000.

[40] T.A. Hatton, P.H. Nelson, G.C. Rutledge, J. Chem. Phys. 107
(1997) 10777—10781.

[41] D.E. Discher, A. Eisenberg, Science 297 (2002) 967—973.
[42] C.L. Lo, C.K. Huang, K.M. Lin, G.H. Hsiue, Biomaterials 28

(2007) 1225—1235.
[43] J. Lu, M.S. Shoichet, Macromolecules 43 (2010) 4943—4953.
[44] N. Nishiyama, K. Kataoka, J. Control. Release 74 (2001) 83—94.
[45] R. Zana, Langmuir 12 (1996) 1208—1211.
[46] D. Maysinger, J. Lovric, A. Eisenberg, R. Savic, Eur. J. Pharm.

Biopharm. 65 (2007) 270—281.
[47] T.A. Diezi, Y. Bae, G.S. Kwon, Mol. Pharm. 7 (2010) 1355—1360.
[48] G.H. Van Domeselaar, G.S. Kwon, L.C. Andrew, D.S. Wishart,

Colloids Surf. B: Biointerfaces 30 (2003) 323—334.
[49] M.L. Adams, G.S. Kwon, J. Biomater. Sci. Polym. Ed. 13 (2002)

991—1006.
[50] G. Gaucher, M.H. Dufresne, V.P. Sant, N. Kang, D. Maysinger,

J.C. Leroux, J. Control. Release 109 (2005) 169—188.
[51] M. Ranger, M.C. Jones, M.A. Yessine, J.C. Leroux, J. Polym. Sci.

A: Polym. Chem. 39 (2001) 3861—3874.
[52] J.Y. Lee, E.C. Cho, K. Cho, J. Control. Release 94 (2004)

323—335.
[53] M. Wilhelm, C.L. Zhao, Y.C. Wang, R.L. Xu, M.A. Winnik,

J.L. Mura, G. Riess, M.D. Croucher, Macromolecules 24 (1991)
1033—1040.



Polymeric micelle stability 65

[54] C.L. Zhao, M.A. Winnik, G. Riess, M.D. Croucher, Langmuir 6
(1990) 514—516.

[55] I.W. Hamley, Block Copolymers in Solution: Fundamentals and
Applications, Wiley, 2005.

[56] K. Moran, A. Yeung, J. Masliyah, Langmuir 15 (1999)
8497—8504.

[57] H.Y. Erbil, Surface Chemistry of Solid and Liquid Interfaces,
Blackwell Publishing Inc., Oxford, 2006.

[58] M.L. Adams, G.S. Kwon, J. Control. Release 87 (2003) 23—32.
[59] T. Gadt, N.S. Ieong, G. Cambridge, M.A. Winnik, I. Manners,

Nat. Mater. 8 (2009) 144—150.
[60] A.S. Mikhail, C. Allen, Biomacromolecules 11 (2010)

1273—1280.
[61] M.M. Villiers, P. Aramwit, G.S. Kwon, Nanotechnology in Drug

Delivery, Springer, 2009.
[62] L. Meli, J.M. Santiago, T.P. Lodge, Macromolecules 43 (2010)

2018—2027.
[63] J.E. Chung, M. Yokoyama, M. Yamato, T. Aoyagi, Y. Sakurai, T.

Okano, J. Control. Release 62 (1999) 115—127.
[64] L. Chen, H.W. Shen, A. Eisenberg, J. Phys. Chem. B 103 (1999)

9488—9497.
[65] M.J. Greenall, P. Schuetz, S. Furzeland, D. Atkins, D.M.A.

Buzza, M.F. Butler, T.C.B. McLeish, Macromolecules 44 (2011)
5510—5519.

[66] H. Cui, Z. Chen, S. Zhong, K.L. Wooley, D.J. Pochan, Science
317 (2007) 647—650.

[67] H.M. Aliabadi, S. Elhasi, A. Mahmud, R. Gulamhusein, P.
Mahdipoor, A. Lavasanifar, Int. J. Pharm. 329 (2007) 158—165.

[68] O.C. Farokhzad, J. Cheng, B.A. Teply, I. Sherifi, J. Sung, G.
Luther, F.X. Gu, E. Levy-Nissenbaum, A.F. Radovic-Moreno, R.
Langer, Biomaterials 28 (2007) 869—876.

[69] Y. Yamamoto, K. Yasugi, A. Harada, Y. Nagasaki, K. Kataoka, J.
Control. Release 82 (2002) 359—371.

[70] T. Haliloglu, I. Bahar, B. Erman, W.L. Mattice, Macromolecules
29 (1996) 4764—4771.

[71] E.A.G. Aniansson, PCCP 82 (1978) 981—988.
[72] E.A.G. Aniansson, S.N. Wall, J. Phys. Chem. 78 (1974)

1024—1030.
[73] H. Diamant, R. Hadgiivanova, D. Andelman, J. Phys. Chem. B

115 (2011) 7268—7280.
[74] W.J. Lin, L.W. Juang, C.C. Lin, Pharm. Res. 20 (2003) 668—673.
[75] H. Chen, S. Kim, W. He, H. Wang, P.S. Low, K. Park, J.X. Cheng,

Langmuir 24 (2008) 5213—5217.
[76] K. Park, H.T. Chen, S.W. Kim, L. Li, S.Y. Wang, J.X. Cheng, Proc.

Natl. Acad. Sci. U.S.A. 105 (2008) 6596—6601.
[77] J. Lu, S.C. Owen, M.S. Shoichet, Macromolecules 44 (2011)

6002—6008.
[78] X. Zhang, Y. Yu, G.L. Wu, K. Liu, Langmuir 26 (2010) 9183—9186.
[79] M. Kastantin, B. Ananthanarayanan, P. Karmali, E. Ruoslahti,

M. Tirrell, Langmuir 25 (2009) 7279—7286.
[80] M. Merkx, S.W.A. Reulen, Bioconjugate Chem. 21 (2010)

860—866.
[81] K.K. Jette, D. Law, E.A. Schmitt, G.S. Kwon, Pharm. Res. 21

(2004) 1184—1191.
[82] J. Grant, J. Cho, C. Allen, Langmuir 22 (2006) 4327—4335.
[83] M.L. Adams, D.R. Andes, G.S. Kwon, Biomacromolecules 4

(2003) 750—757.
[84] R. Savic, T. Azzam, A. Eisenberg, D. Maysinger, Langmuir 22

(2006) 3570—3578.
[85] K.B. Thurmond, H.Y. Huang, C.G. Clark, T. Kowalewski, K.L.

Wooley, Colloids Surf. B: Biointerfaces 16 (1999) 45—54.
[86] I. Szleifer, Curr. Opin. Solid State Mater. Sci. 2 (1997) 337—344.
[87] J. Jansson, K. Schillen, M. Nilsson, O. Soderman, G. Fritz, A.

Bergmann, O. Glatter, J. Phys. Chem. B 109 (2005) 7073—7083.
[88] P. Vangeyte, B. Leyh, L. Auvray, J. Grandjean, A.M. Misselyn-

Bauduin, R. Jerome, Langmuir 20 (2004) 9019—9028.

[89] M. Yokoyama, T. Sugiyama, T. Okano, Y. Sakurai, M. Naito, K.
Kataoka, Pharm. Res. 10 (1993) 895—899.

[90] I. Lynch, K.A. Dawson, Nano Today 3 (2008) 40—47.
[91] S. Thayumanavan, M.A. Azagarsamy, V. Yesilyurt, J. Am. Chem.

Soc. 132 (2010) 4550-+.
[92] I. Lynch, T. Cedervall, M. Lundqvist, C. Cabaleiro-Lago, S.

Linse, K.A. Dawson, Adv. Colloid Interf. Sci. 134—135 (2007)
167—174.

[93] P.P. Karmali, D. Simberg, Expert Opin. Drug Deliv. 8 (2011)
343—357.

[94] I. Hamad, A.C. Hunter, J. Szebeni, S.M. Moghimi, Mol. Immunol.
46 (2008) 225—232.

[95] M. Yokoyama, P. Opanasopit, M. Watanabe, K. Kawano, Y. Mai-
tani, T. Okano, J. Control. Release 104 (2005) 313—321.

[96] M. Murakami, H. Cabral, Y. Matsumoto, S.R. Wu, M.R. Kano, T.
Yamori, N. Nishiyama, K. Kataoka, Sci. Trans. Med. 3 (2011).

[97] A. Rolland, J. Omullane, P. Goddard, L. Brookman, K. Petrak,
J. Appl. Polym. Sci. 44 (1992) 1195—1203.

[98] J.G. Huang, T. Leshuk, F.X. Gu, Nano Today 6 (2011) 478—492.
[99] S.M. Janib, A.S. Moses, J.A. MacKay, Adv. Drug Deliv. Rev. 62

(2010) 1052—1063.

Shawn C. Owen is currently a postdoctoral
fellow in Professor Shoichet’s laboratory at
the University of Toronto. He received a BS
in Biochemistry, BA in Chinese, and PhD in
Pharmaceutics and Pharmaceutical Chemistry
at the University of Utah where we was a
Novartis fellow and recipient of the Wolf
Prize for Excellence in Teaching. His current
research interests include cellular trafficking
of polymeric micelles and the development of
biomaterials for cancer research.

Dianna Chan received her BASc degree in
nanotechnology engineering from the Uni-
versity of Waterloo. She was awarded the
Alexander Graham Bell Canada Graduate
Scholarship from the Natural Sciences and
Engineering Research Council of Canada
(NSERC) during her ongoing MASc program at
the University of Toronto. She is currently
researching siRNA delivery with polymeric
micelles in Professor Shoichet’s group.

Molly S. Shoichet is currently a Professor of
Chemical Engineering and Applied Chemistry,
Chemistry and Biomaterials and Biomedical
Engineering at the University of Toronto.
She earned an SB in Chemistry at the Mas-
sachusetts Institute of Technology and a PhD
in Polymer Science and Engineering from the
University of Massachusetts, Amherst. After
spending 3 years as a Scientist at CytoTher-
apeutics Inc, she joined the faculty at the
University of Toronto in 1995. Shoichet has

won numerous prestigious awards including the Natural Sciences
and Engineering Research Council Steacie Fellowship in 2003 and
the Canada Council for the Arts, Killam Research Fellowship in 2008.
She became a Fellow of the Royal Society of Canada in 2008, the
Canadian Academy of Sciences. In 2011, Shoichet was appointed to
the Order of Ontario, the province’s highest honor. Her research
expertise is in designing polymers for applications in medicine and
specifically in the central nervous system and cancer.


	Polymeric micelle stability

