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Abstract. Polymer micelles are rapidly becoming a powerful nanomedicine platform for cancer
therapeutic applications due to their small size (10-100 nm), in vivo stability, ability to solubilize water
insoluble anticancer drugs, and prolonged blood circulation times. Recent data from clinical trials with
three micelle formulations have highlighted these and other pharmacokinetic advantages with reduced
systemic toxicity and patient morbidity compared to conventional drug formulation. While the initial
anti-tumor efficacy of these systems seems promising, a strong research impetus has been placed on
micelle functionalization in order to achieve tumor targeting and site-specific drug release, with the hope
of reaching a more pronounced tumor response. Hence, the purpose of this review is to draw attention to
the new developments of multi-functional polymer micelles for cancer therapy with special focus on
tumor targeting and controlled drug release strategies.

KEY WORDS: active targeting; cancer nanomedicine; micelle pharmacokinetics; polymer micelles;

responsive drug release.

INTRODUCTION

Recently, polymer micelles have gained considerable
attention as a versatile nanomedicine platform with greatly
improved drug pharmacokinetics and efficacious response in
cancer treatment. Typical chemotherapeutic agents have low
water solubility, short blood half-lives, narrow therapeutic
indices, and high systemic toxicity, which lead to patient
morbidity and mortality while compromising the desirable
therapeutic outcome of the drugs. Polymer micelles have
been shown to increase the aqueous solubility of chemother-
apeutic agents and prolong their in vivo half-lives with
lessened systemic toxicity. This is demonstrated in early
phases of clinical trials in Japan, Korea, and the United
States (1-3).

Several excellent reviews are currently available in the
literature on micellization behavior, drug encapsulation, and
general use of micelles as drug delivery systems (4-13). The
purpose of this review is to provide an updated, comprehen-
sive review on recent breakthroughs and applications of
polymer micelles for tumor-specific therapy. First, a brief
overview on micelle structure and composition will be
presented, followed by a summary on the clinical pharmaco-
kinetics of “stealth” micelles. This will be followed by a
comprehensive review of micelle systems consisting of
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additional functionality. Special emphasis will be placed on
micellar systems that exploit unique molecular signatures on
cancer cells for active targeting applications or responsive
mechanisms (e.g. pH, temperature) for site-specific drug
release.

MICELLE STRUCTURE AND COMPOSITION

Polymer micelles are composed of amphiphilic macro-
molecules that have distinct hydrophobic and hydrophilic
block domains, with the structure of the copolymers usually
being a di-block, tri-block, or graft copolymer. Within each
copolymer system, aqueous exposure induces the hydropho-
bic and hydrophilic segments to phase separate and form
nanoscopic supramolecular core/shell structures (Fig. 1).
Depending on the relative size of the hydrophobic and
hydrophilic segments and solvent conditions, Eisenberg et
al. have demonstrated the formation of structures of many
morphologies, including spheres, rods, vesicles, tubules, and
lamellae (14-17). Although aggregates of different morphol-
ogy may provide drastically different pharmacokinetic prop-
erties, as in the case of filamentous nanocarriers which can
provide different flow behavior over spherical particles due
to anisotropic alignment (18-20), most current applications
have focused on spherical micelles and thus will be the
subject of this review.

Many types of copolymers have been used for micelle
formation, but the requirements of biocompatibility and
oftentimes biodegradability have limited the choice of
copolymers in clinical applications. Table I provides the
names and structures of common copolymers for drug
delivery applications. For the hydrophilic segment, the most
commonly used polymer is polyethylene glycol (PEG) with a
molecular weight of 2-15 kD. PEG is completely water
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Hydrophilic Corona
-Enables water solubility
-Prevents aggregation
-Prevents protein adhesion

Hydrophobic Core
-Encapsulates drugs
-Enables biodegradability

Fig. 1. Schematic illustration of the core-shell structure of a polymer
micelle with intended functions of each component.

soluble, non-toxic, and uncharged, the latter property serving
to lessen the possibility of undesired electrostatic interactions
with plasma proteins. Other hydrophilic polymers such as
poly(N-vinyl pyrrolidone) (PVP) (21) or poly(N-isopropyl
acrylamide) (pNIPAM) (22-24) have also been used to form
the micelle corona layer. For the hydrophobic segments, the
most common materials are hydrophobic polyesters, but
other materials, such as polyethers, polypeptides, or poly(B-
amino ester) have also been used. Polyesters and polyamides
can undergo hydrolytic and enzyme-catalyzed degradations,
respectively, and are considered biodegradable. As an
example of a micelle forming copolymer, Pluronic is a
ternary copolymer of PEG and poly(propylene oxide)
(PPO) oriented in a PEG-PPO-PEG configuration. Upon
micellization, the hydrophobic PPO segments form the core
while the PEG segments form the corona.

The core-shell structure of polymer micelles affords
several advantages for drug delivery applications. Firstly,
drug encapsulation within the micelle core allows for
solubilization of water insoluble drugs. For example, the
water solubility of paclitaxel can be increased by several
orders of magnitude from 0.0015 to 2 mg/ml through micelle
incorporation (25). Secondly, micelles have prolonged blood
half-lives because PEG prevents opsonization, effectively
reducing micelle uptake by the reticuloendothelial system
(RES) (26,27). Thirdly, their small size (10-100 nm) makes
them suitable for injection and enhanced tumor deposition
due to the enhanced permeability and retention (EPR) effect
stemming from the leakiness of tumor vasculature (28).
Finally, their chemistry allows for the development of
multifunctional modalities that can enhance micelle accumu-
lation in cancerous tissues and facilitate drug internalization
inside cancer cells.

CLINICAL PHARMA COKINETICS OF STEALTH
MICELLES

Currently, clinical data on three polymer micelle sys-
tems, SP1049C, NK911, and Genexol-PM have been reported
(1-3). All three are ‘stealth’ micelle formulations, i.e. they all
have stabilizing PEG coronas to minimize opsonization of
the micelles and maximize blood circulation times. SP1049C
is formulated as doxorubicin (DOX)-encapsulated Pluronic
micelles, NK911 is DOX-encapsulated micelles from a
copolymer of PEG and DOX-conjugated poly(aspartic acid),
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and Genexol-PM is a paclitaxel-encapsulated PEG-PLA
micelle formulation. The pharmacokinetic results of the
three formulations are summarized in Table II. These data
were compared to free DOX (doxorubicin hydrochloride)
(29) as well as liposome-delivered DOX (Doxil®) (30) and
Cremophor® EL-delivered paclitaxel (31).

Comparison among the various formulations of doxoru-
bicin reveals several distinguishing characteristics. Free DOX
has an elimination phase half-life (#/,4), or physiological
excretion half-life, of 48 min. Both polymer micelle formu-
lations roughly triple the half-life, bringing it to a range of
2.3-2.8 h whereas the liposomal form greatly increases the
half-life to 45.9 h. Since different formulations are evaluated
using differing compartmental models, quantitative compar-
ison of half-lives between formulations can be difficult.
However, comparison of the common parameters, such as
clearance rates, is more illustrative. The drug clearance rates
(CpL) from different formulations serve to highlight further
differences. The Cp. of the free DOX is 14.4 £5.6 ml/(min kg),
while pluronic micelles did not significantly improve the Cp.
value (12.6 ml/(min kg)), presumably due to the low stability
of Pluronic micelles which may rapidly dissociate upon
dilution. In contrast, DOX encapsulation within the more
stable NK911 micelles reduced the clearance rate by almost
half (6.7+1.1 ml/(min kg)). Liposomal DOX has a remark-
ably decreased clearance rate (0.02 ml/(min kg)), which is
two orders of magnitude smaller than either micellar
formulation. This very slow clearance rate may at first appear
ideal, however several factors indicate otherwise. Firstly, the
extremely low volume of distribution (V=0.08 l/kg) sug-
gests that liposomal DOX may remain in the bloodstream
and not extravasate into tumor tissue as widely as compara-
ble micelles. Micelles, on the other hand, have been shown
to accumulate more readily inside tumors compared to
liposomes, primarily due to the smaller micellar size (32).
Interestingly, another study found that the high blood
residence times of liposomally formulated DOX may cause
increased levels of stomatitis (33).

The other major chemotherapeutic drug which has been
clinically used in micelles is paclitaxel (Taxol®), a potent
anticancer drug with very low water solubility (1.5 pg/cc). As
a result, this agent already requires administration with a
surfactant carrier. Currently, the clinically approved carrier
to solubilize the drug is Cremophor® EL, a polyethylene
glycol modified castor oil. Though useful in drug
administration, the delivery agent itself has negative side
effects such as hypersensitivity reactions (HSR) and
neuropathy. To overcome this limitation, an alternate
delivery system using PEG-PLA micelles, Genexol-PM, has
been developed.

Cremophor® EL and Genexol-PM formulations have
similar drug pharmacokinetics at 230 mg/m? dose (Table II).
Both have similar half-lives (8.9+1.8 and 11.0+1.9 h from
Cremophor® EL and Genexol-PM, respectively), and
clearance rates (3.9+1.1 and 4.8+1.0 ml/(min kg), re-
spectively). However, the Genexol-PM formulation shows
marked improvement in patient morbidity. None of the
patients observed in the Genexol-PM trial showed HSRs.
Moreover, a lower degree of myelosupression was observed
in the Genexol-PM formulation than in the conventional one.
Consequently, the PEG-PLA micelles allow for a consider-
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Table I. Commonly Used Block Segments of Copolymers used in Micellar Drug Delivery
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Poly(N-isopropyl
acrylamide)

pNIPAM, NIPAM

Copolymers Abbreviations Repeating Unit Structure
Corona segment
Poly(ethylene glycol) PEG, PEO /éo\/é\
Poly(N-vinyl pyrrolidone) PVP

Core segment
Polyethers

Poly(propylene oxide)

Polyesters
Poly(L-lactide),
Poly(D, L-lactide)

Poly(lactide-co-glycolide)

Poly(e-caprolactone)

Poly(B-amino ester)

Polyamides
Poly(L-histidine)

Poly(L-aspartic acid)
derivatives

Poly(L-glutamic acid)
derivatives

PPO

PLA, PDLLA*

PLGA

PCL

pHis

pAsp

pGlu

A
Ao

* Depending on stereochemistry
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able increase in maximum tolerated dose (MTD) with an
MTD of 390 mg/m* compared to 230 mg/m? for Cremophor®
EL. A final interesting note is that in the Genexol-PM trial,
two patients showed tumor response despite previous
paclitaxel failure in their treatments (3).

Clinical data demonstrates the distinct pharmacokinetic
advantages of micelle-delivered drugs over free drugs. All of
the doxorubicin micelle formulations show improved half-
lives, slower clearance rates and increased area under plasma
concentration (AUC) values over unencapsulated doxorubi-
cin. Polymer micelles have also shown advantages in
paclitaxel delivery in that they minimize toxicity associated
with more traditional delivery systems. These data under-
score the therapeutic potential of polymer micelles to
improve cancer therapy.

FUNCTIONALIZED POLYMER MICELLES

Although stealth micelles allow for passive accumulation
inside tumors with leaky vasculature, the majority of these
nanoparticles are still cleared by the RES system, resulting in
short half lives and unwanted micelle deposition in the liver
and spleen. Development of multifunctional micelles, either
through conjugation of targeting ligands on the micelle
surface or a triggered release mechanism, can lessen these
problems by increasing particle/drug exposure to the tumor.
Fig. 2 illustrates the different types of functionality that have
been introduced to micelle structures.

LIGAND-TARGETED POLYMER MICELLES

Targeting ligands are conjugated to the corona of the
micelle in order to induce specific targeting and uptake of
the micelle by tumor cells. These ligands tend to fall into the
categories of small organic molecules, carbohydrates, anti-
bodies, and aptamers. Table III provides an overview of
reported ligand-targeted micelle formulations.

Sutton, Nasongkla, Blanco, and Gao

Micelles with small organic molecules as targeting
ligands. The receptor for folic acid is a cell-proliferation
protein that is over-expressed in many types of cancer cells
including ovarian, breast, brain, and lung (34-36). The
expression levels in tumors have been reported to be
100-300 times higher than those observed in normal tissue
(37). 1t is a glycosyl-phosphatidylinositol-anchored glycopro-
tein that has high binding affinity to folic acid (K4 10™° M).
Yoo and Park exploited the folate receptor by functionalizing
folic acid onto DOX-loaded PEG-PLGA micelles by
covalently conjugating the ligand via its y-carboxyl group
(38). In vitro cytotoxicity studies of the folate-micelles
against KB cells (human nasopharyngeal epidermal
carcinoma cell line) showed enhancement in cell uptake
and cytotoxicity over non-targeted micelles, with the ICs,
of DOX/FOL micelles, DOX micelles and free DOX being
50, 70 and 75 puM, respectively. Despite this small increase in
in vitro cytotoxicity, the targeted micelles showed marked
improvement in in vivo antitumor efficacy with two times
decrease in the growth rate compared to non-targeted micelle
control. Folate targeting was also used by these researchers to
produce a DOX-based micellar system that did not contain
polymer in the core (39). These targeted micellar nano-
aggregates are based on a folate-PEG-DOX system which is
self-assembled through hydrophobic doxorubicin association.
This strategy leads to larger particles of approximately 200 nm
in diameter with drug loading content as high as 57% since the
majority of the nanoparticle is constructed from drug. Similar
to the PLGA system, the folate-PEG-DOX nanoaggregate
system showed twofold increased cytotoxicity over non-
targeted aggregates, and an improved anti-tumor efficacy by
a40% decrease in tumor volume over free drug administration.

Park et al. also used folic acid as a targeting ligand but
with a different folate conjugation strategy. In this case, folic
acid was attached to the hydrophobic end of PEG-PCL block
copolymer. Paclitaxel was then encapsulated (40,41). While it
is unusual to couple a targeting ligand to the hydrophobic
portion of the micelle, the authors reported folate to be

Table II. Comparison of Clinical Pharmacokinetics for Different Micellar Nanocarriers and Corresponding Commonly Used Formulations

Formulation Free DOX" SP1049C* NK911¢ Doxil®” Taxol®® Genexol®
Drug DOX DOX DOX DOX Paclitaxel Paclitaxel
Carrier DOX-HCI in Pluronic micelles, PEGS5k-pAspso- PEG-stabilized Cremophor® PEG-PLA

0.9% NaCl mixture of L61 (DOX) 45micelles liposome EL

and F127

Diameter (nm) - 22-27 40 80-90 - 20-50
No. Patients 8 26 23 14 34 21
tj2o (min) 2.4+0.9 6.0+2.7 7.5+0.7 84 21.8+13.9 -
tiap (h) 0.8+1.1 24+2.1 2.8+0.3 459 8.9+1.8 11.0+1.9
tiay (h) 25.8+11.4 50.2+29.2 64.2+8.9 - - -
Vi (L/kg) 24+12 - 14.9+3.6 0.08 - -
Cp (ml/(min kg)) 14.4+5.6 12.6+0.6 6.7+1.1 0.02 39+1.1 4.8+1.0
MTD (mg/mz) 50 70 67 50 230 390
AUC pg h/ml 1.6t1.1 1.8+0.3 33£0.4 902 25+6.5 275182
Reference (29) (1) 2) (30) (31) 3)

“Reported pharmacokinetic data at dose of 50 mg/m?.

> Only two doses were tested in this trial, 25 and 50 mg/m?, the reported values are at 50 mg/m?.

“Reported pharmacokinetic data at 230 mg/m?.
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-Targeting ligands
-pH sensitivity
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Fig. 2. Schematic diagram of functionalized polymer micelles with
active targeting to tumors and responsive drug release properties.

present at the surface of the micelles via X-ray photoelectron
spectroscopy (XPS) studies. These folate-encoded micelles
were tested against non-malignant human fibroblasts and two
cancer cell lines (MCF-7 and HeLa 229 cells). While non-
targeted PEG-PCL micelles did not show significant toxicities
in all three cell lines (15-22% cell death), the folate-encoded
micelles increased toxicity in the two cancer cell lines (44-45%
cell death) with folate receptor expression, but not in the
normal fibroblasts (20%). Side-by-side comparisons of folate
conjugation through hydrophilic PEG vs. hydrophobic PCL
terminal ends should provide useful insight on the ligand
functionalization strategy.

Micelles functionalized with peptide ligands. Small, tightly
binding peptides have also been utilized for cancer-targeted
drug delivery. The polypeptide nature of these ligands allows
for optimization of ligand behavior via adjustment of the
peptide sequence or conformation. One example of this is the
cRGD peptide which targets the a,B5 integrin. This integrin is
a cellular transmembrane protein that has not only been
shown to greatly affect tumor growth, local invasiveness, and
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metastatic potential, but is also not readily detectable in
quiescent vessels (42-44). Moreover, this membrane receptor
is highly expressed in angiogenic vessels, making it a target for
treating tumors, which are in a constant state of new
vasculature growth. Cyclic(Arg-Gly-Asp-D-Phe-Lys) (cRGD)
peptides have been developed by Kessler et al. to provide
specific binding to a,f; integrins, proving to be 170 times more
active than the linear form with an ICsy of 8 nM (45-49).
Cheresh et al. have used ligands targeting the o,B; integrin to
induce complete tumor regression via targeted gene delivery
(50). Previous work in our lab has established the formation of
cRGD-labeled polymer micelles and micelle targeting to o, B3-
overexpresing tumor endothelial cells (SLK cells) (51).
Maleimide-terminated poly(ethylene glycol)-poly(g-caprolactone)
(MAL-PEG-PCL) copolymer was synthesized and conjugated
to cRGD ligand after micelle formation. Doxorubicin was
encapsulated inside the micelle core and its intrinsic fluores-
cent properties (Aex=485 nm, Ae;, =595 nm) permit for the
study of cell uptake by flow cytometry and confocal laser
scanning microscopy. Flow cytometry studies show that the
percentage of cell uptake increased with increasing cRGD
density on the micelle surface. With 5% cRGD surface
density, a modest threefold increase of cell uptake was
observed, while a more pronounced 30-fold increase was
observed by flow cytometry with 76% cRGD attachment. In
the presence of excess free RGD ligands, the o,p;-mediated
cell uptake can be completely inhibited (51).

Micelles functionalized with carbohydrate ligands. Asia-
loglycoprotein receptor (ASGPR) is a membrane lectin
receptor that is commonly found in liver cells (52). Carbo-
hydrate molecules such as galactose and mannose are found
as specific ligands to this receptor (53,54). As it is relatively
particular to the liver, ASGPR-based strategies have been
used to target drugs for treatment of liver diseases (55). In
addition to being present in normal liver cells, ASGPR is also

Table III. Ligand-targeted Micelle Formulations

Polymer Micelle Size In Vitro Animal
Ligand Type Ligand Composition (nm) Drug Model Model Ref
Small Organic Folic Acid PEG-PLGA 105 DOX KB cell KB in nu/nu (38)
Molecule mouse
Folic Acid PEG-Dox 200 DOX KB cell, A549 KB in nu/nu (39)
mouse
Folic Acid PEG-PCL 50-130 Paclitaxel MCF-7, HeLa (40,41)
Peptide cRGD peptide PEG-PCL 20-40 DOX SLK (51)
Carbohydrate Galactose poly(L-benzyl 104 Paclitaxel P388, SK-Hep 01, (57)
l-glutamate)- HepG2
PEG
Lactose, Galactose, PEG-PLA 3842 (58)
Mannose,
Glucose
Galactose PEG-PLA 32 (59)
Lactose PEG-PLA 20-40 (60,61)
Antibody Anti-GFA Ab Pluronic Not reported  Haloperidol Mouse (62)
mAb 2C5 mAb 2G4 PEG-PE 20 Paclitaxel LLC,EL4 T, LLC in C57BL/  (63)
BT20 6J mice
RNA Aptamer Anti-PSMA PEG-PLA 168 Docetaxel LNCaP LNCaP in (66,67)
aptamer BALB/c

mouse
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Fig. 3. Confocal laser scanning microscopy of DOX fluorescence of SLK cells after incubation for 1 h with a 0%, b 50% pre-, and ¢ 50% post-
micelle ligand attachment, respectively. DOX fluorescent images were obtained with A¢x =485 nm, Aep, =595 nm. The scale bars are 20 um in
all three images. d Relative mean fluorescence intensity of 50% cRGD-DOX micelle with pre- and post-micelle ligand attachment in SLK

tumor endothelial cells as measured by flow cytometry. *Fluorescence intensity corrected for non-targeted DOX-containing micelles.

overexpressed in hepatocellular carcinoma (56), which makes
it a useful target for liver-specific chemotherapy. Cho et al.
synthesized galactose-conjugated poly(ethylene glycol)-co-
poly(y-benzyl L-glutamate) block copolymer (gal-PEG-b-
PBLG), and loaded paclitaxel inside the micelles (57). In
vitro cytotoxicity studies showed that an ASGPR-expressing
cancer cell line had greater uptake of these micelles with a
30% increase in cytotoxicity compared to an analogous non-
ASGPR expressing cell line SK-HepO1.

Kataoka et al. developed carbohydrate-conjugated
PEG(4.9 kD)-b-PLA(4.5 kD) micelles and evaluated their
binding affinity to a representative cell surface receptor,
ricinus communis lectin in vitro (58-61). First, galactose and
glucose were attached to a PEG-PLA copolymer (58). The
chemistry is of note since the ligand was used as the initiator
from which the PEG-PLA was synthesized through ring-
opening polymerization. The high reaction efficiency and low
polydispersity of the resulting copolymer allowed for the
formation of micelles with up to 90% of the PEG chains
functionalized with ligands.

The carbohydrate lactose was also used to produce
targeted PEG-PLA micelles (60,61). In this case, a different
but equally noteworthy chemistry was used to make the
micelles, 3, 3’ diethoxypropanol (DEP) was used to initiate
the ring opening polymerizations and the resulting acetal-
PEG-PLA was then self-assembled into micelles and incu-
bated at pH 2 whereupon the acetal converts to an aldehyde.
The aldehyde end groups on the micelle were then reacted
with an amine-containing lactose via Schiff base formation,
which was then reduced using NaH3;BCN. This chemistry has
the advantage of creating low polydispersity block copoly-
mers while keeping the versatility of allowing any amine-
containing ligand to be attached to the micelles. Lectin
binding studies of the resulting micelles demonstrated
multivalent advantage of micelles over ligand-conjugated
small molecules (60,61). As an example, 80% functionalized
lactose-encoded micelles were found to bind in a trivalent
manner with fast association kinetics (k,=3.2 x 10* M~!s™1)
but very slow dissociation constants (kq=1.3 x 10™*s™"). This
multivalent effect increased the association constant by over
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Fig. 4. Scheme showing hypothesized ligand availability through ligand attachment before (top path) or after micelle formation (bottom path).

twofold while decreasing the main dissociation constant by
145-fold compared to the 20% functionalized micelles, which
behaved like monovalent systems. This was attributed to the
additional ligands being able to bind to additional surface
receptors after initial binding. This additional binding helps
micelles to remain attached to receptor covered surfaces and
prevents detachment.

Micelles with monoclonal antibodies as targeting ligands.
Another promising class of tumor targeting ligand is cancer-
specific monoclonal antibodies. These large (~150 kD) and high
affinity (Kd ~ 0.1 nM) ligands have the advantage of being able
to be customized to bind specifically to a large variety of targets
such as cancer cell specific antigens. These were among the first
ligands used for micelle targeting, with Kabanov et al. using
them to target haloperidol loaded pluronic micelles (the major
application proposed was for psychiatric treatment). Brain
specific antibody conjugation increased the neuroleptic action
of the loaded micelles by fivefold over non-targeted micelles and
20-fold over free drug (62).

Torchilin et al. developed these ligands to target micelles
to lung cancer cells. Diacyllipid-PEG-conjugated polymer
(PEG-PE) micelles were functionalized with one of two
antibodies, either an anti-cancer monoclonal antibody (mAb
2C5), or an anti-myosin mAb 2G4 (63). Both antibodies
retained their ability to bind to their substrates after
conjugation to micelles. Moreover, the 2C5 antibody targeted
micelle was loaded with paclitaxel and induced a fourfold
increase in drug accumulation at the tumor after 2 h, with a
corresponding increase in anti-tumor efficacy. Another
advantage of the use of antibodies is their high binding
affinity that can result in improved behavior with as few as
ten antibody ligands per micelle. As high levels of surface

modification can lead to unintended non-specific uptake of
micelles, it is a great advantage to be able to target micelles
with small levels of surface modification. These immunomi-
celles illustrate this, showing increased tumor accumulation
and anti-tumor efficacy but no significant change in blood
clearance rate from the non-targeted control samples (63).
Micelles functionalized with aptamers. Aptamers are
DNA or RNA oligonucleotides that can be identified from
screening a random library to specific molecular targets
(64,65). These agents are stable in vitro, tumor specific,
generally considered non-immunogenic and provide a new
targeting platform for micellar drug delivery applications.
Farokhzad et al. used an RNA aptamer for the prostate-
specific membrane antigen (PSMA) to target PEG-PLA
micelles to prostate tumors (66,67). These nanoparticles
showed specific binding to PSA-expressing cancer cells, with
the aptamer inducing a 77-fold increase in binding versus the
control group (66), and were subsequently loaded with
docetaxel and examined in prostate cancer treatment (67).
In vitro assays using LNCaP prostate cancer cells demon-
strated that aptamer-encoded micelles had a significantly
increased cytotoxicity over non-targeted counterparts (the
targeted particles showing roughly 50% greater lethality). In
vivo studies were carried out via intra-tumoral injection of
the micelle nanoparticles into LNCaP xenografts in a nude
mouse model. The targeted nanoparticles were able to not
only show significant increase in anti-tumor efficacy over
their non-targeted control, but they were also able to induce
total tumor regression in five of the seven mice in the group
(in comparison, the non-targeted nanoparticles resulted in
only two of the seven mice). In addition, the surviving mice
also showed lesser levels of systemic toxicity as determined
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by weight loss, than the mice treated with non-targeted
counterparts. The presence of DNA or RNA degrading
enzymes in the blood may prevent the use of these ligands
during intravenous administration, however their initial
promise warrants exploration of methodologies (such as
development of aptamer analogues) that can increase the in
vivo stability.

Strategies to optimize ligand presentation. Ligand target-
ing strategies have had mixed results, with some instances of
striking success (38,39,68,69) as well as some with less than
successful outcome (70,71). In the latter cases, lack of ligand
binding had been attributed to the dynamic nature of the
PEG corona which can take on conformations that buries
the ligand within the hydrophilic chains (70). Moreover, the
polydisperse nature of the PEG chains contributes to this
problem as ligands can attach to shorter PEG chains and end
up shielded by longer chains. These factors indicate that
components within the micelle design can have a negative
impact on the binding of attatched targeting ligands to cell
surfaces. These considerations have led to a series of studies
and micelle designs aimed at optimizing the binding efficien-
cy of the targeted micelles, focusing on methods that
minimize the shielding effects of the PEG corona and
maximize the chemical availability of the targeting ligand.

Ligand optimization strategies have been explored
experimentally by our laboratory. In this case, a single
ligand/micelle system was used, but two different strategies
were applied for ligand attachment to the micelle. In one
case, the cRGD ligand was attached to the PEG-PLA
copolymer before micelle self assembly. In the second case,
the micelles were assembled first, and the ligand attached
afterwards, a method that would ensure that the ligand was
attached to chemically available sites on the micelle surface.
In both cases, doxorubicin was loaded into the micelles and
uptake measured by doxorubicin fluorescence. As shown in
Fig. 3, ligand attachment before micelle assembly (Fig. 3b)
led to only a modest increase in cellular uptake when
compared to a non-targeted micelle control (Fig. 3a).
However, cRGD attachment to already formed micelles
resulted in a marked increase in uptake (Fig. 3c), suggesting
that the alternate ligand attachment route aided ligand
availability. Confocal microscopy demonstrated this as well
as flow cytometric studies (Fig. 3d). Although the two
methods would appear to be similar, they are different upon
consideration of the polydisperse nature of the PEG corona.
As Fig. 4 illustrates, when the ligands are attatched to the
copolymer before micelle formation, they are likely conju-
gated to the shorter PEG chains within the population and
suffer from shielding effects (Fig. 4, top path). This may be
worsened by higher chemical reactivity of shorter polymer
chains, which induces an additional selection pressure for
ligands to be tethered to the short chains. There is also the
possibility that some hydrophobic ligands may have aggre-
gated inside the micelle core rather than being presented at
the surface. In contrast, the post-micelle ligand addition
strategy would select for ligands attaching to longer PEG
chains which aids in ligand presentation for subsequent
binding to cell surfaces (Fig. 4, bottom path).

Computer modeling has also been used to investigate
ways to optimize ligand presentation to improve targeting.
Chen and Dormidontova explored ligand valency and
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bidisperse PEG layers as methods to increase ligand presen-
tation (72) (Fig. 5). As cells are very large (~10 pm in
diameter) in comparison to micelles (10-100 nm), the cell
surface was modeled as a flat plane and the micelle corona
modeled as a polymer brush with surface binding ligands on
the chain ends. In this case, it was found that multivalency
did aid in binding ability, but only when the receptors were
closely packed on the cell surface. This can also be used to
aid in ligand choice, as some ligand receptors, such as the
oyP3 integrin, are known to cluster together upon binding
(73), bringing the receptors closer together and aiding in the
efficacy of multivalent ligands. Moreover, use of a bidisperse
corona design where the ligand is conjugated on the terminal
end of longer PEG chains but the corona is composed of
shorter PEG chains, also leads to a theoretically increased
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Fig. 5. a Schematic describing the tetravalent/monovalent ligand
design and bidisperse PEG corona layers to enhance ligand
presentation. See reference (72) for more details. b Free energy
diagram describing the binding energy profile for the ligand/corona
types (72).
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Table IV. Micelle Formulations that Allow for Site-specific Drug Release
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Polymer Composition Release Mechanism Size (nm) Drug Cancer Cell Line  Animal Model Ref
pH Sensitivity
Acid Labile Bonds
(Covalent)
PEG-PLA-DOX Acid Labile Bond 89 DOX HSB-2 (75)
PEG-p(Asp-Hyd- Acid Labile Bond 65 DOX SBC-3, KB cells, Mouse (76-78)
DOX) C26
PEG-Acetal Linked Acid Labile Bond 35 Nile red, DOX MDA-MB-231 (79-81)
Dendritic Polyster/
Polylysine
Non-covalent pH Sensitivity
Hydrophobic Core
Cationic Porphyrin Charge Neutralization 55 Porphyrin LLC (82-83)
Dendrimer, PEG- dendrimer
pAsp
PEG-DMA-DEA Amine protonation 30-50 Dipyridamloe (84)
PLA-PEG PHis-PEG Histidine protonation ~ 50-114 DOX MCF-7 BALB Mice (85,87,88)
Pluronic+ B-amino ester ~ Beta amino ester 130 Paclitaxel BT-20, MDA- Nu/Nu Mice (90-92)
protonation MB-231
pNIPAM Coplymer Protonation of 160-200 DOX (93)
Undecanoate
pNIPAM coplymer Protonation of 35 AICIPc EMT-6 (94-96,129)
Undecanoate
Hydrophillic Core
PEG-EAMA Nanogel Swelling 49-681 97)
PEG-PMA Nanogel Swelling 130 Cisplatin (98)
Temperature Sensitivity
PNIPAM- LCST Transition 12-31 DOX Bovine Aorta (23)
Endothelial
PNIPAM-PLA LCST transition 40-65 DOX Bovine Aorta (105)
Endothelial
PNIPAM-PBMA LCST Transition 338 DOX Bovine Aorta (24)
Endothelial
PNIPAM-copol-PLGA LCST Transition 85-120 Paclitaxel MDA-MB-435S (103,105,107)
Cholesterol Endcapped =~ LCST Transition 100-200 Pyrene (103)
Acrylamides
Ultrasound Activation
Pluronic, PEG-lipid Ultrasound 12.9 DOX, Ruboxyl HL-60, A2780, Nu/Nu mice (115-120)
A2780/ADR,
MCF-7
NNDEA Pluronic Ultrasound 50-100 DOX HL-60, DHD/ BDIX Rat (121-124)
K12/TRb
Enzyme Response
PEG-Peptide Phosphorylation 50-100 (125)
pNIPAM
Oxidation
PEG-Polysulphide Sulphide Oxidation 75 (126)

binding affinity (as calculated via free energy minimum in
Fig. 5b). In this case, the shorter PEG chains provide a steric
barrier preventing the ligand from curling back into the
micelle corona layer.

The use of ligand targeting strategies in micelles has
enabled the development of site-specific nanodevices with
improved uptake and efficacy. Advances in the understand-
ing of tumorigenesis have led to the discovery of a growing
number of unique surface markers whose expression differ-
entiates tumor from normal tissue and provides a means of
achieving active targeting to tumors. This variety of ligands
allows for the customization of micelles to a diverse number
of cancer types.

SITE-SPECIFIC DRUG RELEASE

Drug encapsulation inside polymer micelles will considerably
alter drug pharmacokinetics leading to an increase in drug tar-
geting to tumor tissues. After reaching the targeted site, efficient
drug release from micelle carriers becomes critically important to
ensure drug bioavailability, and hence achieve the desired
cytotoxic effect. In the section below, we review the various
engineering strategies concerning the tailoring of micelle struc-
tures to trigger drug release at the tumor site. Table IV provides
an overview of micelles designed for site-specific drug release.

pH sensitive drug release. Despite the general impres-
sion that the body has a uniform pH of 7.4, intravenously
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administered nanodevices can encounter several instances of
pH change that can facilitate drug delivery. Firstly, tumors
tend to have lower pH values (as low as 5.7) than normal
tissue environment (pH 7.4) (74). This acidification is due to
the general characteristic of cancer cells to rely on glycolysis
for metabolism. Changes in pH are also encountered once
nanodevices enter cells via endocytosis. Endocytosis is the
sequestration of the nanocarriers into an early endosome,
which is accompanied by an increase of acidity inside the
vesicle as it matures into late endosomes and heavily
degradative lysosomes (pH 5.0-5.5). Both the acidic nature
of tumor tissue and endocytosis provide ample applications
for pH responsive micelles which release their contents upon
exposure to acidic environments. Two strategies are general-
ly used to induce pH sensitivity into a micellar system. The
first is a covalent strategy involving the use of acid-labile
bonds, while the second is a non-covalent strategy involving
the selective protonation of pH-sensitive components inside
the micelle.

Acid-labile bonds. pH sensitivity can arise from the
creation of an acid labile linkage between the drug and the
polymer forming the micelle (75-78). Covalent modification
of the polymer with the drug allows for extremely high
loading since the drug is itself an integral part of the micelle
rather than merely an encapsulated agent during micelle
formation. However, the main disadvantage of this method is
the requirement of functional groups on the drug molecule
that can be covalently modified, and since not all drugs are
capable of being conjugated to a polymer in such a way, the
scope of this method is limited. The most effective uses of
acid labile bonds have been the direct conjugation of
doxorubicin to the hydrophobic portion of a micelle forming
block copolymer. Initially this was demonstrated by Park et
al., who used either a hydrazone or cis-acotinyl bond to link
doxorubicin to the PLA end of PEG-PLA micelles (75).
Although the cis-acotinyl linkage has a greater level of pH
sensitivity in drug release with a roughly tenfold increase in
release rate at pH 5.0 over 7.4, the cis-acotinyl linkage results
in the release of a chemically modified drug whereas the
hydrazone linkage, with a roughly fourfold increase in release
rate, degrades cleanly and releases unmodified drug. The
hydrazone linked micelles also have a fivefold greater
cytotoxicity than free drug, given that endocytosis leads to
greater uptake in the micellar DOX than passive diffusion
does of the free drug. Though the PEG-PLA end modifica-
tion in this case leads to favorable results, drug conjugation
solely on the end group leads to a functional micelle with a
relatively low loading (3.7%).

Kataoka et al. took a different approach and conjugat-
ed the drug to the aspartic acid residues of a polyethylene
glycol poly (aspartic acid) (PEG-pAsp) copolymer via a
hydrazone linkage (76-78). Though the precursor block
copolymer is fully hydrophilic, the bonding of doxorubicin
to the aspartic acid residues induces hydrophobicity in the
pAsp segments. The resulting micelles achieved a DOX
loading content as high as 42.5%; to date the highest drug
loading content reported in a micelle of this size (less than
100 nm). These micelles had almost no release of drug at pH
7.4 (less than 3% after 48 h) but released drug in solutions of
pH 5.5 with 25% of the drug released after 48 h. Near
complete release of drug was observed at pH 3.0, with HPLC
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analysis demonstrating release of functional drug. Though
these micelles have less in vitro cytotoxicity than unconju-
gated drug (the ICsq of micelles being tenfold that of DOX),
it was demonstrated via fluorescence microscopy that the
micelles were indeed taken up by the cells after 3 h of
exposure and drug released to the nucleus. In vivo studies
demonstrated the utility of this micellar system. Biodistribu-
tion studies showed that while only 2% of free drug deposits
in the tumor, micellar encapsulated drug improves this value
to 10%. This additional tumor deposition was accompanied
by a great increase in the tolerance for drug (15 mg/kg
for free drug, compared to 40 mg/kg for micelle encapsu-
lated drug). The micelles were then able to not only
demonstrate greater tumor growth inhibition in mice, as
well as induce complete tumor regression in 50% of the
mice tested, outperforming the highest tolerated doxorubi-
cin dose which only resulted in a complete cure in 17% of
the mice (78).

Acid-labile bonds have also been used as a structural
component of the micelle polymer backbone (79-81). In this
way, the micelle itself can degrade as a function of pH
resulting in a micelle that should be pH sensitive regardless
of the drug used. These micelles are designed to release drugs
as a result of acid catalyzed polymer degradation. Frechet
and co-workers achieved this in a micellar system using
hydrophobic groups attached to the hydrophobic dendrimer
ends of a PEG-dendritic polylysine or PEG-dendritic poly-
ester copolymer. These terminal hydrophobic trimethoxy
benzyl groups were linked to the dendrimer via acid-sensitive
acetal linkages. These unusual copolymers self-assembled
into small micellar nanoparticles of between 20 and 50 nm
with cores designed to degrade via acid catalyzed hydrolysis.
Hydrolysis of the structures could be directly followed by
UV/Vis spectrometry due to trimethoxybenzaldehyde resi-
dues that are released from the micelles upon degradation.
The acetal group is easily hydrolyzed under acidic conditions
and the resulting micelles show pH dependent degradation
that is alterable via the change of the characteristics of the
non-acetal portion of the hydrophobic dendrimer, with more
hydrophilic cores degrading more quickly than more hydro-
phobic ones. In most cases, the amount of degradation seen at
pH 7.4 was negligible (less than 5%) after 24 h, but high levels
of degradation (80-100%) could be observed under pH 5.0
conditions for the same time period (79,81). In order to
explore the use of this system for drug delivery, doxorubicin
was loaded into these micelles. The DOX loaded micelles
showed favorable size and loading (35 nm, 12% loading) and
excellent pH sensitivity in their release, with a tenfold
increase in release rate at pH 5.0 over pH 7.4. In order to
account for innate DOX pH sensitivity, controls were
performed by releasing DOX from a comparable non-pH
responsive micellar assembly which showed only a twofold
increase in release at acidic pH.

Non-covalent strategies. The other commonly used
method to achieve pH sensitivity is a non-covalent strategy
whereupon an ionizable component within the micelle
structure alters conformation upon protonation. As an
example, Kataoka et al. used charge—charge interactions to
build a micelle core carrying a positively charged zinc
porphyrin dendrimer. The core of the micelle in this case is
composed of a positively charged porphyrin dendrimer which
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has been neutralized by the negatively charged residues of a
PEG-poly(L-aspartic acid) copolymer. This micelle is stable
at neutral pH, but at pH above 8 or below 6, these micelles
destabilize due to loss of charge balance in their core. This
pH dependent stability results in a system which will remain
stable until it is taken up by cells, whereupon the micelle will
degrade after cellular uptake. These spherical 55 nm particles
demonstrated roughly one third the uptake of non-encapsu-
lated photosensitizer due to charge neutralization of the
porphyrin preventing charge—charge interactions of the
positively charged porphyrin with negatively charged cell
membranes. While the uptake of the porphyrin was impeded
by micelle encapsulation, the photodynamic efficiency of the
micelles was 40 times higher than that of free porphyrin, a
result of the micelle preventing porphyrin aggregation (82,83).

Whereas the above system uses a polyanion in the
micelle, it is more common to build pH responsive micelles
based on hydrophobic polycationic systems. Tang et al. de-
signed a triblock polymer of PEG, poly (2-(dimethylamino)
ethyl methacrylate) (DMA), and poly(2-diethylamino)ethyl
acrylate (DEA) resulting in a system that dissolves completely
in acidic solution but forms micelles at high pH (pH 8.0).
Pyrene exclusion studies demonstrated that these micelles
reversibly form at pH 7.0 and above, and break apart when the
pH is less than 6.0. This group used the acid sensitivity of this
copolymer alongside an acid sensitive model drug (dipyrida-
mole) to make a high loading micelle (19%) without a
requirement for organic solvent. Acid sensitive release of the
agent was observed with a 50% increase of drug release at pH
3.0 over that at pH 7.4 (84).

Bae et al. used a block copolymer of polyethyelene
glycol and poly(L-histidine) (PEG-pHis) to fabricate pH
sensitive micelles (85-88), where the histidine residues are
hydrophobic at neutral pH (histidine has a pKa of 6.1) but
protonate at the endosomal pH (5.5), resulting in a buffering
effect that can induce micelle destabilization (85,87,88).
Titration studies confirmed that the polyhistidine residues
retained their buffering capacity within the physiologically
relevant range between pH 8.0 and 6.0. Variable protonation
of the histidine residues resulted in a copolymer whose CMC
was tenfold greater at pH 5.0 than 7.4. Pyrene exclusion
assays and light transmittance studies both confirmed that the
micelles underwent dissociation when suspended in buffers
with pH below 7.4. PEG-pHis micelles are unstable at pH 7.4
(85), but inclusion of a more stable PEG-PLA component to
the micelle formulation resulted in micelles stable enough for
clinical use (88). The inclusion of the second component also
brings the activation pH to between 6.6 and 7.2, making these
micelles viable for tumor targeting via pH changes. These
micelles were further functionalized with folate targeting
ligands and are more comprehensively discussed in the
section on ‘multifunctional micelles.’

Recently, the pH dependent solubility of poly(B-amino
ester) (89) has been established for the creation of pH-
sensitive micelles (90-92). These biodegradable polymers are
hydrophobic at neutral pH but can become fully soluble at
pH below 6.1. This pH dependent solubility can lead to
almost instantaneous release of their contents from micro-
particles upon acidification (89). Amiji et al. used a strategy
of surrounding a hydrophobic poly(B-amino ester) core with
a PEG corona from the pluronic copolymer F108 (90-92) in
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order to fabricate nanoparticles. These resulting micellar
nanoparticles were loaded with paclitaxel (90) and found to
form particles between 100 and 150 nm in diameter with
loading content of 1% but a remarkable loading efficiency of
97%. In vitro microscopy studies using FITC encapsulated
particles were used to demonstrate intracellular release. The
pH sensitive particles showed release of FITC into the
cytoplasm of the cells while a non-pH sensitive FITC
nanoparticles control showed punctate fluorescence indica-
tive of no release (91). In vivo studies demonstrated that the
pluronic modified B-amino ester nanoparticles shared the
long residence times and improved half-life that is seen in
similar nanoparticles, but shows improved drug deposition in
the tumor over not only free drug (23-fold improvement) but
also over non-pH sensitive pluronic PCL nanoparticles
(threefold improvement) (92).

To a lesser extent, poly(N-isopropylacrylamide) (pNI-
PAM) has been used in the design of pH sensitive micellar
systems. Although pNIPAM is most known for its lower
critical solution temperature (LCST) behavior in water, the
temperature of the LCST can be adjusted by the incorpora-
tion of hydrophobic groups and titratable moieties such as
undecanoic acid (93) or methacrylic acid (94-96) to the
backbone. In the undecanoic acid case, copolymerization into
a poly(N-isopropylacrylamide) backbone in order to act as a
titratable group results in a temperature sensitive polymer
becoming pH sensitive one. At physiological pH (7.4), the
acid is deprotonated and the resulting polymer has a higher
than body temperature LCST (38°C), however at lower pH
(4,5), the acid becomes neutral and lowers the LCST (29°C).
The resulting polymer can have an LCST above 37°C which
will shift below this point in response to pH. As a result, it is
believed that these polymers will become hydrophobic inside
the endosome and disrupt the endosomal vesicle in the cell.
Polymer micelles containing DOX were fabricated and a
threefold increase of DOX release was observed upon a very
sharp pH change of 6.6 over 7.4.

More extensive exploration has been done using pNI-
PAM with methacrylic acid and octadecylacrylate as the
titratable moieties (94-96). This strategy allowed for the
customization of the polymer solubility to be water insoluble
above pH 6.0, but to solubilize completely at pH below 5.5.
Despite the random copolymer structure, these polymers
were able to form small nanoparticles of 35 nm. The small
size, lack of surfactant required in creation, and critical
aggregation concentration suggest micellar characteristics,
such as a hydrophilic corona preventing aggregation, leading
to the conclusion that these nanoparticles are indeed
micelles. The photosensitizer aluminum chloride phthalocy-
anine (AICIPc) was incorporated into these micelles for
applications involving photodynamic therapy against tumors.
In vitro studies demonstrated the efficacy of this encapsulat-
ed photosensitizer against EMT-6 mouse mammary cells with
the micelles showing no toxicity unless exposed to light, after
which the LDy, was found to be 6 pm after 24 h of light
exposure (94). Subsequent studies demonstrated these mol-
ecules were effective in vivo in EMT-6 flank tumors, with the
micellar formulation providing complete tumor regression
observed at a dose of 0.25 pmol/kg (95).

Hydrophilic core micellar systems have also been
developed for the purpose of pH sensitive drug release.
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These systems function by creating a cross-linked hydrophilic
core which swells and contracts in response to pH much like
a hydrogel. Hayashi et al. used emulsion polymerization of a
PEG-vinyl benzene with 2-(diethylamino)ethyl methacrylate
using a diacrylate as a crosslinker to design such a system
(97). These nanogels could be as small as 49.5 nm but
swelled to over double their previous size within a very small
and biologically relevant pH range (7.4-6.0). Kabanov’s
group used a similar strategy in his crosslinked PEG-
poly(methacrylic acid) micelles (98). First calcium was used
to induce micellization followed by crosslinking with a
diamine. These micelles swelled under basic conditions as
the acidic residues would deprotonate and a negative charge
would build up within the micelle core, almost doubling the
micellar size from 170 to 290 nm. Cisplatin could also be
loaded into these cross-linked micelles with a 55% loading
efficiency. And while the nanogel strategy for cancer targeted
micelles is currently in its infancy, the large pH induced size
variations suggest this strategy has a bright future.

Temperature sensitive drug release. The ability to raise
local temperatures inside the body makes temperature trig-
gered drug release a viable strategy in site-specific drug release
(99). Additionally, tumors have been shown to be more
vulnerable to hyperthermia than normal tissue as a result of
their chaotic vasculature (99). These two factors give temper-
ature sensitive nanosystems the capability of providing a
synergistic therapy, whereupon the elevated temperature not
only causes local drug release but also serves to inflict
additional damage to tumor cells. Elevated temperatures have
also been proposed as a way to induce micellar aggregation at
the tumor site, improving biodistribution of the administered
agent. In the case of the creation of temperature sensitive
micelles, the most common technique is the use of an LCST
behavior polymer as the corona of the micelle (23,24,100-104).
The most extensively used polymer for this purpose is Poly(N-
isopropylacrylamide), or pNIPAM. Pure pNIPAM homopoly-
mer has an LCST of 32°C which can be adjusted by random
copolymerization with monomers such as dimethylacrylamide
in order to obtain LCST values within a desired range. The
resulting micelles are stable below the LCST, but temperature
increase above the LCST induces the entire system to be
hydrophobic and precipitate out of solution.

Okano et al. initially used polystyrene (PS) to form the
hydrophobic core while pNIPAM was used for the thermo-
sensitive corona (23). The resulting micelles had a transition
temperature of 32°C and did indeed show reversible aggre-
gation behavior as shown by optical transmittance. Unfortu-
nately, they did not show temperature-triggered drug release.
An alternative was later found by this group in a hydrophobic
core of poly(D,L-Lactide) (105). The pNIPAM/PLA micelles
also showed reversible aggregation behavior, but again had a
transition temperature that was too low for immediate in vivo
use (32°C). This group developed a temperature responsive
release system by using a low Tg hydrophobic polymer such
as poly(butyl methacrylate) (PBMA) (24) as the core-
forming segment. pPNIPAM-bPBMA micelles showed revers-
ible aggregation at a transition temperature of 34°C, and
could be loaded with doxorubicin with a pronounced
temperature release sensitivity, only 15% of the drug was
released after 15 h at 30°C, as compared to a temperature to
37°C, where 90% drug release in the same time period. The
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release could also be conditionally switched on and off using
temperature cycling. Additionally, these micelles demon-
strated temperature sensitive cytotoxicity, since the loaded
micelles showed almost no toxicity at a 0.1 pg/ml dose at
29°C (less than 5% cell death) but greatly increased toxicity
when the temperature was increased to 37°C (65% cell
death). In order to determine the mechanism for release,
fluorescent probes were incorporated into these micelles,
revealing alterations in the core micropolarity upon heating
despite the fact that the core itself is not thermoresponsive. It
was proposed that a low Tg polymer core (PBMA has a Tg of
20°C) is more subject to core deformation than a high Tg core
upon temperature transition of the corona forming polymer.
Side-by-side comparisons with an analogous system using a
high Tg core (polystyrene core, Tg=105°C) confirmed this
hypothesis, as the higher Tg core micelles were designed to
have the same LCST corona behavior as the lower Tg system,
but showed little or no temperature dependent cytotoxicity or
drug release (106). This group refined the design further by
incorporating hydrophobic dimethylacrylamide (DMA) into
the pNIPAM segment in order to raise the LCST tempera-
ture (105,107). These resulting systems were able to show
biologically relevant transition temperatures as high as 42.5°C.
The core polymer used, in this case, was PDLA, chosen for its
low Tg (35°C). The DOX loaded pNIPAM-coDMA-bPDLA
micelles was sufficiently mobile for temperature sensitive
doxorubicin release (4-5-fold faster release at 42.5°C over
37°C), and temperature sensitive cytotoxicity was retained
despite the higher Tg core.

pNIPAM/PLGA micelles have also been reported
(93,108) by Yang et al. In this case, pNIPAM copolymeriza-
tion with dimethylacrylamide (DMMAAm) resulted in
materials with a desirable LCST of 39°C. The low Tg core
of these micelles was also able to be sufficiently deform for
temperature sensitive drug release, in particular when the
PLGA segment length was short when compared to the
hydrophilic region. This demonstrates a balance that must be
considered when designing these systems, for longer hydro-
phobic segments appear to result in larger drug loading
contents but a lesser intensity of temperature sensitivity to
the release kinetics. In this case, paclitaxel was loaded in the
micelles, rather than DOX. The more hydrophobic nature of
paclitaxel allowed for very high loading (20%) and functional
loading efficiency (50%). Fine tuning of the temperature
sensitive and hydrophobic segment lengths allowed for the
creation of a system which showed temperature sensitivity
over a very tight range, with a fourfold increase in paclitaxel
release and eightfold increase in cytotoxicity at 39.5°C over
those at 37°C.

Other methods have been used to adjust the LCST
behavior of pNIPAM. Hydrophobic grafting and end capping
also results in polymers capable of temperature sensitive
micellar systems (103). These systems tend to produce larger
micellar particles than block copolymer strategies, but
manipulation of the LCST behavior of the materials simply
consists of adjusting graft density or copolymer content. Liu
et al. attached cholesterol onto a pNIPAM copolymer in this
fashion, resulting in an amphiphillic polymer capable for
forming micellar constructs and encapsulating drug (103).
Cholesterol end-capping resulted in a polymer with an LCST
too low for use in vivo (33°C), but the grafting strategy
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resulted in a material with LCST in the desirable range of
slightly above body temperature (38°C). In spite of this,
temperature increase only induced a roughly 50% increase in
drug release, possibly due to the inability of the pNIPAM
transition to sufficiently deform the micelle core.

Ultrasound-triggered drug release. Ultrasound is used in
medicine for diagnostic and therapeutic applications and has
proven to be a non-invasive method to access and treat many
problems including strokes, osteoporosis, and cardiovascular
disease (109). This method is also currently being explored as
a trigger for drug release for either implanted drug depots
(110) or injected nanodevices such as liposomes (111). The
complexity of interactions of tissue with ultrasound gives
insight as to the utility of this method for drug delivery. The
most immediate effect is the local increase in temperature of
the exposed tissue as a result of ultrasound waves which was
shown to be sufficient to induce drug release in appropriately
designed micelles. Cavitation also occurs, where small
oscillating bubbles are rapidly produced and collapsed. This
exposure has been shown to induce shear forces on tissue and
has many effects including increasing the permeability of the
cell membrane (112) and increasing the uptake of gene
delivery vectors (109). Finally, ultrasound treatment produ-
ces small amounts of highly reactive free radical species
which could possibly serve as a chemical trigger to an ably
designed system.

To date, the most extensive exploration of ultrasound
triggered drug release in polymer micelles has been done with
pluronic micelles. As mentioned previously, pluronic is a
ternary copolymer of PEG and PPO that has been shown to
have little cytotoxicity and has been used for many biological
applications including as a bioadhesive, hydrogel matrix (113),
and in gene delivery (7). The polymer also appears to have a
synergistic effect with some chemotherapeutic agents and has
been proposed to inhibit the p-glycoprotein that causes multi-
drug resistance in many cancer cells (114). Pitt et al. explored
ultrasound as a means to induce drug release of doxorubicin
from pluronic micelles (115,119). Even without ultrasound,
pluronic has a synergistic effect with the doxorubicin, increas-
ing the toxicity of the chemotherapeutic agent twofold in spite
of decreased uptake of the doxorubicin into the cells.
Ultrasound treatment further increased the toxicity of the
drug containing micelles another sixfold (118). In order to
explain this, it was proposed that the presence of pluronic
unimers aided the toxicity of the drug (119) but the micelles
actually sequestered drug away from the cells until ultrasound
induced drug release (115,119). The presence of sequestered
drug inside the hydrophobic core was determined fluorescently
using a doxorubicin analogue, ruboxyl, and it was found that
up to 70% of the ruboxyl was sequestered inside of the
micelles (118). This hypothesis was further confirmed upon
exploration of DNA damage to the treated cells, where
micelle encapsulated doxorubicin did not show detectable
DNA damage (via Comet assay) unless ultrasound was
applied. Flow cytometric exploration suggested that ultra-
sound also increased the permeability of the cell membrane as
well as induced DOX release from the micelles (119). The
frequency of ultrasound was also found to affect drug release
from pluronic micelles, with an increase of the ultrasound
frequency from 67 kHz to 1 MHz lessening the degree of drug
release from the micelles by threefold. Despite the decrease in
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drug release, the increased frequency did increase cell uptake,
suggesting that the ultrasound increased cell permeability.

Pluronic micelles have the disadvantage of being less
stable upon dilution than most other polymer micelle
systems, with micelle degradation being reported upon
injection (120). As a result, this group incorporated a PEG-
phospholipid (PEG-DSPE) making a mixed, stabilized mi-
celle for use in animal studies (120). This system was used in
extensive in vivo tests exploring anti-tumor efficacy and flow-
cytometric biodistribution studies. In these studies, micelles
were administered to mice followed by removal of the organs
and flow cytometric characterization of the DOX uptake
within the tissues. Ultrasound was found to improve the anti-
tumor efficacy of both free DOX and micelle incorporated
DOX. In the latter case, the ultrasound was able to delay
tumor growth an additional 2.6 days over micelles without
ultrasound. The biodistribution studies also demonstrated
advantages to ultrasound mediated release, with application
of ultrasound not only increasing the level of drug accumu-
lation in the tumor (as measured by flow cytometry of
recovered tissue), but also lowering the level of drug
accumulation in the kidneys. This lower level of kidney
exposure, as compared to tumor exposure, was attributed to
released drug being eliminated by the kidney rather than
micelles, which could be retained. Heart exposure was also
lessened, an important result as cardiotoxicity is a major side-
effect of traditional doxorubicin administration. In this study,
DOX loaded PEG-pAsp(Z) micelles were also studied, and
found to convey the same levels of biodistribution improve-
ment as the stabilized pluronics.

Another way to stabilize pluronic micelles is to use an
interpenetrating poly(diethylacrylamide) (NNDEA) network
inside the micelle core (121-124). These plurogel micelles are
equally able to encapsulate doxorubicin, release it upon
ultrasonic stimulation, and show the same synergistic effects
with drug toxicity as unstabilized pluronics. The plurogels
are, however, much more stable upon dilution, with a half-
life of roughly 17 h whereas unstabilized micelles rupture
almost immediately upon dilution (122). The ability to
remain stable upon dissolution allowed these micelles to be
used in vivo with success. A mouse animal model was
implanted with two tumors and given these core-stabilized
pluronic micelles loaded with doxorubicin. One of the tumors
was sonicated while the other was not and it was demon-
strated that the sonicated tumors showed greater response to
the chemotherapeutic treatment (124). It is difficult to
determine the exact mechanism by which the ultrasound
aided the pluronic micelles in vivo. The improvement can be
due to increased release of the drug at the site, improved
extravasation of the micelles as a result of ultrasound
exposure to the angiogenic vessels, or a complex interplay
of the two effects.

Drug release due to chemical sensitivity. Attempts have
been made in micellar systems that respond to more
specialized chemical stimulus than pH, temperature, or
ultrasound. Although these are in the minority of the
functionalized micelle research, they are worth noting.

An enzyme responsive system was designed based on a
polypeptide that is a substrate of protein kinase A (125). This
polypeptide was linked to pNIPAM and PEG moieties
resulting in a micelle-forming polymer at 36°C. These micelles
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had a core of pPNIPAM and peptide with a PEG corona. Upon
exposure to the protein kinase, the peptide portion of the micelle
became phosphorylated and hydrophilic, driving the LCST to
40°C, and disintegrating from 200 nm particles to 100 nm, with a
corresponding change of the aggregate mass of the nanoparticles
from 10 to 2 million Daltons. This is the first report of an attempt
at a protein kinase responsive micelle system.

Hydrogen peroxide (H,O;) and superoxide radicals are
reactive oxygen species that are present in many cancer cells.
One system sought to use these as a trigger for a responsive
system by creating large polymer vesicles that collapse into
smaller micelles upon H,O, exposure (126). These vesicles
were based on polymers with a poly(propylene sulphide)
hydrophobic segment and a PEG hydrophilic segment.
Presence of H,O, oxidizes the sulphide residues into more
hydrophilic sulphoxide residues disrupting the vesicles
(200-500 nm) that result in formation of much smaller
wormlike micelles (~20 nm), the structures and sizes of
which were observed via TEM. These nanosystems required
an unusually high H,O, concentration (3%) for this conver-
sion to happen, but this method of micelle stimulus shows
promise and may yet prove to be more applicable once it has
become more finely tuned.

Multi-functional micellar systems. The newest genera-
tion of cancer-targeted polymer micelles is based on systems
with multiple functionalities. The architecture of a micelle
with distinguishable surface, corona, and core allows for the
customization of each region to provide functionality. These
novel systems use the synergy of receptor mediated endocy-
tosis and pH sensitivity to result in systems that both show
enhanced tumor targeting as well as enhanced intracellular
drug bioavailability.

Kataoka’s group used folic acid to enhance their pre-
vious PEG-p(Asp-Hyd-Dox) micelles. As mentioned earlier,
the untargeted formulation does show anti-tumor efficacy,
but the micelle formulation appears to lessen the cytotoxicity
of the encapsulated DOX. The folic acid ligand was linked to
the micelle surface in order to selectively increase the uptake of
the micelles, increasing their cytotoxicity while retaining low
toxicity to non-folate receptor expressing tissues. Ligand target-
ing improved the cytotoxicity of the micelles, roughly doubling
the toxicity of the micelles to KB cells after a 3 h exposure.
Given a 24 h exposure, the targeted micelles showed to be
equally as cytotoxic as free DOX and tenfold more cytotoxic
than the untargeted formulation. Flow cytometry confirmed
that the enhanced toxicity is a result of increased uptake of the
ligand targeted micelles (77).

Bae et al. expanded on their PEG-pHis pH sensitive
system (85,87,88) by adding ligand targeting function. Folic
acid was conjugated to the pH sensitive micelles resulting in a
multi-functional system which incorporated both ligand
targeting for enhanced cell uptake and pH sensitivity for
enhanced intracellular release. This system performed well
in vitro, showing equal cytotoxicity as free DOX against
MCEF-7 cells (88). Further studies on multi-drug resistant
MCF-7 cells showed this system to be more than 90%
cytotoxic at a concentration of 10 pg/ml while free DOX
shows only 10% cytotoxicity (87). This overcoming of the
MDR phenotype may have resulted from the alteration of
the mechanism of DOX uptake, with the folate targeted
micelles being taken up via receptor mediated endocytosis, as
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opposed to free drug passively diffusing across the mem-
brane. The authors hypothesized that folate mediated
receptor endocytosis may overcome the multi-drug efflux
pumps. The in vivo efficacy was evaluated in mice bearing
normal MCF-7 and drug resistant MCF-7 xenografts, with the
pH sensitive folate-DOX-micelles showing a 3.6-4.5-fold and
a 2.7-fold lesser tumor growth than free drug administration,
respectively. Biodistribution studies also showed a much
longer circulation time of DOX in blood for both folate and
folate-free micelles compared to free DOX. Tumor distribu-
tion studies showed that folate-micelles allowed for 20 times
more accumulation of DOX in solid tumors than free DOX
and three times more than folate-free micelles, which corre-
lates with the improved tumor efficacy with folate-micelles.

Bae et al. have also added a previously unsuggested
aspect of pH sensitive ligand presentation to the above
system. In this case, the targeting ligand was linked to a short
block of histidine residues. At neutral pH, the hydrophobic
histidine chain draws the ligand near the core of the micelle.
Upon acidification, the protonated histidine chain brings the
ligand out to the corona where it can be presented to
receptor sites (86). These micelles showed pH sensitive cell
uptake over a narrow pH change from 7.2 to 7.0, with a
tenfold increase in cell uptake at pH 7.0 over that at 7.2. This
functionality results in a micellar system that could travel
though the bloodstream, specifically present its binding
ligands to cells in acidic tumor environments, undergo
receptor mediated endocytosis, selectively release drug inside
the cell, while preventing non-specific uptake.

Torchilin et al. also designed a pH-controlled targeted
micelle system via a multidisperse pH sensitive corona design
(127). In this system, two targeting ligands are employed on
PEG-phospholipid micelles. The first is an antibody attached
to the end of a long PEG chain (Mw 3400). The second is a
secondary targeting ligand, such as TAT peptide, which is
attached to the micelle core via short PEG chains (Mw 2000).
The majority of the corona, in this case, is composed of
intermediate length PEG chains tethered to the micelle core
via pH sensitive hydrazone linkages. Under neutral pH, these
7-15 nm micelles can bind tightly to cell surfaces via the
antibody targeting, aiding in micelle accumulation at tumor
sites. At low pH environments, shedding of many of the PEG
chains led to ‘de-shielding’ the secondary ligand, which
induces delivery of the payload to desired sites within the
cell, such as the nucleus. Chemical availability of the
antibody was preserved at both pH 8.0 and 5.0 as determined
by ELISA assay. Biotin was used as a model ‘hidden
function,” and micelle retention in an avidin column showed
the shielding effects. These dual-targeted micelles showed
small amounts of retention in avidin columns (15%),
however, when incubated at pH 5.0 for 15 min before column
exposure, micelle retention increased to 75%, demonstrating
deshielding of the biotin allowing for binding. Similar
experiments using the TATp moiety as a hidden ligand
demonstrated this effect in cancer cell lines. In both the cases
of micelles and liposomes, little or no cell uptake was
observed with the shielded systems, but short incubations
(30 min) at pH 5.0 resulted in de-shielding and visible
increase in uptake as detected by fluorescence microscopy.

A tri-functional micelle design has also been recently
published (128). This design carries ligand targeting, pH
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sensitivity, and image contrast. Gao et al. incorporated super-
paramagnetic iron oxide (SPIO) nanoparticles into a doxoru-
bicin loaded, cRGD targeted, PEG-PLA micelle. The
resulting 46 nm micelles enhanced cell specificity and uptake
due to the cRGD ligand, demonstrated pH-triggered release
of doxorubicin, and achieved MRI ultrasensitivity. In this case,
increased cell uptake could be measured via flow cytometry, a
method that can only be used in vitro, as well as via magnetic
resonance imaging in tumor-bearing animals in vivo. This
micelle design has the capability of not only treating tumors,
but also being imaged non-invasively in vivo, so that micelle
deposition can be correlated to tumor regression.

CONCLUSION AND FUTURE DIRECTIONS

Polymer micelles are becoming a powerful nanothera-
peutic platform that affords several advantages for cancer-
targeted drug delivery, including increased drug solubilization,
prolonged blood half-lives, preferential accumulation in
tumor sites, and a decrease in toxic side effects. Even in their
simplest form, when a chemotherapeutic agent is solubilized in
the micelle core, micelles have shown marked benefits to
cancer therapy. However, the technology is still lacking in
tumor specificity and controlled release of the entrapped
agents. Hence, the focus has gradually shifted from passive
targeting micelles to active targeting and responsive systems
that carry additional mechanisms to aid in micelle accumula-
tion at the site of action as well as site-specific release. The
picture of the ideal micelle delivery system harkens back to
the original vision of Paul Ehrlich’s ‘magic bullet’ more than
100 years ago, where an agent introduced into the blood-
stream is able to selectively target diseased tissue while
leaving healthy tissue untouched. Great strides in cancer
biology have yielded numerous new cancer-specific molecular
targets that distinguish tumors from normal tissue. Despite
these advances, cancer is an extremely heterogeneous disease
and its treatment will likely involve a multifaceted approach
rather than a single functionality. The previously discussed
ligand targeted, pH sensitive formulations are promising
examples of how micelle multifunctionality can lead to a
fusion of chemical customization with biological insight so as
to exploit multiple routes for tumor treatment. In the years to
come, it is expected that knowledge gained in cancer biology
and polymer chemistry will catalyze the further development
of novel multifunctional micellar systems with greater cus-
tomization to achieve more efficacious anti-tumor response.
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