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Abstract: With the emergence of nanotechnology in drug delivery, colloidal systems and particularly polymeric
micelles have attracted great attention. Polymeric micelles formed by the self-assembly of amphiphilic copolymers
adopt a core-shell structure, which can be loaded with drugs and used as drug delivery systems for various medi-
cal applications. The most interesting aspects involve extended blood circulation times and stability upon dilution,
which enable polymeric micelles to accumulate in tumor or inflammation sites due to the enhanced permeation
and retention effect (EPR). In the first part of this paper polymeric micelles with different morphologies and dif-
ferent circulating-, active- and passive targeting, and stimuli responsive properties will be reviewed. Furthermore
amphiphilic block copolymers of different compositions for pharmaceutical micelle formulations will be discussed.
The hydrophilic block is often composed of the biocompatible polyethylene glycol (PEG), whereas diverse poly-
mers are used for the hydrophobic block. The biodegradable and biocompatible polylactide (PLA) is one of the
most tested core-forming blocks for micelles, in part because of approval by the FDA for numerous drug products
for use in humans. However, PLA has limitations with respect to the incorporation of poorly water-soluble drugs.
Considering this we will present in the second part of this paper briefly our strategy and contribution to overcome
these limitations and recent results for the envisioned application of these micelles in the field of cancer treatment.
In order to increase the hydrophobicity of PLA methyl groups are substituted by more hydrophobic hexyl groups.
The hexyl-substituted polylactides in combination with PEG form the amphiphilic block copolymers PEG-hexPLA,
which self-assemble in aqueous solution into stable spherical, homogenous micelles with a diameter of 20-45 nm.
The increased hydrophobicity of the hexPLA micelle core leads to higher incorporation rates of hydrophobic drugs,
like the poorly water soluble photosensitizer, meso-tetra(p-hydroxyphenyl)porphine (THPP). THPP water solubility
is increased 200-fold using these micelles. Their application in photodynamic therapy (PDT), coupled with the in-
creased accumulation of the photosensitizer in a tumor, followed by irradiation at a special wavelength, should lead
to tumor death. The encouraging drug incorporation results reveal the potential of hexyl-substituted polylactide
micelles as drug carriers for PDT applications.
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Overview of Polymeric Micelles as
Drug Delivery Systems

In the first part of this article we will give
a brief overview on polymeric micelles as
drug delivery systems. Specific properties
of polymeric micelles will be outlined with
an emphasis on the different compositions
of widely used amphiphilic copolymers. In
a second part, recent developments from
our own research on hydrophobic substi-
tuted PLA-based copolymers and their
possible use as micellar carriers of poorly
water soluble drugs for cancer treatment
will be presented.

One very important aspect of pharma-
ceutical research is the development of novel
drug carriers, which can deliver drugs to the
right pathological site, at the right time, in
the right dose, without affecting surround-
ing healthy tissues. In order to achieve this,
nanotechnology has been pushed into the

spotlight with the exploration of various
colloidal drug delivery systems like nano-
spheres, nanocapsules, micelles, liposomes,
nanoemulsions, nanogels, lipid base nano-
particles, dendrimer nanocomposites, and
others.[' Among these systems, micelles
have gained increased interest in the last
15 years. The number of patents and pub-
lications is increasing exponentially. The
number of published papers in 1990 deal-
ing with ‘polymeric micelles’ was about
one hundred, whereas in 2007 it was eight
times higher (Fig. 1).[2! Numerous excel-
lent reviews are available in the literature
describing micellar carrier systems for con-
trast agents in the imaging and diagnostic
field,[3 as drug carriers*3] for cancer,[6-8]
and for gene and photodynamic therapy.!

Polymeric micelles for pharmaceutical
applications can be formed from amphiphilic
copolymers with different architectures (Fig.
2). Composed of a hydrophilic A block and
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Fig. 1. Number of yearly publications and patents from 1980 to 2007 using
the keyword ‘polymeric micelles’ (source: Scifinder Scholar, February
2008)
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a hydrophobic B block, these copolymers

can either be of the linear AB diblock type,

ABA or BAB triblock- or multiblock type-,

or a nonlinear composition having more

complex architectures like star or branched
types. Consequently these copolymers form
micelles of different structures.

The self-assembly process is driven by
the force to reach the lowest free-energy of
the system.[01 In solution the amphiphilic
copolymers exist first as unimers until their
concentration exceeds the critical micellar
concentration (CMC), above which they
spontaneously self-assemble into micelles
to form colloidal systems of the nano scale.
For a given polymer concentration micelles
form when the solution temperature reach-
es the critical micellar temperature (CMT).
The lower critical solution temperature
(LCST) is the minimum temperature be-
yond which the polymers self-assemble in-
to micelles. Thus both the CMC and LCST
are critical parameters for the existence of
stable micelles in the body.

The micelle morphology is controlled
mainly by three factors:

i) stretching of the core-forming blocks
(free energy of the core),

ii) the surface tension between the core-
forming block and the solvent (free en-
ergy of the interface), and

iii) repulsion interactions of the corona-
forming blocks (free energy of the co-
rona).[10]

Different morphologies are possible
depending on the characteristics of the
amphiphilic polymers (molecular weight,
physical state and composition) and on
the solution parameters (solvent, polymer
concentration, pH, ionic strength, solvent/
co-solvent ratio and others). Amphiphilic
diblock copolymers self-assemble into
basic shapes like spheres (the predomi-
nant form), rods, and wormlike or vesicle
structures. When the molecular weight of
the hydrophilic block represents more than
50% of the total polymer molecular weight,
spontaneous spherical micelles are formed,
whereas with a hydrophilic block slightly
below 50%, the micelles take on a worm-
like structure. This latter morphology can
also be generated by sonication from a
copolymer forming initially spherical mi-
celles, as it was shown for poly(ethylene
glycol)-b-poly(e-caprolactone) (PEGsyy6/mol
-PCL6500g/mpl).[”1 In degradatlpn stu ies,
wormlike micelles transformed into spheri-
cal micelles, when the PCL blocks hydro-
lyzed and the percentage of hydrophobic
blocks dropped to less than 50% of the
overall polymer weight. The physical state
of the core forming block also influences
the micelle morphology. PEG-poly(e-
caprolactone-D,L lactide) (PEG-P(CL-DL-
LA)) with the amorphous poly(D,L-lactide)
block self-assembled into spheres, whereas
cylindrical structures were formed with the
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crystalline poly(L,L-lactide) block (PEG-
P(CL-LLA)).["2I A strong competition be-
tween the energy of the crystalline core and
the chain stretching corona may explain the
formation of the cylindrical shape. More-
over the influence of the composition and
the block length has been demonstrated in
the following. examplgs; PEGzooog /mol-PC.Ln
formed a variety of different morphologies
with the increase of PCL block length from
sphere, rod, wormlike to lamellae, whereas
PEGSOOOg/mol'PCLn only self-assembled
into spherical micelles. One polymer,
PEG5000 Jmol PCL 2 formed a mixture
of spheres and lamellae 1131 PCL also has
been used to study the effect of the polymer
block-type and -architectures in polymeric
micelles (Fig. 2). Classical PEGSOOOg/mol
-PCL,, diblock!!*!41 or PCL-PEG-PCL tri-
block!15! copolymers self-assemble into
the common spherical core-shell structure
(Fig. 2a and 2b, respectively). BACAB-
type multiblock copolymers, where C is a
less hydrophobic block than B as in PCL, -
(PEG-PPO-PEG)lgoog/mol-PCLn, lead to
the formation of a double layer shell-core
structure (Fig. 2c).'61 Star-shaped co-
polymers like the four-arm (PEG5000 Jmol”
PCL),"" or Tetronic ®_pCLIs! assemble
into spherical micelles, wherein the hydro-
phobic blocks form the core and the hy-
drophilic PEG chains arrange to form the
shell (Fig. 2d). Graft copolymers like PAsp-
g-PCL can form spherical micelles with a
shell, in which hydrophilic chains overlap,
and entangle (Fig. 2e).[1] PCL7000g/mO1

-PDMAg50e/mo1 PTUsh copolymers with
their hydrop%qoblc PCL-backbone form a
kind of core-shell-‘crosslinked’ micelles
(Fig. 2f).201 All of the above-mentioned mi-
celles are characterized by sizes below 100
nm. Yet not all micelle types have proved to
be suitable drug carriers.

The influence of the solvent/co-solvent
ratio on the micelle shape has been explored
by Barghava et al.[21l Using two different
solvent systems, DMF/water and DMF/ac-
etonitrile, PEG-polystyrene (PEG-PS) co-
polymers self-assembled first into spheres
and with the decrease of DMF content into
cylinders, followed by wormlike, and fi-
nally vesicle structures. Mixed morpholo-
gies (spheres and cylinders, cylinders and
wormlike structures) were visible at inter-
mediate DMF concentrations.

In aqueous media, micelles have a core-
shell structure with a hydrophobic dense
inner core and a hydrophilic flexible outer
shell. It has been shown that many poorly
water-soluble drugs can be incorporated
efficiently into the hydrophobic core, and
thus within the polymeric micelles to be-
come water soluble, facilitated by the hy-
drophilic micelle shell, which is composed
mainly of polyethylene glycol (PEG).
Drug loading also influences the micelle
morphology. For example a change from

spheres to cylinders occurred when indo-
methacin loading was increased in PEG-
poly[2-(diisopropylamino)ethyl methacry-
late] (PEG-PDPA) micelles.[?2] Further,
wormlike micelles from poly(ethylene
glycol)-b-poly(e-caprolactone) (PEGSOOO /
mol PCLGSOOg/mol) possessed the same d1-
ameter as the corresponding spherical
ones, but could incorporate twice as much
paclitaxel, which is of great interest for an
efficient drug loading of the micellar car-
rier system.[!!] Moreover, the stability and
cytotoxicity did not differ between the two
morphologies.

The presence of PEG, a hydrophilic,
water-soluble, nontoxic and non-immuno-
genic polymer, at the surface of micelles
and nanoparticles, respectively enables
these nanocarriers to escape from renal
exclusion and from opsonization by the
mononuclear phagocytic system (MPS).
The micelles can protect the incorporated
drug from the biological fluids until reach-
ing the target site. With a prolonged circu-
lation time in the blood stream they can
accumulate at the inflammation site or in
tumor tissues through the enhanced perme-
ability and retention effect (EPR), which
resembles a passive targeting.[?3] Due to
their small size (below 100 nm), polymeric
micelles can reach the very small vascular
vessels and can be internalized into cells
more efficiently unlike bigger carriers such
as microparticles.[2425] The release of the
incorporated drug at the pathological site
can occur by simple diffusion, destabiliza-
tion of the structure of the micelles by deg-
radation, change in pH or by other stimuli,
which will be discussed in more detail be-
low. There are several other advantages of
polymeric micelles in drug delivery. With
their low CMC in the micromolar range,
polymeric micelles generally have good
stability upon dilution. Thus the amount of
the polymer surfactant can be reduced in
comparison to other classical surfactants
in order to formulate a stable drug carrier
system. This higher stability of polymeric
surfactant-based formulations results in a
better shelf-life. The clear appearance and
the good injectability of micellar solutions
are also advantages for medical treatments.
The protection of drugs in the micelle core
decreases the adverse side effects observed
with free drugs, such as pain and inflamma-
tion at the injection site, and systemic side
effects, when administered parenterally.[26]
Propofol is an example of the improve-
ment of a pharmaceutical formulation
with polymeric micelles. It is a water-
insoluble anesthetic agent that was found
to be more stable in poly(N-vinyl-2
pyrrolidone)-block-poly(D,L-lactide)
(PVP-PDLLA) micelle solution than in
the currently used water-in-oil emulsion.
After reconstitution, the micelle formula-
tion is stable for four days, whereas the
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standard emulsion can only be used for 6
h.[271 As a second example for advantages
of polymeric micelles, a formulation with
the potent anticancer drug paclitaxel can be
mentioned. Paclitaxel, a chemotherapeutic
agent that is almost insoluble in water (0.3
ug/ml), is currently marketed as Taxol®
and solubilized therein with Cremophor®
EL, a polyoxyethylated castor oil. To re-
place this surfactant, which is known for
its toxicity, albumin-bound paclitaxel
nanoparticles (Abraxane®)28! and PEG-
poly(D,L-lactic acid) polymeric micelles
(Genexol® PM) have been developed.29]
These formulations lead to a reduction of
severe side effects, thus permitting an in-
crease in the dose during chemotherapy. In
vivo studies on human ovarian and breast
cancer cells in nude mice demonstrated
that tumor growth was reduced 48 h and
14 days, respectively after administration
of Genexol® PM at its maximum tolerated
dose (MTD), which is three times higher
than in the treatment with Taxol®. More-
over, tumor regrowth which was observed
for Taxol®30! is not reported for the Gen-
exol® PM treatment. After one month of
treatment, this polymeric micelle formula-
tion showed complete tumor regression.
As mentioned before, drug targeting is
a special challenge since the delivery of a
drug to the right site of action should be
both selective and quantitative. Passive
targeting by the EPR effect results from
the long-circulation property of micelles.
In order to achieve a higher drug dose at
the target site, substantial effort has been
put into active targeting research. Active
targeting can be accomplished by modify-
ing the micelle surface with site-specific
ligands, or by creating ‘immunomicelles’
by attaching monoclonal antibodies. One
other strategy for drug targeting uses folate
functionalization. Receptors recognizing
the vitamin folic acid are over-expressed
on many human cancer cells (breast, ovar-
ian, brain, kidney and lung), consequently
folate conjugated micelles are preferably
recognized and bound on the tumor cells,
and can then be internalized by active tu-
mor mechanisms. This mechanism was, for
example, observed with adriamycin-loaded
folated polymeric micelles.3!] The pres-
ence of these ligands on the micelle sur-
face increased the in vitro cytotoxicity by
increasing the cellular uptake and the intra-
cellular concentration. The in vivo studies
suggested that a defined number of folate
groups on the micelles surface showed an
optimized carrier—receptor interaction. Tu-
mor treatment with these folated polymeric
micelles was more efficient than with the
non-folate functionalized micelles or even
the free drug. Also, other potent drugs
like paclitaxel,32-341 doxorubicin,3! and
tamoxifen3¢! and a multidrug resistance
modulator’?’l have been formulated with
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folate functionalized micelles and yielded
improved results.

A recent paper by Beduneau er al. re-
views the different active targeting strate-
gies available for treating brain tumors.[38!
One major obstacle for efficient drug de-
livery to the brain is the blood brain bar-
rier. Different modifications of the surface
of nanocarriers (liposomes, micelles or
nanoparticles) by grafting endogenous and
chimeric ligands, or by directly conjugating
proteins and peptides through a covalent or
non covalent linkage leads to internaliza-
tion of the nanocarrier by brain capillary
endothelial cells. Other examples of surface
functionalization of micelles for drug deliv-
ery can be found in the review of Mahmud
et al .13

Application of stimuli responsive mi-
celles is an approach for controlled drug re-
lease. When nanocarriers have reached the
pathological site, the drug can be released
due to destabilization by different stimula-
tions. This can be achieved with external
sources like light, ultrasound, hypo- or hy-
perthermia, or with internal stimuli like pH
change or enzymes. pH-Sensitive micelles
have been widely tested in drug delivery,
because of increased acidity of tumor and
inflammatory tissues compared to healthy
tissues. A change in the pH leads to a demi-
cellization process and the drug is released.
It has been reported that doxorubicin-
loaded pH-sensitive micelles formed from
PEG-poly(B-amino esters) disassembled at
pH 6.4 leading to rapid doxorubicin release,
whereas at physiological pH they remained
stable.l*] A higher drug concentration at the
pathological site was achieved, resulting
in higher anti-tumor efficacy and a higher
survival rate in vivo in mice compared to
treatment with free drug. In other exam-
ples, pH-sensitive polymeric micelles were
loaded with adriamycin,*! paclitaxel(3¢] or
tamoxifen.3¢] Other poorly soluble drugs
like triclosan,[42] candersartan cilexetil,[43!
indomethacin,!*4 fenofibrate,*4! and pro-
gesteronel*4! could be successfully incor-
porated in similar micelles and resulted in
pharmacological improvements.

Thermoresponsive micelles can also
be used as controlled release systems.
This is particularly the case for poly(N-
isopropylacrylamide) (PNIPAAm)-based
micelles with a LCST of about 40 °C.[43]
Below this LCST, AB type copolymers
with PNIPAAm as the hydrophilic block
form polymeric micelles, which are steri-
cally stabilized by the water-soluble flex-
ible chains of the PNIPAAm block.[46] The
lipophilic drug is incorporated in the hydro-
phobic core and can be stored as a stable
formulation. Above the LCST, PNIPAAm
becomes insoluble and thus deforms the
micelle structure, which results in a rapid
diffusion of the drug from the micelles. In
a cancer treatment study PNIPAAm-based

polymeric micelles are accumulated in a
solid tumor site by passive targeting, and
upon local heating slightly above the LCST
the encapsulated drug was released.[47:48

Ultrasound-sensitive polymeric micelles
based on Pluronic® P-105 were developed
by the groups of Pitt and Rapoport in the
late 1990s.1491 Over time Rapoport and co-
workers optimized these micelles by mixing
them with PEG-distearoylphosphatidyleth-
anolamine (PEG-DSPE). Mixed micelles
demonstrated enhanced stability upon di-
lution compared to the standard Pluronic®
P-105 micelles. Indeed ruboxil, a paramag-
netic labelled anthracyclin, showed com-
plete release in very diluted concentrations
of fetal bovine serum when incorporated in
Pluronic® P-105 micelles, whereas 65% of
the drug was retained in the mixed poly-
meric micelles.[5% In addition, the treatment
of tumors with doxorubicin as the drug was
found to be more efficient as indicated by
a higher uptake and therefore a decrease of
the tumor size, when an ultrasound stimu-
lus was applied to micelles in comparison
to non-stimulated micelles. The efficiency
of the tumor treatment is even more pro-
nounced when compared to the treatment
with the free drug.[’0 In summary, poly-
meric micelles with their specific structure
and long circulation in the blood stream are
promising carriers for passive and active
targeting, especially for cancer treatment.

For the use of amphiphilic polymers in
pharmaceutical applications in general, im-
portant requirements such as non-toxicity
and biocompatibility need to be fulfilled.
This constrains the number of available hy-
drophobic and hydrophilic natural or syn-
thetic polymers.

For the hydrophilic shell-forming block
polyethylene glycol (PEG) is the polymer
of choice, because of its superior proper-
ties, and its approval by the Food and Drug
Administration (FDA). Despite its non-de-
gradability PEG is non-toxic and can eas-
ily be removed from the body through the
excretion pathways, as long as the molecu-
lar weight is less than 15 kDa. Thus PEG
with molecular weights between 2 and 15
kDa are suitable in polymeric micelles for
drug delivery. One of the main advantages
resides in the efficient protection of incor-
porated drugs in pegylated nanocarriers.
(511 Other polymers like poly(N-vinyl-2-
pyrrolidone) (PVP),[52531 polyvinyl alcohol
(PVA) and its derivatives,[> or recently
studied poly(ethyl ethylene phosphate)
(PEEP)3] could be alternatives to PEG.
PVP a non-ionic, biocompatible and water-
soluble synthetic polymer is often preferred
to PEG for freeze drying formulations, be-
cause of its better cryoprotectant properties.
1561 Polyphosphates were recently investi-
gated as polymers for micellar systems, 55!
because of their biocompatibility, degrad-
ability and pendant chain functionality,

CHIMIA 2008, 62, No. 10

but further work is needed for a proof of
concept.

For the hydrophobic core-forming block,
a large number of polymers meet the re-
quirements for pharmaceutical applications.
Here ionic or non-ionic, degradable or non-
degradable polymers can be considered. In
polyion complex micelles (PICM) a charged
core-forming block can more efficiently in-
corporate negatively charge drugs like plas-
mid DNA, oligodeoxyribonucleotides, some
polysaccharides, enzymes or photosensitiz-
ers. The typical positively charged polymers
are poly(ethylenimines) (PEI),57! polyacryl-
amides,38-°1 poly(L-lysine)l® or poly(2-
(N,N-dimethylamino)ethyl = methacrylate)
(PDMAEMA).[°1l In contrast, polyanionic
polymers, like poly(methacrylic acid)
(PMAA)“7 or poly(aspartic acid) (PAsp),[62!
are used for the incorporation of polycationic
peptides or lipids.[3]

Various non-ionic hydrophobic core-
building degradable and non-degradable
polymers have been investigated. Here we
will focus on the possible polymers from
three different classes including polyethers,
poly(L-amino acids) and polyesters. Cer-
tainly there are other important biodegrad-
able polymers, like polyanhydrides or poly-
urethanes, but to date they are used more
as implants, microspheres, discs or other
matrices for localized drug delivery.[64651 A
few examples of polymeric micelles made
from oligoanhydrides and PEG have been
reported by Najafi et al., who demonstrat-
ed the ability to incorporate a hydrophilic
model drug, calcein.[60]

The most interesting polyethers for
micellar drug delivery systems are the tri-
block copolymers (ABA type) of PEG and
poly(propylene oxide) (PPO). They are
marketed and commonly known as Pluron-
ics® (BASF)67] or as poloxamers, their
non-proprietary name.[%8] Depending on the
compositions and block-lengths PEG-PPO
multiblock copolymers show interesting
material properties, including the forma-
tion of micellar structures or temperature-
dependent gels. For example Pluronic®-
based micelles were studied by Gao et al.[30]
and Exner et al.[®] for cancer therapy. In
these studies, doxorubicin and carboplatin,
respectively were successfully incorporated
into the micelles. For doxorubicin-loaded
Pluronic® micelles high drug uptake could
be achieved in multidrug resistant cell
lines through ultrasonic irradiation of the
tumor.% An efficient tumor decrease was
observed using this method.

Derived from natural L-amino acids,
poly(L-amino acids) are very interesting
biocompatible polymers and were stud-
ied as possible hydrophobic core-forming
blocks.[701 Several poly(L-amino acid)-
based micelles have been investigated as
pH-sensitive polymeric drug carriers. At
acidic pH in the tumor, protonation of free
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amine and carboxyl groups in the poly-
mer chains leads to a destabilization of
the micelle structure and resulted in the
controlled release of drug.”!!l PEG-poly(L-
histidine) micelles loaded with doxorubi-
cin generated a decrease of human ovarian
carcinoma subcutaneously xenografted in
mice.[?] As another example PEG-poly(L-
lysine) and PEG-poly(L-ornithin) micelles
were studied for DNA delivery.[73] A higher
condensation of DNA and a higher DNA
transfection of two mammalian cell lines
in vitro were achieved with these micelle
carriers compared to the parent homopoly-
mers, poly(L-lysine) or poly(L-ornithine).
Disadvantageously the higher haemolytic
activity could limit the intravenous use of
these novel vesicles.

As an example for non-pH sensitive
poly(L-amino acids) polymeric micelles,
benzyl ester of PEG-poly(aspartic acid)
(PEG-P(Asp)) micelles yielded a higher
drug loading of the water-insoluble antican-
cer agent camptothecin and better stability
compared to other esterified copolymers
and to free drug.l’# In these studies mice,
transplanted with colon solid tumor cells,
and treated with benzylester-PEG-P(Asp)
micelles, had a longer circulation time, an
increased accumulation in the tumor, and
thus a more efficient antitumor activity.[23]
Several hydrophobic core-forming poly(L-
amino acids) could improve micelle stabil-
ity and showed promising results for cancer
or gene therapy applications.

Poly(hydroxyalkanoic acids) are the
most commonly used polymers in PEG-
polyester micelles for drug delivery, be-
cause of their outstanding biodegradability
and biocompatibility. Due to the vast num-
ber of published articles on PEG-polyester
micelles we can only present some se-
lected examples of recent achievements,
and would like to refer the readers to other
more detailed review articles on polymeric
micelles.[36.75.761

Poly(butyrolactone) (PBL) is preferen-
tially used in its  form, and is derived from
the natural production in microorganisms.
B-PBL is characterized by a higher hydro-
phobicity and crystallinity compared to the
synthetic o-PBL. Despite a good stability,
a low CMC and small size, the potential
of PEG-PBL-PEG triblock micelles (ABA
type) was limited due to the slow biodegra-
dation of the PBL blocks in vivo.l”7 Contrary
the PBL-PEG-PBL copolymers, BAB type,
showed a faster biodegradation rate, while
having similar sizes and CMC values.[”8]
However, the incorporation of hydropho-
bic drugs needs to confirm their feasibility
for drug delivery, even if pyrene as a model
compound was incorporated with success.

Different studies on the semi-crystalline
poly(valerolactone) (PVL) as the hydro-
phobic core-forming block were repor-
ted.[7-811 As one example, PEGzooog/mol'

PVLzooog/mol was used for the formulation
of paclitaxel.B1l With these micelles the
water solubility was increased to 9 mg/ml.
When compared to the actual paclitaxel sol-
ubilization of 6 mg/ml in the mixture Cre-
mophor® EL/dehydrated alcohol in Taxol®,
the result suggests that a lower amount of
PEG-PVL surfactant would be needed to
achieve the same dose. In vivo studies are
required to show that the slow degradation
of PVL and the expected longer elimination
time from the body will not be a problem.

Poly(caprolactone) (PCL) is another
very suitable polymer for the core-forming
block, because of its proven biocompatible
properties, therefore PEG-PCL diblock co-
polymers have commonly been investigated
for drug delivery. Recently, protoporphyrin
IX, a hydrophobic photosensitizer, was in-
corporated into PEGSOOOg /mol‘PCL4100g/m ol
micelles, and a higher cellular uptake and
higher photocytotoxicity was obtained
compared to the free photosensitizer.!32 In
another example reported by Aliabadi et
al., cyclosporine A, an immunosuppressive
agent, was encapsulated in PEGsy)00/mol
'PCL13000g/mol micelles.[83] Here the érug
solubility was increased 80-fold compared
to its water solubility.[84 High drug load-
ings in these micelles envision the pos-
sible replacement of other surfactants, like
Cremophor® EL in the current formula-
tion Sandimmun®, which shows severe
side effects. In studies for cancer treatment
PEG-PCL polymeric micelles were loaded
with chemotherapeutic agents like cispla-
tin,201 doxorubicin, #5861 paclitaxell®”l and
recently tested newer compounds such as
B-lapachone!8¢! and curcumin.[38891 Other
approaches focus on specific-specific tar-
geting PEG-PCL carriers functionalized
with folic acid, heparin or epidermal growth
factor (EGF) for the release of a chemo-
therapeutics like paclitaxel,32 of both in-
domethacin and basic fibroblast growth
factor (bFGF)® or ellipticine.®!! Higher
internalization and higher cytotoxicity were
observed, and thus improved significantly
the tumor treatment compared to the non-
functionalized micelles.

Among the various poly(hydroxy-al-
kanoic acids), poly(lactic acid) (PLA) and
poly(lactic-co-glycolic acid) (PLGA) copo-
lymers are the most outstanding polyesters
in drug delivery applications. Environmen-
tal friendliness, synthesis from renewable
resources, biodegradability into non-toxic
lactic acid, and excellent biocompatibility
have made it the polymer of first choice
for many medical applications. Available
stereochemically different polylactides are
characterized by different physical proper-
ties. The racemic D,L-PLA is amorphous,
whereas the enantiomeric pure L- or D-
PLA (PLLA and PDLA, respectively) are
crystalline materials, resulting in different
biodegradation times. Poly(lactide-glycolic
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acid) (PLGA), which is a PLA functional-
ized with glycolic acid units or blocks in
the polymer chain, degrades faster than
pure PLA and is often used to tailor the
degradation time of PLA drug carrier sys-
tems. Therefore, depending on the polymer
used, these PLA-based micelles have sig-
nificantly different properties. PEG -P(CL-
DLLA)8121g/mO] had a lower CMC than
PEG -P(CL-LLA)gq, 4g/mol> and both mi-
celles adopted different morphologies.[12]
Mixing PEG-PLLA and PEG-PDLA copo-
lymer led to a stereocomplex formation of
the PLA chains in the micelle core, which
had better micelle stability with a lower
CMC, smaller size, and higher incorpora-
tion efficacy of rifambin, than PEG-PLLA
or PEG-PDLA micelles.’l In Genexol-
PM®, PEG-PDLLA micelles are used as
the drug carrier for paclitaxel.3% A mul-
ticenter Phase II trial for the treatment of
advanced non-small-cell lung cancer in
combination with cisplatin/?®! has been suc-
cessfully finished, and the same formula-
tion has entered into a Phase II study for
advanced pancreatic cancer treatment.[3
Other drugs like 5-fluoroacil,[®¥ doxoru-
bicin, 8695961 3-lapachone, 86971 campthoth-
ecin®8l and amphotericin B! have been
incorporated into PEG-PLA micelles, and
different polymer architectures like linear
or star-branched, diblock or triblock poly-
mers, homopolymer or mixed polymer
micelles were investigated. Star-branched
polymeric micelles showed no difference
in comparison to linear polymeric micelles
for 5- fluoroacil release, whereas paclitaxel
was released more rapidly and completely.
¥4 In mixed micelles with doxorubicin-
loaded  poly(N-isopropylacrylamide-co-
methacrylicacid)-graft-poly(p,L-lactide)
(P(NIPAAm-co-MAAc)-g-PDLLA)  the
PEG-PLA did not affect the pH- and ther-
moresponsive properties, but advantageous-
ly prevented the adsorption of albumin, in-
creasing the circulation time in the blood
stream.°0l PLA-PEG-PLA triblock copoly-
mers with acryl end groups self-assembled
into micelles, which were transformed into
nanogels by UV irradiation.[8! Loaded with
campthothecin these nanogels showed bet-
ter stability and a sustained release for at
least 20 days in contrast to complete release
for non-irradiated micelles after few hours.
Hydrophilic shell-forming blocks other
than PEG have been explored for PLA- or
PLGA-based copolymer micelles. Recently
PLA-poly(L-glutamic acid) micelles were
developed for magnetic resonance imaging
(MRI) diagnostic systems.!!00] Gadolinium
(Gd) ions chelated with DTBA were incor-
porated into these micelles as an MRI probe.
They were stable upon dilution and showed
a two times higher relaxivity compared to
the free DTBA-Gd complex. Further in vi-
vo studies should evaluate the feasibility of
these micellar diagnostic systems for their
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application in patients. Poly(L-lysine) could
be another alternative polymer to PEG as
the shell-building block. Grafted on PLGA,
the resulting amphiphilic polymer self-
assembled into micelles, which showed
lower cytotoxicity and higher transfec-
tion efficiency than poly(L-lysine) itself,
and could be a possible carrier for gene
delivery.['01l In comparison to PEG, these
poly(L-amino acid)-based micelles are en-
tirely biodegradable. Stimuli responsive
micelles based on PEG-poly(L-histidine)
(PEG-PHis) copolymer micelles were al-
so investigated. Upon a change of pH in
tumor tissue, the imidazole side groups
along the poly(L-histidine) backbone are
ionized (pH <pKy), transforming the hy-
drophobic PHis-block into an hydrophilic
water-soluble one. This is accompanied
by swelling of the micelles and concurrent
drug release.l'92 Loaded with doxorubicin
PLA-PEG-PHis micelles showed an effec-
tive treatment of human breast tumors.[%3]
Thermoresponsive micelles made of PLA-
based polymers were studied with (PNI-
PAAm-co-DMAAm)-PLGA copolymers
for the delivery of chemotherapeutic agents
like paclitaxell’®! and doxorubicin.[!
These micelles showed a higher drug re-
lease upon thermo-stimulation above the
LCST (39.5 °C) and a higher cytotoxicity
on tumor cells compared to free drug. As
an example for tumor targeting micelles,
folate conjugated PEG-PLGA micelles
were studied by Yoo et al.l'%4 and Zhao et
al.1331 A higher uptake, higher cytotoxicity,
and higher apoptosis were obtained with
these folate-functionalized micelles com-
pared to the non-folated micelles and the
free drug, respectively.33]

PEG-polyester micelles are potent
drug carriers compared to many classical
surfactant-based micelles. A higher stabil-
ity in diluted solutions due to their lower
CMC, PEG copolymer micelles have long
circulation properties and can be function-
alized as targeting or as stimuli responsive
drug release carrier systems. An increased
accumulation, a higher drug uptake by the
tumor or inflammation cells accompanied
with a more effective tumor treatment can
often be achieved with polymeric micelles.
Regarding this, albeit an incomplete list,
PCL, PLA and PLGA are the most prom-
ising polyesters. Because of their approval
by the FDA for drug products in human
use, new formulations with these pegylat-
ed excipients might lead easier and faster
to new applicable therapeutics.

Recent Developments of
Hydrophobic Substituted PLA-
based Polymeric Micelles

Despite the outstanding applications of
PLA in medical applications, limitations

for the incorporation of hydrophobic drugs
for pharmaceutical formulations are often
encountered. Since a more hydrophobic
core is desirable for better incorporation
into PLA-based polymeric micelles, we
focused in our own research efforts on the
controlled functionalization of PLA with
hydrophobic substituents. Therefore meth-
yl groups along the PLA polymer backbone
were substituted by hexyl groups leading
to the more hydrophobic hexyl-substituted
poly(lactides) (hexPLA).[105] PEG-hexPLA
copolymers formed micelles in aqueous
solutions and incorporated hydrophobic
drugs, e.g. griseofulvin, more efficiently
than comparable PEG-PLA micelles.[106]
Recently we investigated the potential of
these novel PEG-hexPLA micelles for pos-
sible use in photodynamic therapy (PDT)
in cancer treatment. Initial results in incor-
porating the hydrophobic photosensitizer
meso-tetra(p-hydroxyphenyl)porphine
(THPP) (Fig. 3), and stability studies of
THPP-loaded PEG-hexPLA micelles will

be presented.
QO <8
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Fig. 3. Molecular structure of meso-tetra(p-
hydroxyphenyl)porphine (THPP)

Inorder tocompare PEG-monohexPLA
and PEG-dihexPLA micelles!'%7 for their
increased hydrophobicity and a possible
higher incorporation rate of THPP, a com-
parable PEG-‘standard’ poly(Db,L-lactide)
(PEG-PDLLA) was used as a control. All
three copolymers were of comparable mo-
lecular weights of around 5200 g/mol and
a comparable polydispersity of 1.2. The
PEG-(hex)PLA polymeric micelles were
prepared by the co-solvent evaporation
technique. Both the drug and the copoly-
mer were dissolved in the water-miscible
organic solvent acetone or THF/acetone
(1:1). After the dropwise addition of the
organic solution into water under sonica-
tion, accompanied by the self-assembly to
micelles, the organic solvent was slowly
evaporated. After equilibrium overnight
of the remaining aqueous solution the mi-
celles were characterized by their sizes,
morphologies and drug incorporation.
Unloaded PEG-(hex)PLA micelles had
sizes between 18—-27 nm, whereas THPP-
loaded micelles were only slightly larger
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with 21-45 nm. Thus the loaded micelle
sizes remained below 50 nm, a preferred
‘sub-100 nm’ size, facilitating good in-
ternalization into tumor cells by the EPR
effect. Dynamic light scattering at differ-
ent detection angles confirmed a unimodal
size distribution for loaded and unloaded
PEG-hexPLA and PEG-PLA micelles.
The micelles sizes and morphologies were
confirmed by TEM measurements. As
shown in Fig. 4 unloaded and loaded PLA-
based polymeric micelles had comparable
sizes with spherical shapes. A study of
polymeric micelle solutions stored at
room temperature for 10 months proved
their stability and the long shelf-life of this
formulation. The amount of THPP in the
diverse hexPLA- and PLA-based micelles
was assessed by UV spectroscopy. The
results for THPP incorporation into these
micelles are presented in Fig. 5. Shown is
the actual achieved loading in dependence
of the intended loading, which is based
on the drug concentration in the organic
solution used for the micelle preparation.
Furthermore, the two lines indicate a theo-
retical 80 and 100% incorporation, demon-
strating the efficiency of the THPP incor-
poration. THPP incorporation of micelles
prepared with acetone and with THF/ac-
etone, respectively, as solvent systems are
presented. For intended small loadings up
to 50 mg THPP/g copolymer no significant
differences were observed between the
three different polymers and the organic
solvents used. Incorporation rates were at
least 80%. For a desired higher drug load-
ing of 100 mg THPP/g copolymer and 300
mg THPP/g copolymer, respectively bet-
ter incorporation rates were obtained when
using a polymer/drug solution in the THF/
acetone (1:1) mixture, which facilitates
drug solubility. It should be noted that in
both cases the incorporation was higher and
much more efficient with the novel PEG-
hexPLA micelles than with the standard
PEG-PLA micelles. The highest obtained
drug loading was 123 mg THPP/g PEG-
dihexPLA, although with less efficiency
(41%) compared to 96 and 88 mg THPP
for the dihexPLA and the monohexPLA,
respectively, which lead to around 90%
efficiency for the intended lower drug
loading. Since the molecular weights and
ratios of PEG/hexPLA are not optimized,
it is expected that the loading capacity for
THPP could be higher. Nevertheless the
actual results already show a prominent
increased water solubility of THPP in
PEG-hexPLA micelles. Within the PEG-
dihexPLA micelles 480 mg THPP/L wa-
ter could be dissolved compared to only
2.2 mg/l in pure water, which corresponds
to an increase of 218 fold! As mentioned,
this result still stands for non-optimized
conditions, thus further developments in
PEG-hexPLA micellar formulations for
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Fig. 4. TEM images of unloaded (a) and THPP-loaded PEG-monohexPLA (b) micelles, and for
comparison unloaded PEG-dihexPLA (c) and PEG-PLA (d) micelles
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Fig. 5. Incorporation of THPP in PEG-PLA (O, ®), PEG-monohexPLA (O,Hl) and PEG-dihexPLA (A, A)
micelles in function of the intended drug loading for the two preparation methods, with acetone
(empty symbol) and THF/acetone (plain symbol), respectively
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THPP delivery could lead to a promising
alternative for PDT applications in cancer
treatment. The increased THPP drug load-
ings within the hexyl-substituted PLA-
based micelles in comparison to standard
PLA validate our strategy of improving
hydrophobic drug formulations with ‘hy-
drophobized’ PLA. As reported in our pre-
vious papers the hexPLA polymers degrade
by hydrolysis to non-toxic lactic acid and
2-hydroxyoctanoic acid, which has already
been approved for topical applications, and
which is an important aspect for the feasi-
bility of these polymers for medical appli-
cations. Therefore, on-going studies focus
on the toxicity issues of these novel PEG-
hexPLA micelles. Initial cell culture- and
human blood toxicity tests show positive
results and will soon be presented.

Summary

Polymeric micelles as colloidal drug de-
livery systems have attracted great interest
in the last 15 years due to their favorable
properties. Formed by the self-assembling
of amphiphilic copolymers, polymeric mi-
celles have a core-shell structure which can
adopt several morphologies. The protective
hydrophilic shell offers the micelles long
circulation times in the blood stream, and
a low CMC a high stability upon dilution.
This can enable micelles to accumulate in
tumors by passive targeting and the EPR
effect. Active targeting to the site of ac-
tion can be achieved by binding specific
ligands or antibodies on micelle surfaces.
The use of stimulus-responsive polymeric
micelles can enhance the controlled drug
release. For drug delivery, PEG is the most
outstanding and widely used hydrophilic
polymer for the micelle shell. Consider-
ations regarding toxicity and biocompat-
ibility limit the choice of numerous hy-
drophobic polymers for the core-forming
block. Next to several polyethers, poly (L-
amino acids), polyesters, particularly PLA
have distinguished properties for medical
applications. Nevertheless, the incorpora-
tion of hydrophobic drugs into PLA mi-
celles often has limitations. In order to in-
crease the hydrophobicity along the PLA
backbone for better incorporation of hy-
drophobic drugs we followed the strategy
to substitute the methyl with more hydro-
phobic hexyl side groups. Hexyl-substitut-
ed lactides copolymerized with PEG lead
to amphiphilic copolymers, which self-as-
semble in aqueous solution into homoge-
neous spherical micelles ranging in sizes
from 20 to 45 nm. These PEG-hexPLA
micelle formulations showed 10 months
shelf stability at room temperature. The
incorporation of a poorly water-soluble
drug, like the photosensitizer THPP, did
not affect the micelle size or the micelle
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morphology. However, by incorporation
into PEG-hexPLA micelles the water solu-
bility was increased more than 200 times
compared to the water solubility of the free
drug. These initial results suggest that the
use of PEG-hexyl-substituted polylactides
micelles as drug delivery carriers for pho-
todynamic therapy is feasible.
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PICM: polyion complex micelles
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PLLA: poly(L-lactide)
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PS: poly(styrene)

PVA: poly(vinyl alcohol)

PVL: poly(valerolactone)
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