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Polymeric micelles are assemblies of synthetic polymers and have been studied and developed as drug
carriers for targeting solid tumors. Physicochemical characters and medical advantages of the polymeric
micelle carrier systems are summarized, followed by an explanation of their recent application for
contrast agent targeting. In the final section, future perspectives on the polymeric micelle carrier systems
for tumor targeting are discussed, including a novel combination of contrast agent targeting and drug
targeting that achieves tumor-specific image diagnosis and tumor-selective chemotherapy, respectively.
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1. Polymeric Micelles as Nano-sized Drug Carriers1e8

In this review, I focused only on a brief explanation on fundamental
aspects and on the present clinical situation of drug targeting with
polymeric micelle carriers. The drug tumor targeting with poly-
meric micelle carriers has been attained first by Japanese
researchers including the author of this review, and clinical trials of
the polymeric micelle targeting had been started first in Japan. I do
not describe recent developments of polymeric micelle carrier’s
research that must provide many references of non-Japanese
groups. Therefore, a considerably large proportion of references
in this review is written by Japanese groups. Please understand this
situation, and if readers want to know recent developments of
polymeric micelle drug carriers, please read other reviews.1,2,4e8

1.1. What is a polymeric micelle?

A polymeric micelle is a macromolecular assembly that forms from
synthetic block copolymers or graft copolymers and that has
a spherical inner core and an outer shell.9 As shown in Figure 1,
which features an AB-type block copolymer, a micellar structure
forms in an aqueous medium if one segment of the block copol-
ymer can provide interchain cohesive interactions sufficient for the
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micelle formation. Most drug carrier applications have been
studied with AB- or ABA-type block copolymers because the close
relationship between micelles’ properties and the structure of
polymers can be evaluated more easily with AB- or ABA-type block
copolymers than with the other types of copolymers.

I describe two fundamental physicochemical characteristics of
polymeric micelles in this section, and in the Passive drug targeting
of solid tumors section, I describe the other beneficial drug-carrier
characteristics (1.2). The first physico-chemical characteristic is the
polymeric micelle’s very small size as summarized in Table 1.
Polymeric micelles are formed typically in a diameter range from 10
nm to 100 nmwith a substantial narrow distribution. As described
in Section 2, this size range is considered ideal for the attainment of
stable, long-term circulation of the carrier system in the blood-
stream. Alternatively, the small size of polymeric micelles is a big
benefit in the sterilization processes in pharmaceutical produc-
tions. Polymeric micelles are easily (without micron-sized parti-
cle’sclogging) and inexpensively (without another separation
process) sterilized by filtration using typical sterilization filters
with 0.45-mm or 0.22-mm pores owing to a fact that polymeric
micelles are essentially free of micro-sized particle’s contamina-
tion. This is a good contrast to other typical pharmaceutical nano-
sized carrier systems (e.g., nanoparticles, liposomes) which need
a removal process of contaminated micron-sized particles.

The second physicochemical characteristic is high structural
stability. It is known that polymeric micelles possess high structural
stability provided by the entanglement of polymer chains in the
inner core. This stability has two aspects: static and dynamic10e13.
by Elsevier Taiwan LLC. All rights reserved.
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Figure 1 Design of a polymeric micelle carrier system.

M. Yokoyama2
Static stability is described by a critical micelle concentration
(CMC). Generally, polymeric micelles show very low CMC values in
a range from 1 mg/mL to 10 mg/mL. These values are much smaller
than typical CMC values of micelles forming from low-molecular-
weight surfactants. The second aspect, dynamic stability, is
described by the low dissociation rates of micelles, and this aspect
may be more important than the static one for in vivo drug delivery
in physiological environments that are in nonequilibrium condi-
tions. The high structural stability of polymeric micelles stated
earlier is an important key to in vivo delivery in micellar forms and
simultaneously eliminates the possible contribution of single
polymer chains to drug delivery. Therefore, although they share the
root word “micelle,” polymeric micelles are very different from
low-molecular-weight-surfactantmicelles in their physicochemical
properties. This difference is critical in the applications for drug
carriers.

1.2. Advantages of polymeric micelle as a drug carrier

As summarized in Table 1, the third advantage of the polymeric
micelle carrier system as a drug carrier is its high water solubility
even when it incorporates a large amount of hydrophobic drugs14.
Accordingly, “large amount of drug loading” is listed as the forth
advantage. Generally, in conventional synthetic polymer-drug
conjugate systems and antibody-drug conjugate systems, a loss of
the carrier’s water solubility resulting from the conjugation of
a hydrophobic drug creates a serious problem. Several research
groups reported this problem of the polymer-drug conjugates in
syntheses15e17 and in their intravenous injections18. Polymeric
micelles can incorporate a large number of hydrophobic drug
molecules in the micelles’ inner core, and simultaneously, the
micelles can maintain their water solubility by inhibiting inter-
micellar aggregation of the hydrophobic cores with a hydrophilic
outer shell layer that works as a barrier against intermicellar
aggregation. This is a great advantage because many potent drugs
that have been developed in recent years are very hydrophobic and
are, therefore, water insoluble.

The beneficial characteristic of low toxicity may be described as
the fifth advantage. Generally, polymeric surfactants are known to
be less toxic than low-molecular-weight surfactants, such as
sodium dodecyl sulfate. Furthermore, in theory, polymeric micelles
are considered very safe in relation to chronic toxicity. Possessing
a much larger size than that for critical filtration in the kidney,
polymeric micelles can evade renal filtration, even if the molecular
Table 1 Advantages of polymeric micelles as drug carriers

1. Very small size (diameter¼ 10e100 nm)
2. High structural stability
3. Large amount of drug loading
4. High water solubility
5. Low toxicity
6. Incorporation of various chemical species
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weight of the constituting block copolymer is lower than the crit-
ical molecular weight for renal filtration. On the other hand, all
polymer chains can be dissociated (as single polymer chains) from
the micelles over a long time period. This phenomenon results in
the complete excretion of the block copolymers from the renal
route if the polymer chains are designed with a lower molecular
weight than the critical value for renal filtration. Such a result
constitutes an advantage of polymeric micelles over the conven-
tional (nonemicelle forming) and nonbiodegradable polymeric
drug carrier systems.

The sixth advantage is the fact that various chemical species can
be incorporated into polymeric micelles. As explained previously,
the most commonly examined chemical species are hydrophobic
low-molecular-weight organic compound drugs. These drugs can
be incorporated into the micelle inner core either by chemical
conjugation to the inner-core-forming polymer block or by physical
entrapment owing to hydrophobic interactions between the
entrapped drug molecules and the hydrophobic inner-core-
forming polymer block. Hydrophobic interactions also work as
a driving force for micelle formation. On the other hand, polymeric
micelles are formed through ionic interactions between charged
polymer chains. For example, polymeric micelles form from
poly(ethylene glycol) (PEG)-b-poly(lysine) block copolymers and
poly(aspartic acid) (ASP) homopolymers where the poly(lysine)
chain is positively charged and the poly(ASP) chain is negatively
charged. If negatively charged polypeptides19 or nucleic acid20 are
used in place of poly(ASP), these pharmacologically active macro-
molecules are incorporated into polymeric micelles for protein,
gene, and small interfering RNA delivery purposes. Furthermore,
metal ions or metal ions’ chelates can be incorporated into poly-
meric micelles through coordination bonds or ionic interactions. A
platinum chelate cisplatin, which is a widely used anticancer drug,
was successfully incorporated into polymeric micelles forming
from PEG-b-poly(ASP) through a ligand exchange reaction between
a carboxylic acid residue of the poly(ASP) chain and a chloride ion
of cisplatin. 21e23 Alternatively, gadolinium (Gd) ions, which can
work as a magnetic resonance imaging (MRI) contrast agent, were
incorporated into polymeric micelles by the use of a chelate-
moiety-conjugated block copolymer. 24e26 As stated above,
various pharmaceutical drugs, genes, and contrast agents can be
incorporated into polymeric micelles with appropriate choices of
block copolymer structures.

1.3. Disadvantages of polymeric micelle as a drug carrier

It is worthwhile to explain the disadvantages of the polymeric
micelle systems and the advantages described above. The four
disadvantages are summarized in Table 2. Two of them are poly-
meric micelle-specific ones, whereas the other two disadvantages
are common for polymeric carriers including non-micelle-forming
systems. The first disadvantage is a fact that relatively high levels of
polymer chemistry are needed in the polymeric micelle studies. As
illustrated in Figure 1, an AB type of block copolymer is one of the
most favorable structures for polymeric micelle carriers. The
architecture of the AB block copolymer is very simple, however, its
synthesis is more difficult than that of random polymers, where
different units are aligned on a polymer chain in a randommanner.
Table 2 Disadvantages of polymeric micelle drug carriers

1. Specific disadvantages of polymeric micelle carriers
A. Difficult polymer synthesis
B. Immature drug-incorporation technology

2. Common disadvantages of polymeric carriers
A. Slow extravasation
B. Possible chronic liver toxicity due to slow metabolic process
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Figure 2 Enhanced permeability and retention effect shown with Evans blue-albumin.
iv¼ intravenous.

Clinical applications of polymeric micelle carrier systems 3
Furthermore, researchers may encounter a problem in a synthesis
of the block copolymer of a large industrial scale in a highly
reproducible manner.

The second disadvantage, specifically, for the polymeric micelle
systems is the immature technology for drug incorporation in
a physical manner. Yokoyama et al reported that physical-
incorporation efficiencies were dependent on various factors in
drug-incorporation processes. Presently, there seem to be no
universal incorporation method applicable to any polymer.
Furthermore, in some methods the drug incorporation may be
difficult on a large industrial scale, whereas the drug incorporation
is easy and efficient on a small laboratory scale.

The third disadvantage (B-1 in Table 2) is much slower extrav-
azation of polymeric carrier systems than that of low-molecular-
weight drugs. This results from a difference in extravazation
mechanisms between polymeric carrier systems and low-
molecular-weight drugs. The polymeric systems translocate from
the bloodstream to the interstitial space of organs and tissues
through intra-cellular channels and inter-cellular junctions,
whereas the drugs permeate directly through lipid bilayer cell
membranes. Therefore, a long circulation character of the poly-
meric systems is an essential requirement for delivery of a thera-
peutic amount owing to compensation of the slow extravazation
with a large Area Under the Curve value that results from the long
circulation. The forth disadvantage is a risk of chronic liver toxicity.
Drugs conjugated or incorporated in the polymeric carrier systems
are metabolized in liver in a slower manner than free drug, since
access of metabolic enzymes to drugs is inhibited because of the
conjugation and incorporation. Therefore, toxic side effects of the
conjugated and incorporated drug may be exhibited for a longer
period than a case of free drug whose toxic effects can be lowered
through metabolism in a short period.

2. Passive Drug Targeting to Solid Tumors

2.1. Methodology and significance of passive targeting to solid
tumors

Drug targeting is defined as selective drug delivery to specific
physiological sitesdorgans, tissues, or cellsdwhere the drug’s
pharmacological activities are required. Different drug-targeting
efforts could be thought of as reflecting one of two methods:
active targeting and passive targeting27,28. Active targeting aims at
an increase in the delivery of drugs to the target by using biologi-
cally specific interactions, such as antigeneantibody binding or by
utilizing locally applied signals, such as heating and sonication.
Carriers classified in this method include specific antibodies,
transferrin, and thermoresponsive liposomes and polymeric
micelles. On the other hand, passive targeting is defined as
a method whereby the physical and chemical properties of carrier
systems increase the target/nontarget ratio of a quantity of
a delivered drug. Here, I discuss only passive drug targeting of solid
tumors because the passive tumor-targeting method is important
also for active tumor targeting. The reasons for this importance are
twofold:

1. A greater part of a living body consists of nontarget sites. Even if
a tumor occupies 1% of an entire body’s weight (this would
involve a very big tumor), the nontarget sites account for 99% of
the body’s weight (which is by no measure negligible, obvi-
ously). Drug carrier systems cannot access a target site once
they are captured by nontarget sites. Therefore, the minimi-
zation of nonspecific capture at nontarget sites is important for
active tumor targeting, and minimization is achieved in passive
targeting.
Please cite this article in press as: Yokoyama M, Clinical Applications
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2. Passive transfer phenomena precede biologically specific
interactions for most active targeting systems (exceptions are
cases of intravascular targets, such as vascular endothelial
cells). Most tumor targets are located in extravascular space. To
reach these targets through the bloodstream, the first step
must be translocation through the vascular endothelium, fol-
lowed by diffusion in the interstitial space. Even for active
targeting systems based on cells’ biologically specific receptors,
such as tumor-specific antigens, the passive transendothelial
step is both a necessary and an anterior one.

The passive targeting of polymeric micelles on solid tumors can
be achieved owing to the enhanced permeability and retention
effect (EPR effect). Maeda and Matsumura presented this passive
drug-targeting strategy in 1986.29e31 Vascular permeability of
tumor tissues is enhanced by the actions of secreted factors, such as
kinin and vascular permeability factor. As a result of this increased
vascular permeability, macromolecules selectively increase their
transport from blood vessels to tumor tissues. Furthermore, the
lymphatic drainage system does not operate effectively in tumor
tissues. Therefore, macromolecules are selectively retained for
a prolonged time in the tumor interstitium. The EPR effect was first
proven for a natural peptide, albumin, as shown in Figure 2. Evans
blue-stained albumin was observed to accumulate at an S-180
tumor transplanted on skin in a much higher concentration than
that which characterizes normal skin. The high concentrations at
the tumor were maintained for a long period (upto 6 days) after
intravenous injection. It is worth mentioning that a relatively long
period is required (48 hours in Figure 2) for albumin to reach a peak
concentration because macromolecular albumin has a much lower
transvascular rate than is the case with low-molecular-weight
drugs that reach the peak concentrations at tumors in a range
between several minutes and several tens of minutes. After the
discovery of the EPR effect for albumin, it was revealed that the EPR
effect can also be applied to synthetic polymers and nano-sized
carrier systems, such as liposomes and polymeric micelles. In the
EPR effect, specific targeting moieties, such as antibodies are not
necessary. However, the carrier systems must fulfill the following
two requirements to avoid nonspecific capture at non-tumor sites:

1. The drug carrier systems must possess an appropriate size or
molecular weight. The diameter of carriers must be smaller
of Polymeric Micelle Carrier Systems in Chemotherapy and Image
(2011), doi:10.1016/j.jecm.2011.06.002



Figure 3 Passive targeting of a DOX-containing polymeric micelle. DOX¼ doxorubicin;
iv¼ intravenous.

Table 3 Tumor-targeting selectivity of DOX-incorporated polymeric micelle (24
hours after intravenous injection)

Accumulated
amount at tumor
(% dose/g tumor)

Ratio of accumulated amounts

Tumor:heart Tumor:muscle

DOX-incorporated
polymeric micelle

9.6 5.8 11.5

Free DOX 1.1 1.3 1.2

DOX¼ doxorubicin.

M. Yokoyama4
than approximately 200 nm if the reticuloendothelial system’s
uptake is to be evaded.32 Additionally, molecular weights
greater than a critical value (approximately 40,000) are favor-
able for evading renal filtration.

2. The drug carrier systems must not exhibit strong interactions
or uptake with or by normal organs (especially the reticulo-
endothelial systems). These strong interactions and uptakes are
typically seen for cationic33 and hydrophobic carriers.34

Therefore, the carrier systems must possess hydrophilic
surfaces, and their surface charge must be neutral or weakly
negative. Furthermore, the carrier systems must possess no
other chemical structures that would be biologically recog-
nizable to normal tissues.

Concerning the two aforementioned requirements, polymeric
micelles are very advantageous because polymeric micelles are
formed in a diameter ranging from 10 nm to 100 nm. The size
requirement for the EPR effect is inherently fulfilled for polymeric
micelle drug carrier systems. Additionally, the second requirement
can be easily fulfilled through a choice of hydrophilic and neutrally
or weakly negatively charged polymers for the outer shelleforming
block. With this choice, polymeric micelles can circulate in the
bloodstream for a long time period by evading nonspecific capture,
resulting in successful attainment of the EPR effect. Because most
anticancer drugs are hydrophobic [and because a considerable
number of anticancer drugs are positively charged molecules, such
as doxorubicin (DOX)], inhibition of strong nonspecific interactions
resulting from drugmolecules is a critical matter for the attainment
of the EPR effect. For efficient EPR-effect-attainment, polymeric
micelle carrier systems have a great advantage in their phase-
separated structure, in which the drug-incorporating inner core is
structurally separated from the outer shell that plays an essential
role in interactions with the nontarget normal organs.

2.2. An example of polymeric micelle’s passive tumor targeting

Here, I introduce the first successful example of tumor targeting
with a polymeric micelle carrier. Yokoyama, Okano, and Kataoka
et al succeeded in getting an anticancer drug, doxorubicin (DOX)
(¼adriamycin), with a polymeric micelle system, to passively target
solid tumors35e45 was chemically conjugated to ASP residues of
PEG-poly(ASP) block copolymers (PEG-poly(Asp)) by amide bond
formation. The PEG segment was hydrophilic, whereas the DOX-
conjugated poly(ASP) chain was hydrophobic. Therefore, the
obtained drug-block copolymer conjugate (PEG-poly(Asp(DOX)))
formed micellar structures owing to its amphiphilic character. In
the second step, DOX was incorporated into the inner core by
physical entrapment using hydrophobic interactions with the
chemically conjugated DOX molecules. As a result, polymeric
micelles containing both the chemically conjugated and the phys-
ically entrapped DOX in the inner core were obtained with the PEG
outer shell. It was revealed that only physically entrapped DOX
exerted anticancer activity, and that the chemically conjugated
DOX did not show any cytotoxic activity.

The physically entrapped DOX circulated in the bloodstream for
a long time and was delivered to the solid tumor site at much
higher concentrations than that of free DOX as shown in Figure 3.39

Furthermore, the observed time profile with a peak concentration
at 24 hours posteintravenous injection and postinjection retention
of these high concentrations for longer time periods were highly
consistent with passive delivery by the EPR effect29 as shown in
Figure 2 for albumin. On the other hand, accumulation of the
physically entrapped DOX in the polymeric micelles in normal
organs and tissues was the same as or lower than the accumulation
of free DOX. As a result of the aforementioned biodistributions, high
Please cite this article in press as: Yokoyama M, Clinical Applications
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ratios of tumor to normal organs or of tumor to normal tissues were
successfully obtained, as summarized in Table 3. In accordance
with this highly selective delivery to solid tumor sites, dramatic
enhancement of antitumor activity was observed.39 Complete
tumor eradication against murine colon adenocarcinoma 26 (C26)
was achieved at two doses of DOX-incorporated polymeric micelles,
whereas partial inhibition of tumor growth was obtained only at
one maximum tolerated dose for free DOX. All these results clearly
demonstrate the successful passive targeting of a solid tumor by an
anticancer drug with the polymeric micelle carrier system.

I would like to make two additional comments on this DOX-
incorporated polymeric micelle. First, concerning selectivity,
a considerably high tumor to heart ratio was obtained in
measurements with radiolabel on the physically entrapped DOX, as
summarized in Table 2. From clinical viewpoints, this is very
important because cardiotoxicity is a critical toxicity of DOX.
Therefore, this high ratio suggests that the system has high clinical
potential although the cardiotoxicity was not evaluated in this
in vivo study. However, this ratio value does not suggest a specific
limit to the targeting selectivity in the EPR effectebased passive
targeting because no detectable amount was found in the heart
when biodistribution was measured with radiolabeled chemically
conjugated DOX. This fact indicates a route of delivery to the heart
of the physically entrapped DOX; the physically entrapped DOXwas
released from the polymeric micelle in the bloodstream, and the
released DOX accumulated at the heart. Therefore, a higher tumor
to heart selective ratio can be obtained through further optimiza-
tion of the DOX drug-release rate.

The second point concerns accumulation behavior at the liver.
The report by Yokoyama et al39 identifies an interesting pharma-
cokinetic behavior of the micellar DOX. Within 1 hour after intra-
venous injection, an accumulated amount of the micellar DOX in
the liver was smaller than that of free DOX. This inequality indicates
that the targeting strategy based on the EPR effect was effective in
this targeting system even for the liver, which is known to possess
pores large enough for micelles’ extravasation in the liver’s vascu-
lature. In contrast, at 4 hours and later, after intravenous injection,
of Polymeric Micelle Carrier Systems in Chemotherapy and Image
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Figure 4 Combination of image diagnosis and chemotherapy against a tumor by
means of a single carrier system.

Clinical applications of polymeric micelle carrier systems 5
this situation was reversed. The micellar DOX exhibited larger
accumulation amounts in the liver than free DOX. This inequality
resulted from rapid clearance of free DOX in the liver through the
liver’s metabolic activity for drugs, whereas the micellar DOX
concentration in the liver did not undergo a significant drop,
probably because the physically entrapped DOX in the micelle core
was greatly protected from the metabolic activity. Consequently,
the concentration of the micellar DOX was several-fold larger than
that of the free DOX. However, toxic side effects of the DOX poly-
meric micelle system in the liver was on the same level of the free
DOX as observed in alanine aminotransferase- and aspartate
transaminase-level measurements. This means that the liver
toxicity was not enhanced in the DOX polymeric micelle. Therefore,
chronic liver toxicity merits careful examination not only for the
polymeric micelle systems but also for all nano-sized drug carrier
systems, such as PEG-coated liposomes, particularly for drugs for
which liver toxicity is a major adverse effect.

3. Contrast Agent Targeting24e26,40e47

As described in the Passive drug targeting of solid tumors section,
drug molecules were successfully targeted at solid tumors by the
use of polymeric micelle carriers. It is a natural way to expand this
tumor-targeting application of contrast agents. If contrast agents
are targeted at solid tumors, clearer tumor images can be
obtained with contrast agent carrier systems24e26,41,42,44,45,47 than
conventional image diagnosis of tumors. The targeted contrast
agents not only provide high contrast in tumor images but also
can lower the size limit of small tumor detection. In the present
diagnoses of tumors, it is not easy to detect tumors whose size is
less than 1 cm in diameter in the image diagnosis, and therefore,
the ability to detect tumors smaller than 1 cm in diameter is
considered a big success of imaging diagnosis. On the other hand,
the minimum size attributable to tumors expressing the EPR
effect is considered to be approximately 2e3 mm in diameter for
the following two reasons.31

First, the enhanced permeability of tumor vasculatures is consid-
ered to be one physiological phenomenon of angiogenesis.48e50 Two,
tumors are expected to start exhibiting angiogenesis at approxi-
mately 2e3 mm in diameter because tumors encounter a serious
problem in oxygen supply from the normal blood vessels beyond
this tumor size.51e53 Angiogenesis is a phenomenon involving
sufficient oxygen supply to tumor cells from newly formed blood
vessels in the tumor tissue. This minimum size should be depen-
dent on tumor type and species. Although there are no solid data
concerning the minimum tumor size for the EPR effect’s expres-
sion, many articles have reported EPR effectebased tumor tar-
geting for tumors of approximately 5e6 mm in diameter. 34,35,54,55

In targeting chemotherapy, efficacy against large tumors is
meaningful. In contrast, in the targeting contrast agent case,
successful targeting of smaller tumors is more highly appreciated
because the success leads to the detection of small tumorsda type
of detection that is of much value but is often scarce in present
cancer medicine. As stated earlier, contrast agents exhibiting EPR
effectebased tumor targeting may greatly contribute in reducing
the minimum size of tumor detection in clinic.

In addition to the aforementioned clinical significance of the
EPR effectebased tumor-targeting contrast agents, a clinical merit
results from a combination of image diagnosis and chemotherapy
by the use of a single carrier system. The concept of this combi-
nation medicine is illustrated in Figure 4. In human clinical cases,
tumor characteristics (e.g., growth rate, metastatic activity, angio-
genesis, tumor blood vessel density, vascular permeability) vary
among each patient to a much greater degree than in animal
tumor models, which tend toward uniformity regarding these
Please cite this article in press as: Yokoyama M, Clinical Applications
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characteristics. For EPR-based targeting of solid tumors, the
following four characteristics are considered important: degree of
blood flow, blood pressure, density, and permeability (for nano-
sized carriers) of tumor vasculature. If one patient’s tumor
exhibits favorable aspects in these characteristics (high blood flow,
high blood pressure, high density, and high permeability), this
tumor is expected to provide a clear image in an image diagnosis if
an EPR effectebased contrast agent is used for visualization of the
tumor. Accordingly, considerable antitumor activity is also expec-
ted against this well-visualized tumor when targeted chemo-
therapy is performed on this patient with the same carrier system
incorporating anticancer drugs. Therefore, this combined medical
system can provide a greater response rate for the patients whose
tumors are clearly visualized in the imaging diagnosis with the
nano-sized contrast agent system. As described in the Section 1.2,
polymeric micelle carrier systems possess a great advantage in
terms of ability to incorporate various kinds of chemical species,
contrast agents, and anticancer drugs. Therefore, polymeric
micelles are favorable as a carrier for combined diagnosis and
therapy systems.

To obtain the combined (dual) targeting system described
earlier, Shiraishi and Yokoyama et al24e26 reported a polymeric
micelle MRI contrast agent. Using a poly(ethylene glycol)-b-poly(L-
lysine) block copolymer derivative25, they prepared a polymeric
micelle binding Gd ions that enhance MRI contrasts by shortening
the T1 relaxation times of protons of water. This polymeric micelle
was found to be targeted to amurine tumor C26, and the tumorwas
successfully visualized with the targeted MRI contrast agent. It is
worth mentioning that biodistribution of the MRI contrast agent
was the same as that of an anticancer drug-targeting system. As
shown in Figure 5, distributions of the Gd-ion-containing poly-
meric micelle in a C26 murine solid tumor, the heart, and muscle
were the same as with those of a DOX-containing polymeric
micelle. This fact indicates the feasibility of the combined tumor
medicine of MRI image diagnosis and chemotherapy by the use of
the polymeric micelle carrier system that carries an MRI contrast
agent and an anticancer drug.
4. Future Perspectives

Currently (January 2011), Japanese, US, and British teams are
examining clinical trials for five polymeric micelle anticancer
drug-targeting systems, as summarized in Table 4 [Additional two
polymeric micelle formulations (No. 6 and 7) whose purpose is
other than targeting have also been listed].56e72 Chemical struc-
tures of the inner-core-forming polymer blocks vary depending
on the incorporated drug, whereas the PEG chain is used for the
outer shell in all cases. Tumor targeting is the primary objective
of these carrier systems. However, these systems possess another
objective: the system exhibits a function to solubilize a water-
insoluble drug. Matsumura et al reported that NK-105-
incorporating paclitaxel exhibited highly tumor-selective delivery
in murine tumor models.60,62,63 In clinical stages, NK-105 can
of Polymeric Micelle Carrier Systems in Chemotherapy and Image
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Figure 5 Comparisons of the biodistribution of two polymeric micelles. (A) Blood and (B) tumor, heart, and muscle. DOX¼ doxorubicin; MRI¼magnetic resonance imaging.

M. Yokoyama6
exhibit two solubilization-related advantages over the conven-
tional paclitaxel formulation Taxol (Bristol-Myers Squibb, Priceton,
NJ, USA). The first advantage attributable to NK-105 is its relatively
low toxic side effects, which reflects the fact that the block copol-
ymer is much less toxic than Cremophor EL used in Taxol. The
second advantage attributable to NK-105 is that it does not need the
premedication that Taxol requires for reducing its own side effects.

We must wait for the final results of clinical trials to answer the
question “Are the polymeric micelle systems effective and
approved in cancer chemotherapy?” While waiting for the answer,
we can take comfort in the fact that Phase I clinical studies have
already yielded important information concerning toxic side
effects.56e60 Even for targeted drugs, serious side effects arise
because doses are escalated until dose-limiting toxicities become
observable. The important obtained information has revealed the
toxicity profiles of the polymeric micelle drugs, which turned out to
be the same as those of the corresponding free drugs. Most of the
toxic side effects of the polymeric micelle drugs appear to result
from the carriers’ release of the drug in the bloodstream. The
absence of uncommon and unexpected types of toxicities is
a greatly meaningful fact that can contribute to the safety of clinical
use. We have not obtained enough clinical results to draw a general
conclusion that synthetic block copolymers can be safely used in
clinical stages. However, basic-study researchers and clinicians
must develop their studies while keeping in mind this potential
clinical advantage of the drug carrier.

Here, I would like to describe future perspectives on polymeric
micelle research and developments in cancer treatment. First,
various combinations of anticancer drugs and cancers should and
will be examined. In the anticancer drugeincorporated polymeric
micelle systems listed in Table 4, choices of anticancer drugs have
been made according to the general usefulness and effectiveness of
the drugs in cancer chemotherapy. In the future, polymeric micelle
anticancer drugs can be studiedwith regard to the different reasons
for the anticancer drugs’ general usefulness. One example is the use
of retinoids. Retinoids, such as cis-retinoic acid, express their
Table 4 Polymeric micelle anticancer drug-targeting systems in clinical trials

No. Trade name Purpose Incorporated drug Progress References*

1 NK-911 Targeting Doxorubicin Phase II 46
2 NK-105 Targeting Paclitaxel Phase II 47, 49, 50
3 NK-012 Targeting SN-38 Phase II 52
4 NC-6004 Targeting Cisplatin Phase I 21, 48
5 NC-4016 Targeting DACH-platin Phase I 51
6 Genexol-PM Solubilization Paclitaxel Approved 63, 64
7 SP-1049C Anti-MDR effect Doxorubicin Phase II 65, 66

* Review references 56e58 cover No. 1e5 systems.
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anticancer activity through differentiation of cancer cells, not
through cytotoxic actions that are common in most currently
available anticancer drugs. We successfully incorporated cis-
retinoic acid and other retinoids into polymeric micelle
carriers.70e74 If we compared these in vivo anticancer activities with
those of the polymeric micelles containing common cytotoxic
anticancer drugs, we would see that the retinoid-incorporated
polymeric micelles would exhibit lower levels of activity than the
cytotoxic ones. However, I believe, owing to the unique action
mechanism of the retinoids, retinoid-incorporated polymeric
micelles may exhibit great therapeutic effects against specific
cancers. Alternatively, polymeric micelle systemsmay be used in an
injection route other than the intravenous route. One example is
convection-enhanced delivery to brain tumors. This is a direct
injection to brain solid tumors with a special injection needle and
a very slow rate of injection, such as 5 mL/min. In a special corre-
sponding application, polymeric micelle carriers were used for
inhibition of rapid elimination from the injection site through the
bloodstream.74,75 If small-molecular-weight anticancer drugs are
injected by the convection-enhanced delivery, they are very rapidly
eliminated from the injection site owing to their high translocation
rates through vascular endothelia. Accordingly, effective anticancer
activity cannot be obtained. This is a novel application approach to
polymeric micelle systems.

My second perspective concerns the combination of anticancer
drug targeting and contrast agent targeting as described in the
previous section. Visualization of small tumors with the EPR
effectebased targeting contrast agents is one example of molecular
targeting because the hyperpermeability of tumor vasculature is
a physiological event induced by angiogenesis-related molecules,
such as the vascular permeability factor and kinin. Molecular
imaging is one hot and rapidly developing field in the 21st century.
Therefore, clinical developments in drug-targeting therapy can be
accelerated if drug targeting is combined with molecular imaging.

The third perspective concerns a combined use of a drug that
boosts the EPR effect. The hyperpermeability of tumor vasculature
essential for the EPR effect is induced by natural factors originating
in tumor cells. Recently, artificial induction and escalation of
the hyperpermeability have been examined for enhancement of
EPR effectebased tumor targeting. Transforming growth factor-b
inhibitors,76,77 nitroglycerin,78 and a combretastatin derivative79

have been examined for tumor-targeting enhancements of
macromolecular drugs or polymeric micelles. In particular, nitro-
glycerin is an approved drug for angina pectoris, and the com-
bretastatin derivative known as cderiv is an anti-cancer drug under
clinical trial (the combretastatin derivative known as cderiv);
therefore, their clinical applications are feasible. All these studies
are in a basic stage with animal experiments. I believe that once
of Polymeric Micelle Carrier Systems in Chemotherapy and Image
(2011), doi:10.1016/j.jecm.2011.06.002
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authorities approve a polymeric micelle anticancer drug product,
its applications will likely undergo dramatic expansion owing to
the use of these hyperpermeablity-inducing agents.
References

1. Aliabadi M, Lavasanifar A. Polymeric micelles for drug delivery. Expert Opin
Drug Deliv 2006;3:139e62.

2. Adams ML, Lavasanifar A, Kwon GS. Amphiphilic block copolymers for drug
delivery. J Pharm Sci 2003;92:1343e55.

3. Yokoyama M. Block Copolymers as drug Carriers. Crit Rev Ther Drug Carrier Syst
1992;9:213e48.

4. Yokoyama M. Polymeric micelles for the targeting of hydrophobic drugs. In:
Kwon GS, editor. Drug and pharmaceutical sciences vol. 148 polymeric drug
delivery systems. Boca Raton: Taylor & Francis; 2005. p. 533e75.

5. Yokoyama M. Polymeric micelles as nano-sized drug carrier systems. In:
Tabata Y, editor. Nanoparticles for pharmaceutical applications. Stevenson
Ranch: American Scientific Publishers; 2007. p. 63e72.

6. Yokoyama M. Polymeric micelles as a novel drug carrier system and their
required considerations for clinical trials. Expert Opin Drug Deliv 2010;7:
145e58.

7. Kedar U, Phutane P, Shidhaye S, Kadam V. Advances in polymeric micelles for
drug delivery and tumor targeting. Nanomedicine 2010;6:714e29.

8. Oerlemans C, Bult W, Bos M, Storm G, Nijsen JF, Hennink WE. Polymeric
micelles in anticancer therapy: targeting, imaging and triggered release. Pharm
Res 2010;27:2569e89.

9. Tuzar Z, Kratochvil P. Block and graft copolymer micelles in solution. Adv
Colloid Interface Sci 1976;6:201e32.

10. Calderara F, Hruska Z, Hurtrez G, Lerch JP, Nugay T, Riess G. Investigation of
polystyrene-poly(ethylene oxide) block copolymer micelle formation in
organic and aqueous solutions by nonradiative energy transfer experiments.
Macromolecules 1994;27:1210e5.

11. Wang Y, Kausch CM, Chun M, Quirk RP, Mattice WL. Exchange of chains
between micelles of labeled polystyrene-block-poly(oxyethylene) as monitored
by nonradiative singlet energy transfer. Macromolecules 1995;28:904e11.

12. Wilhelm M, Zhao CL, Wang Y, Xu R, Winnik RA. Poly(styrene-ethylene oxide)
block copolymer micelle formation in water: a fluorescence probe study.
Macromolecules 1991;24:1033e40.

13. Desjardins A, Eisenberg A. Colloidal properties of block ionomers. I. Charac-
terization of reverse micelles of styrene-b-metal methacrylate diblocks by size-
exclusion chromatography. Macromolecules 1991;24:5779e90.

14. Yokoyama M, Kwon GS, Kataoka K. Preparation of micelle-forming polymer-
drug conjugates. Bioconjugate Chem 1992;3:295e301.

15. Hoes CJT, Potman W, Feijen J. Optimization of macromolecular prodrugs of the
antitumor antibiotic adriamycin. J Control Release 1985;2:205e13.

16. Duncan R, Kopeckova-Rejmanova P, Kopecek J. Anticancer agents coupled to
N-(2-hydroxypropyl)methacrylamide copolymers I. Evaluation of daunomycin
and puromycin conjugates in vitro. Br J Cancer 1987;55:165e74.

17. Endo N, Umemoto N, Hara T. A novel covalent modification of antibodies at
their amino groups with retention of antigen-binding activity. J Immunol
Methods 1987;104:253e8.

18. Zunino F, Pratesi G, Micheloni A. Poly(carboxylic acid) polymers as carriers for
anthracyclines. J Control Release 1989;10:65e73.

19. Harada A, Kataoka K. Novel polyion complex micelles entrapping enzyme
molecules in the core: Preparation of narrowly-distributed micelles from
lysozyme and poly(ethylene glycol)-poly(aspartic acid) block copolymer in
aqueous medium. Macromolecules 1998;31:288e94.

20. Kataoka K, Togawa H, Harada A, Yasugi K, Matsumoto T, Katayose S. Sponta-
neous formation of polyion complex micelles with narrow distribution from
antisense oligonucleotide and cationic block copolymer in physiological saline.
Macromolecules 1996;29:8556e7.

21. Yokoyama M, Okano T, Sakurai Y, Suwa S, Kataoka K. Introduction of cisplatin
into polymeric micelle. J Control Release 1996;39:351e6.

22. Nishiyama N, Yokoyama M, Aoyagi T, Okano T, Sakurai Y, Kataoka K.
Preparation and characterization of self-assembled polymer-metal complex
micelle from cis-dichlorodiammineplatinum (II) and poly(ethylene glyco-
l)-poly(a,b-aspartic acid) block copolymer in an aqueous medium. Langmuir
1999;15:377e83.

23. Nishiyama N, Okazaki S, Cabral H, Miyamoto M, Kato Y, Sugiyama Y, Nishio K,
et al. Novel cisplatin-incorporated polymeric micelles can eradicate solid
tumors in mice. Cancer Res 2003;63:8977e83.

24. Nakamura E, Makino K, Okano T, Yamamoto T, Yokoyama M. A polymeric
micelle MRI contrast agent with changeable relaxivity. J Control Release
2006;114:325e33.

25. Shiraishi K, Kawano K, Minowa T, Maitani Y, Yokoyama M. Preparation and
in vivo imaging of PEG-poly(L-lysine)-based polymeric micelle MRI contrast
agents. J Control Release 2009;136:14e20.

26. Shiraishi K, Kawano K, Maitani Y, Yokoyama M. Synthesis of poly(ethylene
glycol)-b-poly(L-lysine) block copolymers having Gd-DOTA as MRI contrast
agent and their polymeric micelle formation by polyion complexation. J Control
Release 2010;148:160e7.

27. Yokoyama M, Okano T. Targetable drug carriers: Present status and a future
perspective. Adv Drug Deliv Rev 1996;21:77e80.
Please cite this article in press as: Yokoyama M, Clinical Applications
Diagnosis of Solid Tumors, Journal of Experimental and Clinical Medicine
28. Sugiyama Y. Importance of pharmacokinetic considerations in the develop-
ment of drug delivery systems. Adv Drug Deliv Rev 1996;19:333e4.

29. Matsumura Y, Maeda H. A new concept for macromolecular therapeutics in
cancer chemotherapy: Mechanism of tumoritropic accumulation of proteins
and the antitumor agent smancs. Cancer Res 1986;46:6387e92.

30. Maeda H, Seymour LW, Miyamoto Y. Conjugates of anticancer agents and
polymers: advantages of macromolecular therapeutics in vivo. Bioconjug Chem
1992;3:351e61.

31. Fang J, Nakamura H, Maeda H. The EPR effect: Unique features of tumor blood
vessels for drug delivery, factors involved, and limitations and augmentation of
the effect. Adv Drug Deliv Rev 2011;63:136e51.

32. Litzinger DC, Buiting AMJ, van Rooijen N, Huang L. Effect of liposome size on
the circulation time and intraorgan distribution of amphipathic poly(ethylene
glycol)-containing liposomes. Biochim Biophys Acta 1994;1190:99e107.

33. Takakura Y, Hashida M. Macromolecular carrier systems for targeted drug
delivery: Pharmacokinetic consideration on biodistribution. Pharm Res 1996;
13:820e31.

34. Illum L, Davis SS, Miller RH, Mak E, West P. The organ distribution and circu-
lation time of intravenously injected colloidal carriers sterically stabilized with
a block copolymer e Poloxamine 908. Life Sci 1987;40:367e74.

35. Yokoyama M, Inoue S, Kataoka K, Yui N, Sakurai Y. Preparation of adriamycin-
conjugated poly(ethylene glycol)-poly(aspartic acid) block copolymer. A new
type of polymeric anticancer agent. Makromolekulare Chemie Rapid Communi-
cations 1987;8:431e5.

36. Yokoyama M, Miyauchi M, Yamada N, Okano T, Sakurai Y, Kataoka K, Inoue S.
Characterization and anti-cancer activity of micelle-forming polymeric anti-
cancer drug, adriamycin-conjugated poly(ethylene glycol)-poly(aspartic acid)
block copolymer. Cancer Res 1990;50:1693e700.

37. Yokoyama M, Okano T, Sakurai Y, Ekimoto H, Shibazaki C, Kataoka K. Toxicity
and antitumor activity against solid tumors of micelle-forming polymeric
drug and its extremely long circulation in blood. Cancer Res 1991;51:
3229e36.

38. Kwon GS, Suwa S, Yokoyama M, Okano T, Sakurai Y, Kataoka K. Enhanced
tumor accumulation and prolonged circulation times of micelle-forming
poly(ethylene oxide-aspartate) block copolymer-adriamycin conjugates.
J Control Release 1994;29:17e23.

39. Yokoyama M, Okano T, Sakurai Y, Fukushima S, Okamoto K, Kataoka K.
Selective delivery of adriamycin to a solid tumor using a polymeric micelle
carrier system. J Drug Target 1999;7:171e86.

40. Lammers T, Kiessling F, Hennink WE, Storm G. Nanotheranostics and image-
guided drug delivery: current concepts and future directions. Mol Pharm
2010;7:1899e912.

41. Lu ZR, Ye F, Vaidya A. Polymer platforms for drug delivery and biomedical
imaging. J Control Release 2007;122:269e77.

42. Bogdanov Jr A, Wright SC, Marecos EM, Bogdanova A, Martin C, Petherick P,
Weissleder R. A long-circulating co-polymer in “passive targeting” to solid
tumors. J Drug Target 1997;4:321e30.

43. Gupta H, Weissleder R. Targeted contrast agents in MR imaging. Magn Reson
Imaging Clin N Am 1996;4:171e84.

44. Bogdanov AA, Lewin M, Weissleder R. Approaches and agents for imaging the
vascular system. Adv Drug Deliv Rev 1999;37:279e93.

45. Lebdusková P, Kotek J, Hermann P, Vander Elst L, Muller RN, Lukes I, Peters JA.
A gadolinium(III) complex of a carboxylic-phosphorus acid derivative of
diethylenetriamine covalently bound to inulin, a potential macromolecular
MRI contrast agent. Bioconjug Chem 2004;15:881e9.

46. Caravan P, Ellison JJ, McMurry TJ, Lauffer RB. Gadolinium(III) chelates as MRI
contrast agents: structure, dynamics, and applications. Chem Rev 1999;99:
2293e352.

47. Pathak AP, Gimi B, Glunde K, Ackerstaff E, Artemov D, Bhujwalla ZM. Molecular
and functional imaging of cancer: advances in MRI and MRS. Methods Enzymol
2004;386:3e60.

48. Nagy JA, Benjamin L, Zeng H, Dvorak AM, Dvorak HF. Vascular perme-
ability, vascular hyperpermeability and angiogenesis. Angiogenesis 2008;11:
109e19.

49. Dvorak HF, Nagy JA, Dvorak JT, Dvorak AM. Identification and characterization
of the blood vessels of solid tumors that are leaky to circulating macromole-
cules. Am J Pathol 1988;133:95e109.

50. Dvorak HF, Brown LF, Detmar M, DvorakReview AM. Vascular permeability
factor/vascular endothelial growth factor, microvascular hyperpermeability,
and angiogenesis. Am J Pathol 1995;146:1029e39.

51. Folkman J, Shing Y. Angiogenesis. J Biol Chem 1992;267:10931e4.
52. Folkman J. Seminars in Medicine of the Beth Israel Hospital, Boston. Clinical

applications of research on angiogenesis. N Engl J Med 1995;333:1757e63.
53. Holmgren L, O’Reilly MS, Folkman J. Dormancy of micrometastases: balanced

proliferation and apoptosis in the presence of angiogenesis suppression. Nat
Med 1995;1:149e53.

54. Ishida O, Maruyama K, Tanahashi H, Iwatsuru M, Sasaki K, Eriguchi M,
Yanagie H. Liposomes bearing polyethyleneglycol-coupled transferrin with
intracellular targeting property to the solid tumors in vivo. Pharm Res 2001;18:
1042e8.

55. Seymour LW, Miyamoto Y, Maeda H, Brereton M, Strohalm J, Ulbrich K,
Duncan R. Influence of molecular weight on passive tumour accumulation of
a soluble macromolecular drug carrier. Eur J Cancer 1995;31A:766e70.

56. Matsumura Y, Kataoka K. Preclinical and clinical studies of anticancer agent-
incorporating polymer micelles. Cancer Sci 2009;100:572e9.
of Polymeric Micelle Carrier Systems in Chemotherapy and Image
(2011), doi:10.1016/j.jecm.2011.06.002



M. Yokoyama8
57. Matsumura Y. Polymeric micellar delivery systems in oncology. Jpn J Clin Oncol
2008;38:793e802.

58. Matsumura Y. Poly (amino acid) micelle nanocarriers in preclinical and clinical
studies. Adv Drug Deliv Rev 2008;60:899e914.

59. Matsumura Y, Hamaguchi T, Ura T, Muro K, Yamada Y, Shimada Y, Shirao K,
et al. Phase I clinical trial and pharmacokinetic evaluation of NK911, a micelle-
encapsulated doxorubicin. Br J Cancer 2004;91:1775e81.

60. Hamaguchi T, Kato K, Yasui H, Morizane C, Ikeda M, Ueno H, Muro K, et al.
A phase I and pharmacokinetic study of NK105, a paclitaxel-incorporating
micellar nanoparticle formulation. Br J Cancer 2007;97:170e6.

61. Uchino H, Matsumura Y, Negishi T, Koizumi F, Hayashi T, Honda T, Nishiyama N,
et al. Cisplatin-incorporating polymeric micelles (NC-6004) can reduce neph-
rotoxicity and neurotoxicity of cisplatin in rats. Br J Cancer 2005;93:678e87.

62. Negishi T, Koizumi F, Uchino H, Kuroda J, Kawaguchi T, Naito S,
Matsumura Y. NK105, a paclitaxel-incorporating micellar nanoparticle, is
a more potent radiosensitising agent compared to free paclitaxel. Br J Cancer
2006;95:601e6.

63. Hamaguchi T, Matsumura Y, Suzuki M, Shimizu K, Goda R, Nakamura I,
Nakatomi I, et al. NK105, a paclitaxel-incorporating micellar nanoparticle
formulation, can extend in vivo antitumour activity and reduce the neuro-
toxicity of paclitaxel. Br J Cancer 2005;92:1240e6.

64. Cabral H, Nishiyama N, Kataoka K. Optimization of (1,2-diamino-cyclohexane)
platinum(II)-loaded polymeric micelles directed to improved tumor targeting
and enhanced antitumor activity. J Control Release 2007;121:146e55.

65. Koizumi F, Kitagawa M, Negishi T, Onda T, Matsumoto S, Hamaguchi T,
Matsumura Y. Novel SN-38-incorporating polymeric micelles, NK012, eradicate
vascular endothelial growth factor-secreting bulky tumors. Cancer Res 2006;
66:10048e56.

66. Kim DW, Kim SY, Heo DS, Kim HK, Kim SW, Shin SW, Kim JS, et al. Multicenter
phase II trial of Genexol-PM, a novel Cremophor-free, polymeric micelle
formulation of paclitaxel, with cisplatin in patients with advanced non-small-
cell lung cancer. Ann Oncol 2007;18:2009e14.

67. Lee KS, Chung HC, Ro J, Im SA, Park YH, Kim CS, Kim SB, et al. Multicenter phase
II trial of Genexol-PM, a Cremophor-free, polymeric micelle formulation of
paclitaxel, in patients with metastatic breast cancer. Breast Cancer Res Treat
2008;108:241e50.

68. Sharma AK, Zhang L, Li S, Kelly DL, Alakhov VY, Batrakova EV, Kabanov AV, et al.
Prevention of MDR development in leukemia cells by micelle-forming poly-
meric surfactant. J Control Release 2008;131:220e7.
Please cite this article in press as: Yokoyama M, Clinical Applications
Diagnosis of Solid Tumors, Journal of Experimental and Clinical Medicine
69. Danson S, Alakhov V, Ranson M, Ferry D, Margison J, Kerr D, Jowle D, et al.
Phase I dose escalation and pharmacokinetic study of pluronic polymer-bound
doxorubicin (SP1049C) in patients with advanced cancer. Br J Cancer 2004;
90:2085e91.

70. Chansri N, Kawakami S, Yokoyama M, Yamamoto T, Charoensit P, Hashida M.
Anti-tumor effect of all-trans retinoic acid loaded polymeric micelles in solid
tumor bearing mice. Pharm Res 2008;25:428e34.

71. Okuda T, Kawakami S, Yokoyama M, Yamamoto T, Yamashita F, Hashida M.
Block copolymer design for stable encapsulation of N-(4-hydroxyphenyl)
retinamide into polymeric micelles in mice. Int J Pharm (Note) 2008;357:
318e22.

72. Okuda T, Kawakami S, Higuchi Y, Satoh T, Oka Y, Yokoyama M, Yamashita F,
et al. Enhanced in vivo antitumor efficacy of fenretinide encapsulated in
polymeric micelles. Int J Pharmaceutics 2009;373:100e6.

73. Satoh T, Higuchi Y, Kawakami S, Hashida M, Kagechika H, Shudo K,
Yokoyama M. Encapsulation of the synthetic retinoids Am80 and LE540 into
polymeric micelles and the retinoids’ release control. J Control Release 2009;
136:187e95.

74. Yokosawa M, Sonoda Y, Sugiyama S, Saito R, Yamashita Y, Nishihara M, Satoh T,
et al. Convection-enhanced delivery of a synthetic retinoid Am80, loaded into
polymeric micelles, prolongs the survival of rats bearing intracranial glioblas-
toma xenografts. Tohoku J Exp Med 2010;221:257e64.

75. Inoue T, Yamashita Y, Nishihara M, Sugiyama S, Sonoda, Kumabe T,
Yokoyama M, et al. Therapeutic efficacy of a polymeric micellar doxorubicin
infused by convection-enhanced delivery against intracranial 9L brain tumor
models. Neuro-Oncology 2009;11:151e7.

76. Kano MR, Bae Y, Iwata C, Morishita Y, Yashiro M, Oka M, Fujii T, et al.
Improvement of cancer-targeting therapy, using nanocarriers for intractable
solid tumors by inhibition of TGF-beta signaling. Proc Natl Acad Sci USA
2007;104:3460e5.

77. Minowa T, Kawano K, Kuribayashi H, Shiraishi K, Sugino T, Hattori Y,
Yokoyama M, et al. Increase in tumor permeability following TGF-b type I
receptor inhibitor treatment observed by dynamic contrast-enhanced MRI. Br J
Cancer 2009;101:1884e90.

78. Seki T, Fang J, Maeda H. Enhanced delivery of macromolecular antitumor drugs
to tumors by nitroglycerin application. Cancer Sci 2009;100:2426e30.

79. Hori K, Nishihara M, Yokoyama M. The combretastatin derivative cderiv,
a vascular disrupting agent, enables polymeric nanomicelles to accumulate in
microtumors. J Pharm Sci 2010;99:2914e25.
of Polymeric Micelle Carrier Systems in Chemotherapy and Image
(2011), doi:10.1016/j.jecm.2011.06.002


	 Clinical Applications of Polymeric Micelle Carrier Systems in Chemotherapy and Image Diagnosis of Solid Tumors
	1 Polymeric Micelles as Nano-sized Drug Carriers1–8
	1.1 What is a polymeric micelle?
	1.2 Advantages of polymeric micelle as a drug carrier
	1.3 Disadvantages of polymeric micelle as a drug carrier

	2 Passive Drug Targeting to Solid Tumors
	2.1 Methodology and significance of passive targeting to solid tumors
	2.2 An example of polymeric micelle’s passive tumor targeting

	3 Contrast Agent Targeting24–26,40–47
	4 Future Perspectives
	 References


