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Chapter 1
General introduction

Introduction

1. General introduction
1.1. Polymeric micelles for drug delivery in cancer therapy
Polymeric micelles based on amphiphilic block copolymers are nanosized,
colloidal particles that during the past years have been under investigation for
drug delivery purposes 1-4. They are composed of amphiphilic block copolymers
that spontaneously self-assemble in micellar structures when dissolved in
selective solvents above their so-called critical micelle concentration (CMC). In
aqueous environments, the hydrophilic block forms the micellar corona and the
hydrophobic block forms the core (scheme 1) 5, 6. Depending on the molecular
characteristics and molecular weight of the different blocks, the size of
polymeric micelles is between 10 and 200 nm 7. This size enables them to
penetrate the discontinuous endothelium of diseased or inflamed tissues (e.g.
tumors), and accumulate there due to impaired lymphatic drainage, a property
known as the enhanced permeation and retention (EPR) effect, a prerequisite
of which, among others, is a prolonged circulation time 8, 9. After i.v.
administration, the hydrophilic corona shields the core and protects it from
interactions with blood components, resulting in prolonged circulation
and reduced recognition by the reticulo-endothelial system (RES) 10, 11.
Consequently, by accommodating/solubilizing (hydrophobic) therapeutics or
imaging agents within the hydrophobic core of the micelles, loaded polymeric
micelles can have great potential for cancer diagnosis and therapy.

Hydrophilic Hydrophobic
block
block

Scheme 1. Formation of polymeric micelles by self-assembly of amphiphilic
block copolymers in water at concentrations above the critical micelle
concentration (CMC).
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1.2. Thermosensitive polymeric micelles for drug delivery in cancer
therapy
For this class of drug carriers to be successful, they need to be stable in the
circulation and accumulate effectively and selectively in the diseased area
through the EPR effect, and then release the encapsulated depot in a controlled
manner. This can be achieved by using stimulus responsive systems, in which
endogenous or exogenous triggers can induce release. Several triggers have
been used in literature, among which are pH, temperature, light, ultra sound and
enzymes 11-15.

Scheme 2. Lower critical solution temperature (LCST) behavior of
thermosensitive polymers.
An important class of stimuli responsive drug delivery systems is that
comprising of polymers with thermosensitive behavior. Aqueous solutions of
such polymers are characterized by the lower critical solution temperature
(LCST) or cloud point (CP). Below the LCST the polymer chains are in an
expanded state and fully dissolved, whereas above this temperature they are
dehydrated and insoluble (Scheme 2). The temperature-dependent solution
properties of these polymers have been used for the development of polymeric
micelles which can be formed or destabilized depending on the solution
temperature. Therefore, diblock copolymers consisting of a thermosensitive and
a permanently hydrophilic or hydrophobic block form micelles, in which the
thermosensitive polymer forms the micellar core or corona respectively. Among
the thermosensitive polymers described in literature for the design of micelles,
most well known are poly(N-isopropylacrylamide) (pNIPAAm), and pluronics
(PEG-b-PPO-b-PEG, triblock copolymers of polypropylene oxide (PPO) middle
blocks, flanked by polyethylene glycol (PEG) blocks) 14, 16. However, in most of
12
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these cases, local hypo- or hyperthermia is required for micellar destabilization
and subsequent release of the payload, which limits their clinical use.
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Scheme 3. Chemical structure of mPEG-b-p((HPMAmLacn) block copolymer
To overcome the need for local hypo- or hyperthermia to induce drug
release, a novel class of thermosensitive block copolymers has been developed
by our group, which possesses controlled biodegradability, and therefore the
formed micelles can release the drug payload upon polymer degradation. These
polymers are diblock copolymers of methoxy poly(ethylene glycol) (mPEG)
and N-(2-hydroxypropyl) methacrylamide (pHPMAm) grafted with lactate side
chains (mPEG-b-pHPMAmLacn, scheme 3). Micelles formed by these block
copolymers have an average diameter of 60 nm and are formed when an
aqueous solution of the polymer is heated from 0 oC to above the LSCT (which
is 4-10 oC), and consist of a mPEG corona and a pHPMAmLacn core 17.
Importantly, hydrolysis of the lactate side chains in time leads to the
hydrophilization of the thermosensitive block and subsequent micelle
destabilization and drug release 17. These micelles have been used to solubilize
the highly hydrophobic anticancer drug paclitaxel, resulting in an increase of
the drug’s aqueous solubility by a factor 5000 18, as well as the photosensitizer
Si(sol)2Pc 19. Among their advantages are their size (60-80 nm), which enables
tumor accumulation after i.v. administration through the enhanced permeation
and retention (EPR) effect 8, their tunable biodegradability, as well as their ease
of preparation. Another advantage is that via derivatization of the lactate side
groups, it is possible to couple several functionalities to the polymer.

1.3. Covalent linking of the drug using stimuli responsive linkers for
specific and controlled release in the site of action
Polymeric micelles based on mPEG-b-pHPMAmLac2 have been shown to be
rapidly eliminated from the blood circulation in vivo upon i.v. injection to tumor
13
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bearing mice and low amounts were detected in the tumor tissue 20. On the other
hand, when the lactate side chains were derivatized with methacrylate groups
and the micelles were core-crosslinked, the micelles showed remarkable
circulation kinetics and enhanced tumor accumulation 20. But unfortunately, the
encapsulated drug paclitaxel was shown to be rapidly eliminated from the blood
stream 21 and no increased antitumor effect was found. Therefore, there is
considerable room for improvement, and the ‘ideal’ micellar system is yet to be
developed, especially with respect to therapeutic efficacy. In this respect, there
are various strategies investigated to improve the therapeutic efficacy of drugloaded polymeric micelles. One of the strategies that can be employed to
improve the retention of the drug in the micelle is to covalently link it to the
micellar core. However, to ensure the release of the active compound in a
controlled and specific way, specific linkers need to be used, that release the
drug selectively in the area of interest. In the past, and especially in the field of
polymer drug conjugates and of prodrugs, several linkers have been developed.
Ulbrich and colleagues have developed HPMAm doxorubicin conjugates, in
which the drug was covalently linked to the polymer through enzymatically or
hydrolytically sensitive linkers, some of which are either going to, or have
already entered clinical trials 22, 23. Among these spacers, the hydrazone linker is
of particular interest, as it has been shown to be relatively stable at pH 7.4 and
degrade at pH 5 24. Therefore, the drug stably remains linked on the polymer at
the neutral pH of the circulation, but is released in the acidic environment of the
tumor, but also in the acidic cellular compartments upon cellular uptake via
endocytosis. In addition, Haisma et al have developed a doxorubicinglucuronide prodrug that was shown to release doxorubicin enzymatically,
through a linker that is sellecively cleaved by the enzyme beta-glucuronidase,
which is known to be present in necrotic tumor areas, and has shown very
promising in vitro and in vivo results 25-27. These spacers, developed in the field
of prodrugs or polymer drug conjugates can very well be used in the field of
polymeric micelles, to link a therapeutic compound to the micellar core,
providing prolonged circulation and controlled release properties.

1.4. Active drug targeting
The therapeutic activity of the drug-loaded micelles described in the
previous sections is based merely on their passive accumulation in diseased
tissues through the EPR effect. However, the activity of passively targeted
nanoparticles for drug delivery can be further enhanced by the attachment of a
cancer cell selective targeting moiety to the carrier, to introduce active drug
14
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targeting properties. This is expected to result in increased specific target cell
recognition and uptake, which will then result in increased retention at the
tumor site, as well as high intracellular concentration of the therapeutic
compound. Internalizing antibodies, RGD sequences and folate have been
coupled to the surface of polymeric micelles to increase cellular binding and
uptake of micellar nanocarriers 6, 28, 29. Increased in vivo antitumor efficacy has
been observed for some of these actively targeted micelles compared to the free
drug but also compared to untargeted micelles 6, 30, 31. One of the targets that is
commonly used for active targeting is the epidermal growth factor receptor
(EGFR), which is over-expressed by many cancer cells, and polymeric micelles
targeting this receptor have been used to increase their cellular uptake 32, 33.
Very recently, small functional antibody fragments (15 kDa) called nanobodies
have been developed. Specifically, the EGa1 nanobody is an EGFR-antagonist
and binds specifically to EGFR 34, 35. EGa1 modified liposomes have shown
increased uptake by EGFR-overexpressing cells but also decreased proliferation
through down-regulation of the receptor 34. Therefore, anti-EGFR nanobodies
are highly attractive to be used for active targeting of polymeric micelles.

1.5. Image-guided drug delivery
Besides for therapeutic applications, polymeric micelles can also be used for
imaging purposes. The ability of nanosized polymeric micelles to accumulate in
tumor areas through the EPR effect makes them highly attractive for the
delivery of not only therapeutic compounds, but also of imaging agents, and
subsequent imaging of the diseased tissue. This can be used either for diagnostic
purposes only, or in combination with a co-encapsulated therapeutic, for image
guided drug delivery in order to follow the fate of the drug-loaded carrier in a
real-time manner 36. One of the imaging techniques commonly used in clinics is
magnetic resonance imaging (MRI) for which in most cases, contrast agents are
necessary. Superparamagnetic iron oxide nanoparticles (SPIONs) are among the
contrast agents commonly used in MRI because of their slow kidney clearance
and high relaxation values 37, 38. However, uncoated SPIONs are known to
agglomerate and consequently, they are rapidly eliminated by the circulation
after intravenous administration 37, 39 Therefore, several micellar formulations
coating SPIONs have been reported in literature, in order to circumvent their
rapid elimination and provide long circulation properties, and subsequently,
high accumulation in tumor tissues 40-42.

15
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2. Aim of this thesis
As pointed out in section 1, thermosensitive and biodegradable polymeric
micelles based on PEG-b-pHPMAmLacn have shown very promising results
during the past years. However, the in vivo potential of this formulation has still
to be shown. The aim of this thesis was to bring this novel and promising
technology one step closer to the clinic and to this end to:
¾ Improve the therapeutic efficacy of drug-loaded polymeric micelles via
covalent conjugation of a therapeutic agent in their core through a stimuliresponsive linker, in order to ensure its retention in the micelle during the
circulation but its release selectively in the tumor area.
¾ Conjugate an active targeting moiety to the surface of the polymeric micelles,
in order to enhance their binding and uptake by cancer cells, and therefore to
result in improved therapeutic efficacy.
¾ Encapsulate an MRI contrast agent, to open the route for application of the
micelles for imaging purposes.

16
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3. Thesis outline
Chapter 2 is a literature review that discusses the use of N-(2hydroxypropyl) methacrylamide (HPMAm) as building block of polymeric
micelle forming block copolymers for drug delivery and chapter 3 describes
the latest developments regarding the design, synthesis as well as the in vitro/in
vivo applications of thermosensitive polymers for drug delivery.
Chapter 4 describes the encapsulation and covalent linking of a doxorubicin
methacrylamide derivative bearing a hydrolytically sensitive hydrazone linker
in the crosslinked core of mPEG-b-pHPMAmLacn micelles, and gives the
characteristics of these micelles in terms of release, size, as well as in vitro and
in vivo antitumor efficacy. In order to enhance the antitumor efficacy of these
micelles, the possibility of attaching an active targeting moiety on their surface
was investigated and is reported in chapter 5. Pyridyldithio propionate (PDP)
functionalized polymers were synthesized and an anti-EGFR nanobody was
attached on the surface of PDP-PEG/mPEG micelles, and the cellular binding
and uptake was examined. In chapter 6, the combination of the systems
described in chapter 4 and 5 is depicted, and the preparation of nanobody
micelles with covalently bound doxorubicin through a hydrazone linker is
described. The results of in vitro and in vivo antitumor efficacy are given. In
chapter 7, an alternative approach for covalently linking of the drug to the
polymer is investigated, through an enzymatically degradable linker. The
synthesis of a novel mPEG-b-pHPMAmLac2 polymer with azide functionality
is described, and the conjugation of a doxorubicin prodrug containing an
enzymatically sensitive linker through click chemistry is investigated. These
novel micelles are characterized for size, release, degree of conjugation and in
vitro cytotoxicity.
Chapter 8 reports the encapsulation of superparamagnetic iron oxide
nanoparticles (SPIONs, well known MRI contrast agents) in mPEG-bpHPMAmLac2 micelles and demonstrates the potential use of these micelles as
contrast agents for magnetic resonance imaging (MRI).
Finally chapter 9 summarizes the results of this thesis and gives future
perspectives for the further development of mPEG-b-pHPMAmLacn micelles
for anticancer therapy.
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Abstract
Polymeric micelles have been under extensive investigation during the past
years as drug delivery systems, particularly for anticancer drugs. They are
formed by the self-assembly of amphiphilic block copolymers in aqueous
solutions and have a spherical shape and a size in the nano-range (<200 nm).
Tumor accumulation of polymeric micelles upon intravenous administration can
occur as a result of the leaky vasculature of tumor tissue (called the enhanced
permeation and retention (EPR) effect). To benefit from the EPR effect,
polymeric micelles need to have prolonged circulation times as well as high and
stable drug loadings. Poly[N-(2-hydroxypropyl)methacrylamide] (pHPMAm) is
a hydrophilic polymer currently under investigation for its use in polymer-drug
conjugates. Its biocompatibility, non-immunogenicity and the possibility for
functionalization are properties that resulted in broad pharmaceutical and
biomedical applications, also in the micelle technology research. Being
hydrophilic, it can serve as a micellar stealth corona, while it can also be
modified with hydrophobic moieties to serve as a micellar core in which
hydrophobic drugs can be solubilized and retained. HPMAm-based polymeric
micelles have been showing very promising in vitro and in vivo results. This
review summarizes the applications of pHPMAm in the field of polymeric
micelles, either serving as a micellar stealth corona, or, if hydrophobically
rendered by derivatization, as a micellar core.
24
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1. Introduction
Polymeric micelles are colloidal nano-assemblies which are spontaneously
formed above a certain concentration (CMC, critical micelle concentration)
from amphiphilic block or graft copolymers 1-3. The formation of polymeric
micelles in selective solvents (e.g. acetone) was first observed in the mid
1950ies by Merret for natural rubber grafted with poly(methyl methacrylate) 4.
Later, pioneering work was reported by Molau 5, who studied the colloidal
behavior of micelles formed from block copolymers. The fundamental
background as well as a broad variety of applications of polymeric micelles has
since then been extensively described in literature 2, 5-8. A schematic
representation of polymeric micelle formation from an amphiphilic polymer is
given in figure 1. In aqueous solution, amphiphilic block copolymers consisting
of a hydrophobic and a hydrophilic block self-assemble into nanoaggregates
composed of a hydrophobic core and a hydrophilic shell. Their inner core serves
as a depot for hydrophobic bioactive compounds, which are either physically
entrapped or chemically attached, while the hydrophilic shell is responsible for
the colloidal stability of polymeric micelles and protects them against protein
adsorption and opsonization during circulation, resulting in long circulation
times. In addition, the small size of polymeric micelles (size ranges from 10 to
200 nm) and their long circulation times, allows for accumulation in
pathological sites with leaky vasculature (e.g. tumors), through the enhanced
permeation and retention (EPR) effect 9 (figure 2). Therefore, polymeric
micelles have been recognized as an important and attractive class of drug
carriers, especially for the intravenous administration of hydrophobic drugs 10-12,
and several formulations based on micelles are presently under evaluation in
clinical trials 13.

Hydrophilic block

Hydrophobic block

Figure 1. Formation and drug loading of polymeric micelles by self-assembly
of amphiphilic block copolymers in water.
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Figure 2. Passive accumulation of small (<200 nm) drug carriers in
pathological sites with leaky endothelium, through the enhanced permeation
and retention (EPR) effect 14.
The physicochemical characteristics of the building blocks influence the
physical and biological properties of the micellar nanocarriers 15. The chemical
nature and molecular weight of the hydrophilic block that will form the micellar
corona strongly affect the stealth properties and accordingly the circulation
kinetics of the micellar assembly. Poly(ethylene glycol) (PEG) is most
commonly used as the hydrophilic shell-forming block, providing good stealth
properties 16, 17, while poly(N-vinyl-2-pyrrolidone) (PVP) is a frequently used
PEG alternative 18. The chemical nature and molecular weight of the coreforming block are important factors for determining the stability, drug loading
capacity and drug release profile of polymeric micelles 19. A great variety of
core-forming blocks have been studied, such as poly(propylene oxide) (PPO) 20,
hydrophobic poly(amino acids) 21, poly(lactic acid) (PLA) 22, copolymers of
lactic acid and glycolic acids 23, 24, and poly(İ-caprolactone) 25, 26. Besides
hydrophobic interactions, micelles can also be formed by electrostatic
interactions, using charged block copolymers of oppositely charged
macromolecules, resulting in the formation of polyion complex (PIC) micelles
12, 27-29
. In addition, there have been also reports in literature of polymeric
micelles formed by complexation via hydrogen bonding 30-32, as well as metalligand coordination interactions 33, 34, both referred to as non-covalently
connected micelles.
Poly[N-(2-hydroxypropyl)methacrylamide] (pHPMAm) is a hydrophilic,
non-immunogenic and biocompatible polymer 13, 35, 36. pHPMAm and its
copolymers are among the most intensively studied polymeric drug carriers 13, 35,
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, and several anticancer drug-pHPMAm conjugates have been clinically
evaluated 36, 38, 43-47.
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Figure 3. Chemical structures of HPMAm and chemically related compounds
that are used as building blocks of micelle-forming block copolymers.
pHPMAm has been investigated as a building block of polymeric micelles,
either in the hydrophilic shell or in the form of a derivative as the hydrophobic
core. Figure 3 shows the chemical structures of HPMAm and related
compounds that have been studied as micelle-forming blocks. In this review,
micellar systems, either with pHPMAm as corona or with derivatized
hydrophobic pHPMAm as the micellar core are described and discussed.
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2. pHPMAm as the building block of micelle-forming block
copolymers
2.1. pHPMAm as the hydrophilic shell of polymeric micelles
PEG is the “golden standard” as hydrophilic coating of drug delivery
systems. It has a low toxicity, provides steric stabilization of macromolecules
and nanoparticles, and a variety of PEGylated products has been approved by
FDA 17. However, it has been shown that PEG-liposomes are rapidly cleared at
low lipid doses as well as upon repeated administration 48-51, a phenomenon
referred to as the accelerated blood clearance (ABC) phenomenon. It was
recently shown that anti-PEG IgM, induced by the first dose of PEGylated
liposomes, is (at least in part) responsible for this finding 52, but the full
mechanism responsible for the ABC phenomenon has not yet been elucidated
and it is not clear whether it is specific for PEG or for any repetitive unit present
on the surface of nanoparticles. It has also been reported that PEG can promote
aggregation of nanoparticles after freeze drying 53. Consequently there is need
for hydrophilic blocks as alternatives for PEG that will provide stealth
properties. As an example, Romberg et al. showed that the pharmacokinetics of
poly(amino acid)-coated liposomes were superior to those of PEG-coated
liposomes at low doses and upon repeated administration 54.
pHPMAm is an attractive candidate as the hydrophilic, shell-forming block
of polymeric micelles. Besides its biocompatibility and its non-immunogenicity
35, 55
, an advantage of pHPMAm over PEG is its multifunctionality, which
allows multiple drug or targeting molecules to be conjugated to the same
polymer chain. Konak et al. studied the effect of hydrophobic side-chains on the
aqueous solubility of pHPMAm copolymers, in order to covalently couple large
amounts of hydrophobic drugs to the polymer 56. At high extents of
derivatization, micelles were formed with the hydrophobic molecules oriented
in the core and pHPMAm forming the shell, while the micellization was
dependent on the side-chain content, polymer concentration, temperature and
pH. In a subsequent paper, the same group investigated block copolymers of
pHPMAm with poly(n-butyl acrylate) in aqueous solutions and observed
formation of compact and small micelles (size <50 nm) with a pHPMAm
corona 57. Similarly, Barz et al. 58 synthesized diblock copolymers of pHPMAm
with poly(lauryl methacrylate) and investigated their self-organization in
aqueous solutions. They observed that micellar structures with diameters of
100-200 nm were formed which showed neither cell toxicity nor adverse effects
up to concentration of 2 mg/mL, while their cellular uptake was also
demonstrated (figure 4).
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Figure 4. Polymeric micelles of pHPMAm-b-p(lauryl methacrylate) and their
interaction with living cells. Cryo-TEM (a) and fluorescence (b) images of these
micelles in aqueous solutions. (c) Living cells with pHPMAm-b-p(lauryl
methacrylate) micelles after 24 h incubation. The green fluorescence shows the
presence of internalized particles 58.
In the field of gene delivery, DNA-based polyelectrolyte complexes have
been investigated as non-viral gene delivery systems 59-63. However, these
complexes showed limited stability in the presence of serum. Moreover, their
positive charge results in non-specific interactions with plasma proteins and
blood cells, thereby inducing a rapid elimination from the circulation after
intravenous administration 64, 65. To increase the stability of polyplexes, block
copolymers with a non-charged hydrophilic and a polycationic block were
developed 27, 28, 66 which form polyion complex micelles with a polycation/DNA
core. In these complexes, the hydrophilic block acts as a surface coating,
increases the colloidal stability, and limits interactions with cells and plasma
proteins 67, 68. Most frequently, PEG is used as the hydrophilic ‘stealth’ polymer
of polyplexes 8, 66, 69. Interestingly, also pHPMAm has been used as a
hydrophilic coating of these polyion complex micelles. Konak et al. 70, as well
as Oupicky et al. 71, synthesized diblock copolymers of pHPMAm and
polycations, which formed micelle-like structures (size around 300 nm) upon
complexation with DNA. Konak et al. also coated model gene delivery vesicles
with pHPMAm, with the aim to stabilize them against interactions with proteins
and cells in the bloodstream and thus sufficiently prolong their circulation time
72
(figure 5). These vesicles were composed of graft copolymers with a 1,2polybutadiene backbone and short grafts terminated either with primary amine
groups (cationic copolymer) or with L-amino acid groups (zwitterionic
copolymer). It was indeed shown that these particles were stabilized by
covalently attached pHPMAm, resulting in micellar structures with a neutral
hydrophilic pHPMAm shell, which can protect the delivery vector from
interactions with plasma proteins and cells.
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Figure 5. Coating with pHPMAm of model gene delivery vesicles composed of
graft copolymers with a 1,2-polybutadiene backbone and short grafts either of a
cationic block terminated with primary amines or with a zwitterionic block
terminated with L-amino acid groups 72.
The presence of secondary alcohol functionalities in pHPMAm enables the
easy conjugation with drugs and targeting molecules. Extensively studied are
pHPMAm copolymers with doxorubicin. Paul et al. characterized pHPMAmdoxorubicin conjugates using small-angle neutron scattering and demonstrated
that the attachment of hydrophobic drugs to HPMAm can lead to the formation
of unimolecular micelles 73. These conjugates were also derivatized with
hydrophobic substituents, resulting in self-assembly and micelle formation. As
an example, it has been shown that the introduction of oleoyl groups into
pHPMAm-doxorubicin conjugates resulted in the formation of small-sized
micelles with a pHPMAm shell showing high cytostatic activity in vitro and
superior in vivo antitumor activity as compared to that of the free drug 74. The
same group also performed studies on pHPMAm-DOX conjugates derivatized
with other hydrophobic substituents, i.e. dodecyl, oleic acid and cholesterol
moieties. Experiments with these formulations in mice bearing mouse EL-4 T
cell lymphoma showed slow blood clearance, enhanced tumor accumulation
and significant antitumor activity 75. Similarly, Jia et al. copolymerized
pHPMAm with 2-(2-pyridyldisulfide) ethylmethacrylate (PDSM) 76. The PDS
groups were subsequently used to conjugate maleimide-modified DOX (MALDOX) via acid-sensitive bonds and simultaneously crosslink the micellar
assemblies with a size around 60 nm via reducible disulfide bonds (figure 6).
These micelles destabilized in the presence of a reducing agent (mimicking the
cytosolic reductive environment) and released the drug at low pH (mimicking
the endosomal/lysosomal compartment as well as tumor extracellular sites). The
biological activity of this system is currently being tested.
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Chandran et al. coupled a PSA (prostate specific antigen)-activated peptide
prodrug to pHPMAm based copolymers 77. This prodrug showed antitumor
activity in vivo, but its low solubility was dose-limiting. After coupling to
pHPMAm, the modified polymer formed stable micelles, to allow targeting to
tumor tissue by the EPR effect. In tumor tissue, the pHPMAm-prodrug was
hydrolyzed by PSA to yield the active drug which, being lipophilic, rapidly
partitioned into tumor cells.

Figure 6. One-step conversion of pPDSM-b-pHPMAm block copolymer into
doxorubicin-conjugated crosslinked micelles bearing a pHPMAm corona, using
maleimide-DOX (MAL-DOX) in the presence of Tri(2-carboxyethyl)
phosphine (TCEP) 76.
pHPMAm has been used as the shell-forming block in polymeric micelles
formed by triblock or star-shaped block copolymers. For example A-B-A
triblock copolymers of pHPMAm (A block) with poly(İ-caprolactone) (B
block) as well as star-shaped poly(İ-caprolactone)-b-pHPMAm forming
micelles have been described 78-80. Above the CMC, these block copolymers
self-assembled in aqueous solutions to yield micelles with a pHPMAm shell and
a poly(İ-caprolactone) core with a size ranging from 20 to 180 nm.
Hydrophobic drugs (doxorubicin and amphotericin B in the case of the triblock
copolymer micelles, and indomethacin in the case of the star-shaped copolymer
micelles) were solubilized in the hydrophobic core (loadings 1-4% w/w for the
triblocks, 5-12% w/w for the star shaped), resulting in systems that could prove
useful for the solubilization and targeting of hydrophobic drugs.
The ideal polymeric system should stably retain the drug during circulation
and release it only after reaching the target site. This can be achieved by using
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stimuli-responsive systems (e.g. pH- or temperature-responsive), which offer
several advantages over non-responsive systems 19, 81. Some of the most
intensively studied temperature responsive systems are based on NIPAAm
copolymers with PEG 82, 83 which form, above the LCST of the thermosensitive
block, micelles with a pNIPAAm core and a PEG corona.
Besides PEG, pHPMAm has been used as the hydrophilic shell of stimuliresponsive micelles. Hong and Pan 84 and Konak et al. 85 synthesized block
copolymers of pHPMAm with pNIPAAm using RAFT (reversible addition–
fragmentation chain transfer) polymerization, which formed core-shell
nanostructures above the LCST of pNIPAAm (32 oC 83). Hruby et al. 86 recently
reported on thermoresponsive pNIPAAm-g-pHPMAm polymeric micelles
intended for radionuclide delivery (figures 3d and 7). In their work, also
hydrolytically degradable N-glycosylamine groups were introduced, in order to
induce micelle destabilization at pH 7.4 and subsequent elimination via the
kidneys after the system fulfills its task. Hu et al. 87 reported on the synthesis of
poly(DPA-r-DEA)-b-pHPMAm polymers and their pH-induced micellization,
that formed small micelles with a size of ~40 nm. At low pH, the copolymers
were molecularly dissolved, while with an increase of the pH, the positively
charged tertiary amine groups of DPA-ran-DEA were deprotonated resulting in
the formation of micelles.

Figure 7. Polymeric micelles formed by self-assembly of thermosensitive
pNIPAAm-g-pHPMAm with degradable groups for the delivery of
radionuclides 86.
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2.2. Poly (2-hydroxyethyl methacrylate) (pHEMA)
hydrophobic core or the inner shell of polymeric micelles.

as

the

As mentioned in the previous sections, polymeric micelles are formed in
aqueous solutions by amphiphilic block copolymers with a hydrophilic and a
hydrophobic block. pHPMAm is a water-soluble polymer, and therefore
suitable to act as hydrophilic corona of polymeric micelles (described in section
2.1). However, the aqueous solubility of poly(2-hydroxyethyl methacrylate)
(pHEMA, figure 3), a polymer structurally related to pHPMAm, is dependent
on its molecular weight and is either soluble or swellable in water 88, 89. pHEMA
has therefore been used either as the core-forming block of polymeric micelles,
or as the inner shell-forming block of three layer ‘onion-like’ micelles. The
copolymers used in most of these cases consist of a hydrophilic shell-forming
block and a copolymer or conjugate of pHEMA with a hydrophobic molecule.
Liu et al. synthesized triblock copolymers of poly[(ethylene glycol)-b-pHEMAb-p[2-(diethylamino) ethyl methacrylate]] 90. They observed pH-induced
micellization, where three layer ‘onion-like’ micelles were formed at a pH
above 7, having a pDEA core, pHEMA inner shell and PEG outer corona, while
the pHEMA inner shell was crosslinked using divinyl sulfone. Using a similar
approach, Weaver et al. synthesized PEG-b-pHEMA-b-pDEA block
copolymers and studied their micellization behavior. In addition they showed
that homopolymers of pHEMA exhibited thermosensitive behavior (figure 8a)
and concluded that the pHEMA block in PEO-b-pHEMA-b-pDEA was able to
either form the micellar outer core or the inner shell, depending on the solution
pH and temperature (figure 8b) 89.
Another approach to use pHEMA as the core-forming block of micelles is
its conjugation with hydrophobic molecules. Chern et al. copolymerized
conjugates of pHEMA and cholesterol with mPEG acrylates to obtain
amphiphilic graft copolymers, which formed micelles in aqueous solutions 91.
The experimental results demonstrated a microstructure for polymeric micelles,
consisting of a pHEMA-cholesterol conjugate hydrophobic core and a shell of
mPEG-acrylate and pHEMA. Zhu et al. synthesized thermosensitive and
biodegradable graft copolymers of poly[(N-isopropylacrylamide)-b-[2hydroxyethyl methacrylate-g-poly(İ-caprolactone)]], with an LCST of around
36 oC 92. It was observed that these copolymers formed micelles in water with
low CMC (17 mg/L). Transmission electron microscopy showed that the
micelles had a spherical morphology and a size of 30-100 nm. The hydrophobic
anticancer drug paclitaxel was loaded into these micelles using a membrane
dialysis method, and it was found that ~40 wt.% of the feed drug was
encapsulated. These particles showed a faster release of the drug at 38 oC
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(above the LCST) than below this temperature, because the pNIPAAm shell
became hydrophobic and the core shell structure of the micelles deformed,
thereby accelerating the drug release.

Figure 8. (a) LCST behavior of pHEMA; its cloud point increases with the
degree of polymerization. (b) Temperature dependent micellization of PEGpHEMA-pDEA triblocks. pHEMA forms the micelle inner shell below 7oC and
the outer core above 7oC 89.
In our research group, HEMA-lactate was randomly copolymerized with
NIPAAm. It was shown that the LCST of the copolymers decreased with
increasing HEMA-lactate content while the hydrolysis of the lactate side groups
resulted in an increase of the hydrophilicity and thus of the LCST in time 93. In
this way polymers were designed that were able to convert from insoluble to
soluble upon hydrolysis. These polymers could prove very useful as coreforming blocks of polymeric micelles, in terms of controlled instability and thus
release. Similarly, Zeng and Pitt reported on biodegradable micelles composed
of amphiphilic block copolymers of PEG-b-pNIPAAm-co-pHEMA-lactate to
encapsulate doxorubicin. These micelles were not only temperature-sensitive,
but also released the drug when exposed to low frequency ultrasound 94.
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2.3. Functionalized pHPMAm as the core of polymeric micelles
Since pHPMAm itself is highly water-soluble, it can only be used as the core
in polymeric micelles once it is hydrophobically rendered by chemical
derivatization. One approach to hydrophobize pHPMAm is by esterification
with lactic acid. Neradovic et al. synthesized copolymers of HPMAm-lactate
(HPMAmLacn) with NIPAAm, thereby obtaining thermosensitive polymers
with a cloud point below body temperature that, after hydrolysis of the lactate
side chains, formed poly(NIPAAm-co-HPMAm) with a cloud point above 37oC
95
. This concept was applied in block copolymers of PEG and poly(NIPAAmco-HPMAmLacn), which formed micelles at 37 oC (i.e. above the cloud point of
the thermosensitive block) that destabilized in time due to lactate hydrolysis and
consequently increase of the cloud point. Further research on these systems
showed that the destabilization times can be predicted by the degradation
kinetics of the lactate side chains and adjusted by the number of the oligolactate
grafts in the copolymers 96. Interestingly, it was found that also the
homopolymer of HPMAmLacn showed thermosensitive behavior in aqueous
solutions and that the cloud point can be easily fine-tuned by the number of
lactic acid units attached to each HPMAm monomer (e.g. mono- and dilactate)
97
. Thermosensitive and biodegradable polymeric micelles were formed when
PEG-b-pHPMAmLacn dissolved in water was rapidly heated above the critical
micelle temperature (CMT) 98. These polymeric micelles had a size of 50 nm
and showed controlled instability due to hydrolysis of the lactic acid side chains
of the thermosensitive block, yielding water-soluble PEG-b-pHPMAm. Soga et
al. successfully solubilized up to 2 mg/mL of the hydrophobic anticancer drug
paclitaxel (PTX) in these micelles by simply heating an aqueous polymer/drug
mixture, increasing paclitaxel’s solubility by a factor of 5000 (figure 9) 99. The
loaded micelles destabilized after around one week at physiological conditions,
as a consequence of hydrolysis of the lactic acid side chains. The therapeutic
efficacy of PTX-loaded PEG-pHPMAmLac2 micelles was evaluated in vivo in
mice with subcutaneous B16F10 melanomas after intravenous administration
100
. The micelles generated a comparable antitumor efficacy as the standard
Cremophor EL formulation of paclitaxel (Taxol). However, mice injected with
Taxol showed local inflammation at the site of injection, whereas mice injected
with PTX-loaded PEG-b-pHPMAmLac2 micelles did not show any sign of
inflammation, showing that the latter are superior in terms of preventing local
toxicity in vivo.
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Figure 9. Appearance of paclitaxel added (from an ethanol stock solution) to a
solution of PEG 5000 (left) and loaded in PEG-b-pHPMAmLac2 micelles
(right), showing the solubilization of this poorly soluble drug using the
polymeric micelle technology 99.
With some exceptions, polymeric nanoparticles are essentially cleared from
the circulation of experimental animals within 8-10 hours after i.v.
administration 101. For this reason an ideal carrier should be stable for this time
and destabilize upon arrival at its site of action, with subsequent release of the
loaded drug. Rijcken et al. reported on block copolymers of PEG with 2hydroxyethyl methacrylamide lactate (HEMAmLacn) 101. It was hypothesized
that the ester of the primary alcohol of HEMAmLacn would degrade faster than
that of the secondary alcohol of HPMAmLacn, possibly resulting in a micellar
system that destabilizes in a shorter time period. Indeed, micelles based on
PEG-b-pHEMAmLacn destabilized after 8 h at physiological conditions, which
could be advantageous for in vivo use, while having the same size and
morphological properties as PEG-b-pHPMAmLacn micelles.
As mentioned, the ideal carrier is stable during circulation in the blood
stream and destabilizes only upon arrival at the site of action. However the
PEG-b-pHEMAmLacn micelles demonstrated a very fast elimination from the
circulation after intravenous injection into mice (i.e. only 6% was present 4 h
after injection), probably as a result of premature disintegration due to
interactions of the block copolymers with blood proteins 102. To avoid this
disintegration, the core of the micelles was crosslinked using methacrylated
mPEG-b-pHEMAmLacn (figure 10a, b). These crosslinked micelles were
physically stable while their biodegradability was retained. As a consequence, a
substantially prolonged circulation time could be observed upon i.v. injection in
mice (figure 10c). The blood profile was comparable to that of PEGylated
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liposomes, and resulted in an excellent tumor accumulation (around 6% of the
injected dose per g of tumor, even after 48h) 102.
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Figure 10. (a) Synthesis of methacrylated mPEG-p(HEMAmLac1-rHEMAmLac2) copolymer and (b) formation of core-crosslinked biodegradable
thermosensitive polymeric micelles. (c) The circulation profile of noncrosslinked (NCL) versus core-crosslinked (CCL) micelles evaluated in 14C
tumour-bearing mice using 3H-labelled polymer, showing the superior
circulation kinetics of the micelles after crosslinking 102.
In recent publications, these PEG-b-pHPMAmLacn micelles were
successfully investigated as carriers for drugs and vitamins, as well as MRI
contrast agents. Rijcken et al. loaded a photosensitizer in these micelles and
investigated their potential use in photodynamic therapy 103. The photosensitizer
was encapsulated up to concentrations of 0.2 mg/mL, forming 75 nm loaded
micelles which in vitro showed similarly high photocytotoxicity as the free
photosensitizer. van Hasselt et al. 104 investigated the potential use of PEGpHPMAmLac2 polymeric micelles loaded with vitamin K for oral
administration in vivo, and showed that vitamin K plasma levels increased
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significantly upon gastric administration. In both cases, the investigated
compounds could be encapsulated with an efficiency of more than 95%.
Talelli et al. loaded superparamagnetic iron oxide nanoparticles (SPION,
used as MRI contrast agents) in micelles based on PEG-b-HPMAmLacn, for
anticipated use as image-guided drug delivery vesicles 105. SPIONs (size
around 5 nm) were successfully loaded in micelles with encapsulation
efficiency up to 40%. TEM analysis revealed that clusters of SPIONs were
formed inside the micelles of ~200 nm in diameter (figure 11), which,
importantly, produced enhanced MRI contrast (quantified by their enhanced R2
and R2* effects), demonstrating that they can very well be used as MRI contrast
agents.

Figure 11. TEM images of (a) empty mPEG-b-pHPMAmLac2 polymeric
micelles with a size ~60 nm, and (b) SPION loaded mPEG-b-pHPMAmLac2
polymeric micelles with a size ~200 nm 105.
Lastly, the PEG of these mPEG-pHPMAmLac2 micelles has recently been
modified with thiol reactive groups in order to make it possible to graft various
ligands to pursue additional active targeting and to promote cellular binding and
internalization 106.
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Conclusions
HPMAm copolymers and their conjugates with several anticancer drugs
have been extensively studied during the past years. However, the use of
pHPMAm as a component of polymeric micelles is a relatively new research
area and is the subject of this review. pHPMAm has been used as a micellar
shell as a PEG alternative showing very promising results. A variety of
hydrophobic drugs has been encapsulated in micelles with a pHPMAm shell,
while model gene delivery vesicles have been coated with pHPMAm resulting
in micellar structures. No circulation studies with these systems have been
reported so far. In addition, pHPMAm has been used a hydrophilic coating of
polyion complex micelles for gene delivery. However, most of the efficacy data
with these drug-loaded micelles are obtained using in vitro studies, and
consequently there is a need for in vivo data on these systems. An important
application of pHPMAm concerns its use as a micellar core, since by
derivatization of pHPMAm with lactate side chains, the polymer becomes
thermosensitive. Interestingly, its cloud point gradually increases upon
hydrolysis of the lactate moieties, which is applied to design transiently stable
micelles. A variety of hydrophobic compounds (paclitaxel, photosensitizer and
vitamin K) and even paramagnetic iron oxide colloids could be easily and
efficiently loaded into PEG-b-pHPMAmLacn polymeric micelles. A long
circulation time and enhanced tumor accumulation was achieved when the core
of these micelles was crosslinked, while retaining their biodegradability. The
safety and therapeutic efficacy of these formulations are currently being
evaluated in suitable animal models.

39

Chapter 2

References
1.

2.
3.
4.

5.
6.
7.

8.

9.

10.

11.

12.

13.
14.

40

Forster, S.; Plantenberg, T., From self-organizing polymers to nanohybrid
and biomaterials. Angewandte Chemie - International Edition 2002, 41,
689-714.
Riess, G., Micellization of block copolymers. Progress in Polymer Science
(Oxford) 2003, 28, 1107-1170.
Torchilin, V. P., Micellar nanocarriers: Pharmaceutical perspectives.
Pharmaceutical Research 2007, 24, 1-16.
Merrett, F. M., The interaction of polymerizing systems with rubber and its
homologues: Part 2. - Interaction of rubber in the polymerization of methyl
methacrylate and of styrene. Transactions of the Faraday Society 1954, 50,
759-767.
Molau, G. E., Colloidal and morphological behavior of block and graft
copolymers. Block Polymers 1970, 79-106.
Aliabadi, H. M.; Lavasanifar, A., Polymeric micelles for drug delivery.
Expert Opinion on Drug Delivery 2006, 3, 139-162.
Kwon, G. S.; Naito, M.; Kataoka, K.; Yokoyama, M.; Sakurai, Y.; Okano,
T., Block copolymer micelles as vehicles for hydrophobic drugs. Colloids
and Surfaces B: Biointerfaces 1994, 2, 429-434.
Nishiyama, N.; Kataoka, K., Nanostructured devices based on block
copolymer assemblies for drug delivery: Designing structures for enhanced
drug function. Advances in Polymer Science 2006, 193, 67-101.
Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K., Tumor vascular
permeability and the EPR effect in macromolecular therapeutics: A review.
Journal of Controlled Release 2000, 65, 271-284.
Allen, C.; Maysinger, D.; Eisenberg, A., Nano-engineering block
copolymer aggregates for drug delivery. Colloids and Surfaces B:
Biointerfaces 1999, 16, 3-27.
Kataoka, K.; Kwon, G. S.; Yokoyama, M.; Okano, T.; Sakurai, Y., Block
copolymer micelles as vehicles for drug delivery. Journal of Controlled
Release 1993, 24, 119-132.
Nishiyama, N.; Kataoka, K., Current state, achievements, and future
prospects of polymeric micelles as nanocarriers for drug and gene delivery.
Pharmacology and Therapeutics 2006, 112, 630-648.
Duncan, R., The dawning era of polymer therapeutics. Nature Reviews
Drug Discovery 2003, 2, 347-360.
Torchilin, V. P., Targeted pharmaceutical nanocarriers for cancer therapy
and imaging. AAPS Journal 2007, 9, E128-E147.

Micelles based on HPMAm copolymers

15. Rijcken, C. J. F.; Soga, O.; Hennink, W. E.; Nostrum, C. F. v., Triggered
destabilisation of polymeric micelles and vesicles by changing polymers
polarity: An attractive tool for drug delivery. Journal of Controlled Release
2007, 120, 131-148.
16. Kwon, G. S., Polymeric Micelles for Delivery of Poorly Water-Soluble
Compounds. Critical Reviews in Therapeutic Drug Carrier Systems 2003,
20, 357-403.
17. Molineux, G., Pegylation: Engineering improved pharmaceuticals for
enhanced therapy. Cancer Treatment Reviews 2002, 28, 13-16.
18. Benahmed, A.; Ranger, M.; Leroux, J. C., Novel polymeric micelles based
on the amphiphilic diblock copolymer poly(N-vinyl-2-pyrrolidone)-blockpoly(D,L-lactide). Pharmaceutical Research 2001, 18, 323-328.
19. Carstens, M. G.; Rijcken, C. J. F.; van Nostrum, C. F.; Hennink, W. E.,
Pharmaceutical micelles: combining longevity, stability, and stimuli
sensitivity. Multifunctional Pharmaceutical Nanocarriers 2008, 263-308.
20. Kabanov, A. V.; Batrakova, E. V.; Alakhov, V. Y., Pluronic ® block
copolymers as novel polymer therapeutics for drug and gene delivery.
Journal of Controlled Release 2002, 82, 189-212.
21. Bae, Y.; Kataoka, K., Intelligent polymeric micelles from functional
poly(ethylene glycol)-poly(amino acid) block copolymers. Advanced Drug
Delivery Reviews 2009, 61, 768-784.
22. Hagan, S. A.; Coombes, A. G. A.; Garnett, M. C.; Dunn, S. E.; Davies, M.
C.; Illum, L.; Davis, S. S.; Harding, S. E.; Purkiss, S.; Gellert, P. R.,
Polylactide-poly(ethylene glycol) copolymers as drug delivery systems. 1.
Characterization of water dispersible micelle-forming systems. Langmuir
1996, 12, 2153-2161.
23. Kang, E.; Lee, S. C.; Park, K., Layer-by-layer assembly of poly(lactic-coglycolic acid)-b-poly(L-lysine) copolymer micelles. Nanobiotechnology
2007, 3, 96-103.
24. Lee, H.; Ahn, C. H.; Park, T. G., Poly[lactic-co-(glycolic acid)]-grafted
hyaluronic acid copolymer micelle nanoparticles for target-specific
delivery of doxorubicin. Macromolecular Bioscience 2009, 9, 336-342.
25. Carstens, M. G.; Bevernage, J. J. L.; Van Nostrum, C. F.; Van
Steenbergen, M. J.; Flesch, F. M.; Verrijk, R.; De Leede, L. G. J.;
Crommelin, D. J. A.; Hennink, W. E., Small oligomeric micelles based on
end group modified mPEG- oligocaprolactone with monodisperse
hydrophobic blocks. Macromolecules 2007, 40, 116-122.
26. Letchford, K.; Zastre, J.; Liggins, R.; Burt, H., Synthesis and micellar
characterization of short block length methoxy poly(ethylene glycol)41

Chapter 2

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.
42

block-poly(caprolactone) diblock copolymers. Colloids and Surfaces B:
Biointerfaces 2004, 35, 81-91.
Harada, A.; Kataoka, K., Chain length recognition: Core-shell
supramolecular assembly from oppositely charged block copolymers.
Science 1999, 283, 65-67.
Harada, A.; Kataoka, K., Formation of polyion complex micelles in an
aqueous milieu from a pair of oppositely-charged block copolymers with
poly(ethylene glycol) segments. Macromolecules 1995, 28, 5294-5299.
Kataoka, K.; Harada, A.; Nagasaki, Y., Block copolymer micelles for drug
delivery: Design, characterization and biological significance. Advanced
Drug Delivery Reviews 2001, 47, 113-131.
Guo, M.; Jiang, M., Non-covalently connected micelles (NCCMs): The
origins and development of a new concept. Soft Matter 2009, 5, 495-500.
Jiang, M.; Li, M.; Xiang, M.; Zhou, H., Interpolymer complexation and
miscibility enhancement by hydrogen bonding. Advances in Polymer
Science 1999, 146, 122-196.
Orfanou, K.; Topouza, D.; Sakellariou, G.; Pispas, S., Graftlike
interpolymer complexes from poly(2-vinylpyridine) and end-sulfonic acid
polystyrene and polyisoprene: Intermediates to noncovalently bonded
block copolymer-like micelles. Journal of Polymer Science, Part A:
Polymer Chemistry 2003, 41, 2454-2461.
Andres, P. R.; Schubert, U. S., New functional polymers and materials
based on 2,2':6',2''-terpyridine metal complexes. Advanced Materials 2004,
16, 1043-1068.
Dobrawa, R.; Wurthner, F., Metallosupramolecular approach toward
functional coordination polymers. Journal of Polymer Science, Part A:
Polymer Chemistry 2005, 43, 4981-4995.
Kopecek, J.; Kopeckova, P.; Minko, T.; Lu, Z. R., HPMA copolymeranticancer drug conjugates: Design, activity, and mechanism of action.
European Journal of Pharmaceutics and Biopharmaceutics 2000, 50, 6181.
Rihova, B.; Kubackova, K., Clinical implications of N-(2hydroxypropyl)methacrylamide copolymers. Current Pharmaceutical
Biotechnology 2003, 4, 311-322.
Etrych, T.; Jelinkova, M.; Ihova, B.; Ulbrich, K., New HPMA copolymers
containing doxorubicin bound via pH-sensitive linkage: Synthesis and
preliminary in vitro and in vivo biological properties. Journal of
Controlled Release 2001, 73, 89-102.
Lammers, T.; Subr, V.; Peschke, P.; Kuhnlein, R.; Hennink, W. E.;
Ulbrich, K.; Kiessling, F.; Heilmann, M.; Debus, J.; Huber, P. E.; Storm,

Micelles based on HPMAm copolymers

39.

40.

41.

42.

43.
44.

45.

46.
47.

48.

G., Image-guided and passively tumour-targeted polymeric nanomedicines
for radiochemotherapy. British Journal of Cancer 2008, 99, 900-910.
Lammers, T.; Subr, V.; Ulbrich, K.; Peschke, P.; Huber, P. E.; Hennink,
W. E.; Storm, G., Simultaneous delivery of doxorubicin and gemcitabine to
tumors in vivo using prototypic polymeric drug carriers. Biomaterials
2009, 30, 3466-3475.
Peterson, C. M.; Lu, J. M.; Sun, Y.; Peterson, C. A.; Shiah, J. G.; Straight,
R. C.; Kopecek, J., Combination chemotherapy and photodynamic therapy
with N-(2- hydroxypropyl)methacrylamide copolymer-bound anticancer
drugs inhibit human ovarian carcinoma heterotransplanted in nude mice.
Cancer Research 1996, 56, 3980-3985.
Rihova, B.; Bilej, M.; Vetvicka, V.; Ulbrich, K.; Strohalm, J.; Kopecek, J.;
Duncan, R., Biocompatibility of N-(2-hydroxypropyl) methacrylamide
copolymers containing adriamycin. Immunogenicity, and effect on
haematopoietic stem cells in bone marrow in vivo and mouse splenocytes
and human peripheral blood lymphocytes in vitro. Biomaterials 1989, 10,
335-342.
Vicent, M. J.; Greco, F.; Nicholson, R. I.; Paul, A.; Griffiths, P. C.;
Duncan, R., Polymer therapeutics designed for a combination therapy of
hormone-dependent cancer. Angewandte Chemie - International Edition
2005, 44, 4061-4066.
Duncan, R., Polymer conjugates as anticancer nanomedicines. Nature
Reviews Cancer 2006, 6, 688-701.
Duncan, R., Development of HPMA copolymer-anticancer conjugates:
Clinical experience and lessons learnt. Advanced Drug Delivery Reviews
2009, 61, 1131-1148.
Satchi-Fainaro, R.; Duncan, R.; Barnes, C. M., Polymer therapeutics for
cancer: Current status and future challenges. Advances in Polymer Science
2006, 193, 1-65.
Vicent, M. J.; Duncan, R., Polymer conjugates: Nanosized medicines for
treating cancer. Trends in Biotechnology 2006, 24, 39-47.
Vicent, M. J.; Ringsdorf, H.; Duncan, R., Polymer therapeutics: Clinical
applications and challenges for development. Advanced Drug Delivery
Reviews 2009, 61, 1117-1120.
Carstens, M. G.; Romberg, B.; Laverman, P.; Boerman, O. C.; Oussoren,
C.; Storm, G., Observations on the disappearance of the stealth property of
PEGylated liposomes. Effects of lipid dose and dosing frequency.
Liposome Technology. 3rd ed. 2006, 79-93.

43

Chapter 2

49. Ishida, T.; Kiwada, H., Accelerated blood clearance (ABC) phenomenon
upon repeated injection of PEGylated liposomes. International Journal of
Pharmaceutics 2008, 354, 56-62.
50. Laverman, P.; Brouwers, A. H.; Dams, E. T. M.; Oyen, W. J. G.; Storm,
G.; Van Rooijen, N.; Corstens, F. H. M.; Boerman, O. C., Preclinical and
clinical evidence for disappearance of long-circulating characteristics of
polyethylene glycol liposomes at low lipid dose. Journal of Pharmacology
and Experimental Therapeutics 2000, 293, 996-1001.
51. Utkhede, D. R.; Tilcock, C. P., Effect of lipid dose on the biodistribution
and blood pool clearance kinetics of PEG-modified technetium-labeled
lipid vesicles. Journal of Liposome Research 1998, 8, 381-390.
52. Ishida, T.; Wang, X.; Shimizu, T.; Nawata, K.; Kiwada, H., PEGylated
liposomes elicit an anti-PEG IgM response in a T cell-independent manner.
Journal of Controlled Release 2007, 122, 349-355.
53. De Jaeghere, F.; Allemann, E.; Leroux, J. C.; Stevels, W.; Feijen, J.;
Doelker, E.; Gurny, R., Formulation and lyoprotection of poly(Lactic acidco-ethylene oxide) nanoparticles: Influence on physical stability and In
vitro cell uptake. Pharmaceutical Research 1999, 16, 859-866.
54. Romberg, B.; Oussoren, C.; Snel, C. J.; Carstens, M. G.; Hennink, W. E.;
Storm, G., Pharmacokinetics of poly(hydroxyethyl-l-asparagine)-coated
liposomes is superior over that of PEG-coated liposomes at low lipid dose
and upon repeated administration. Biochimica et Biophysica Acta Biomembranes 2007, 1768, 737-743.
55. Rihova, B.; Ulbrich, K.; Kopecek, J.; Mancal, P., Immunogenicity of N-(2hydroxypropyl)-methacrylamide copolymers - Potential hapten or drug
carriers. Folia Microbiologica 1983, 28, 217-227.
56. Konak, C.; Rathi, R. C.; Kopeckova, P.; Kopecek, J., Effect of side-chains
on solution properties of N-(2-hydroxypropyl)methacrylamide copolymers
in aqueous solvents. Polymer 1993, 34, 4767-4773.
57. Konak, C.; Ganchev, B.; Teodorescu, M.; Matyjaszewski, K.; Kopeckova,
P.; Kopecek, J., Poly[N-(2-hydroxypropyl)methacrylamide-block-n-butyl
acrylate] micelles in water/DMF mixed solvents. Polymer 2002, 43, 37353741.
58. Barz, M.; Tarantola, M.; Fischer, K.; Schmidt, M.; Luxenhofer, R.;
Janshoff, A.; Theato, P.; Zentel, R., From defined reactive diblock
copolymers to functional HPMA-based self-assembled nanoaggregates.
Biomacromolecules 2008, 9, 3114-3118.
59. De Smedt, S. C.; Demeester, J.; Hennink, W. E., Cationic polymer based
gene delivery systems. Pharmaceutical Research 2000, 17, 113-126.
44

Micelles based on HPMAm copolymers

60. Kim, W. J.; Kim, S. W., Efficient siRNA delivery with non-viral polymeric
vehicles. Pharmaceutical Research 2009, 26, 657-666.
61. Luten, J.; van Nostrum, C. F.; De Smedt, S. C.; Hennink, W. E.,
Biodegradable polymers as non-viral carriers for plasmid DNA delivery.
Journal of Controlled Release 2008, 126, 97-110.
62. Mintzer, M. A.; Simanek, E. E., Nonviral vectors for gene delivery.
Chemical Reviews 2009, 109, 259-302.
63. Osada, K.; Christie, R. J.; Kataoka, K., Polymeric micelles from
poly(ethylene glycol)-poly(amino acid) block copolymer for drug and gene
delivery. Journal of the Royal Society Interface 2009, 6, S325-S339.
64. Verbaan, F. J.; Oussoren, C.; Snel, C. J.; Crommelin, D. J. A.; Hennink, W.
E.; Storm, G., Steric stabilization of poly(2-(dimethylamino)ethyl
methacrylate)-based polyplexes mediates prolonged circulation and tumor
targeting in mice. Journal of Gene Medicine 2004, 6, 64-75.
65. Ward, C. M.; Read, M. L.; Seymour, L. W., Systemic circulation of
poly(L-lysine)/DNA vectors is influenced by polycation molecular weight
and type of DNA: Differential circulation in mice and rats and the
implications for human gene therapy. Blood 2001, 97, 2221-2229.
66. Katayose, S.; Kataoka, K., Water-soluble polyion complex associates of
DNA and poly(ethylene glycol)-poly(L-lysine) block copolymer.
Bioconjugate Chemistry 1997, 8, 702-707.
67. Kabanov, A. V.; Vinogradov, S. V.; Suzdaltseva, Y. G.; Alakhov, V.,
Water-soluble block polycations as carriers for oligonucleotide delivery.
Bioconjugate chemistry 1995, 6, 639-643.
68. Oupicky, D.; Ogris, M.; Howard, K. A.; Dash, P. R.; Ulbrich, K.; Seymour,
L. W., Importance of lateral and steric stabilization of polyelectrolyte gene
delivery vectors for extended systemic circulation. Molecular Therapy
2002, 5, 463-472.
69. Itaka, K.; Yamauchi, K.; Harada, A.; Nakamura, K.; Kawaguchi, H.;
Kataoka, K., Polyion complex micelles from plasmid DNA and
poly(ethylene glycol)-poly(L-lysine) block copolymer as serum-tolerable
polyplex system: Physicochemical properties of micelles relevant to gene
transfection efficiency. Biomaterials 2003, 24, 4495-4506.
70. Konak, C.; Mrkvickova, L.; Nazarova, O.; Ulbrich, K.; Seymour, L. W.,
Formation of DNA complexes with diblock copolymers of poly(N-(2hydroxypropyl)methacrylamide) and polycations. Supramolecular Science
1998, 5, 67-74.
71. Oupicky, D.; Konak, C.; Ulbrich, K., Preparation of DNA complexes with
diblock copolymers of poly[N(2-hydroxypropyl)methacrylamide] and
polycations. Materials Science and Engineering C 1999, 7, 59-65.
45

Chapter 2

72. Konak, C.; Subr, V.; Kostka, L.; Stepanek, P.; Ulbrich, K.; Schlaad, H.,
Coating of vesicles with hydrophilic reactive polymers. Langmuir 2008,
24, 7092-7098.
73. Paul, A.; Vicent, M. J.; Duncan, R., Using small-angle neutron scattering
to study the solution conformation of N-(2-hydroxypropyl)methacrylamide
copolymer-Doxorubicin conjugates. Biomacromolecules 2007, 8, 15731579.
74. Chytil, P.; Etrych, T.; Konak, C.; Sirova, M.; Mrkvan, T.; Rihova, B.;
Ulbrich, K., Properties of HPMA copolymer-doxorubicin conjugates with
pH-controlled activation: Effect of polymer chain modification. Journal of
Controlled Release 2006, 115, 26-36.
75. Chytil, P.; Etrych, T.; Konak, C.; Sirova, M.; Mrkvan, T.; Boucek, J.;
Rihova, B.; Ulbrich, K., New HPMA copolymer-based drug carriers with
covalently bound hydrophobic substituents for solid tumour targeting.
Journal of Controlled Release 2008, 127, 121-130.
76. Jia, Z.; Wong, L.; Davis, T. P.; Bulmus, V., One-pot conversion of RAFTgenerated multifunctional block copolymers of HPMA to doxorubicin
conjugated acid- and reductant-sensitive crosslinked micelles.
Biomacromolecules 2008, 9, 3106-3113.
77. Chandran, S. S.; Nan, A.; Rosen, D. M.; Ghandehari, H.; Denmeade, S. R.,
A prostate-specific antigen-activated N-(2-hydroxypropyl) methacrylamide
copolymer prodrug as dual-targeted therapy for prostate cancer. Molecular
Cancer Therapeutics 2007, 6, 2928-2937.
78. Kang, N.; Leroux, J. C., Triblock and star-block copolymers of N-(2hydroxypropyl)methacrylamide or N-vinyl-2-pyrrolidone and d,l-lactide:
Synthesis and self-assembling properties in water. Polymer 2004, 45,
8967-8980.
79. Lele, B. S.; Leroux, J. C., Synthesis of novel amphiphilic star-shaped
poly(İ-caprolactone)-block-poly(N-(2-hydroxypropyl)methacrylamide) by
combination of ring-opening and chain transfer polymerization. Polymer
2002, 43, 5595-5606.
80. Lele, B. S.; Leroux, J. C., Synthesis and micellar characterization of novel
amphiphilic A-B-A triblock copolymers of N-(2-hydroxypropyl)
methacrylamide or N-vinyl-2-pyrrolidone with poly(İ-caprolactone).
Macromolecules 2002, 35, 6714-6723.
81. Alvarez-Lorenzo, C.; Concheiro, A., Intelligent drug delivery systems:
Polymeric micelles and hydrogels. Mini-Reviews in Medicinal Chemistry
2008, 8, 1065-1074.

46

Micelles based on HPMAm copolymers

82. Topp, M. D. C.; Dijkstra, P. J.; Talsma, H.; Feijen, J., Thermosensitive
micelle-forming block copolymers of poly(ethylene glycol) and poly(Nisopropylacrylamide). Macromolecules 1997, 30, 8518-8520.
83. Wei, H.; Cheng, S. X.; Zhang, X. Z.; Zhuo, R. X., Thermo-sensitive
polymeric micelles based on poly(N-isopropylacrylamide) as drug carriers.
Progress in Polymer Science (Oxford) 2009, 34, 893-910.
84. Hong, C. Y.; Pan, C. Y., Direct synthesis of biotinylated stimuli-responsive
polymer and diblock copolymer by RAFT polymerization using
biotinylated trithiocarbonate as RAFT agent. Macromolecules 2006, 39,
3517-3524.
85. Konak, C.; Oupicky, D.; Chytry, V.; Ulbrich, K.; Helmstedt, M.,
Thermally controlled association in aqueous solutions of diblock
copolymers of poly[N-(2-hydroxypropyl)methacrylamide] and poly(Nisopropylacrylamide). Macromolecules 2000, 33, 5318-5320.
86. Hruby, M.; Konak, C.; Kucka, J.; Vetrik, M.; Filippov, S. K.; Vetvicka, D.;
Mackova, H.; Karlsson, G.; Edwards, K.; Rihova, B.; Ulbrich, K.,
Thermoresponsive, hydrolytically degradable polymer micelles intended
for radionuclide delivery. Macromolecular Bioscience 2009, 9, 1016-1027.
87. Hu, Y. Q.; Kim, M. S.; Kim, B. S.; Lee, D. S., RAFT synthesis of
amphiphilic (A-ran-B)-b-C diblock copolymers with tunable pHSensitivity. Journal of Polymer Science, Part A: Polymer Chemistry 2008,
46, 3740-3748.
88. Mori, H.; Wakisaka, O.; Hirao, A.; Nakahama, S., Protection and
polymerization of functional monomers, 23. Synthesis of well-defined
poly(2-hydroxyethyl methacrylate) by means of anionic living
polymerization of protected monomers Macromolecular Chemistry and
Physics 1994, 195, 3213-3224.
89. Weaver, J. V. M.; Bannister, I.; Robinson, K. L.; Bories-Azeau, X.; Armes,
S. P.; Smallridge, M.; McKenna, P., Stimulus-Responsive Water-Soluble
Polymers Based on 2-Hydroxyethyl Methacrylate. Macromolecules 2004,
37, 2395-2403.
90. Liu, S.; Weaver, J. V. M.; Save, M.; Armes, S. P., Synthesis of pHresponsive shell cross-linked micelles and their use as nanoreactors for the
preparation of gold nanoparticles. Langmuir 2002, 18, 8350-8357.
91. Chern, C. S.; Chiu, H. C.; Chuang, Y. C., Synthesis and characterization of
amphiphilic graft copolymers with poly(ethylene glycol) and cholesterol
side chains. Polymer International 2004, 53, 420-429.
92. Zhu, J. L.; Zhang, X. Z.; Cheng, H.; Li, Y. Y.; Cheng, S. X.; Zhuo, R. X.,
Synthesis and characterization of well-defined, amphiphilic poly(Nisopropylacrylamide)-b-[2-hydroxyethyl
methacrylate-poly(İ47

Chapter 2

caprolactone)]n graft copolymers by RAFT polymerization and
macromonomer method. Journal of Polymer Science, Part A: Polymer
Chemistry 2007, 45, 5354-5364.
93. Neradovic, D.; Hinrichs, W. L. J.; Kettenes-van Den Bosch, J. J.; Hennink,
W. E., Poly(N-isopropylacrylamide) with hydrolyzable lactic acid ester
side groups: A new type of thermosensitive polymer. Macromolecular
Rapid Communications 1999, 20, 577-581.
94. Zeng, Y.; Pitt, W. G., A polymeric micelle system with a hydrolysable
segment for drug delivery. Journal of Biomaterials Science, Polymer
Edition 2006, 17, 591-604.
95. Neradovic, D.; van Nostrum, C. F.; Hennink, W. E., Thermoresponsive
polymeric micelles with controlled instability based on hydrolytically
sensitive N-isopropylacrylamide copolymers. Macromolecules 2001, 34,
7589-7591.
96. Neradovic, D.; can Steenbergen, M. J.; Vansteelant, L.; Meijer, Y. J.; van
Nostrum, C. F.; Hennink, W. E., Degradation mechanism and kinetics of
thermosensitive polyacrylamides containing lactic acid side chains.
Macromolecules 2003, 36, 7491-7498.
97. Soga, O.; van Nostrum, C. F.; Hennink, W. E., Poly(N-(2-hydroxypropyl)
methacrylamide mono/di lactate): A new class of biodegradable polymers
with tuneable thermosensitivity. Biomacromolecules 2004, 5, 818-821.
98. Soga, O.; van Nostrum, C. F.; Ramzi, A.; Visser, T.; Soulimani, F.;
Frederik, P. M.; Bomans, P. H. H.; Hennink, W. E., Physicochemical
characterization of degradable thermosensitive polymeric micelles.
Langmuir 2004, 20, 9388-9395.
99. Soga, O.; van Nostrum, C. F.; Fens, M.; Rijcken, C. J. F.; Schiffelers, R.
M.; Storm, G.; Hennink, W. E., Thermosensitive and biodegradable
polymeric micelles for paclitaxel delivery. Journal of Controlled Release
2005, 103, 341-353.
100. Soga, O. Biodegradable thermosensitive polymers: Synthesis,
characterization and drug delivery applications. Thesis, Utrecht university,
2006.
101. Rijcken, C. J. F.; Veldhuis, T. F. J.; Ramzi, A.; Meeldijk, J. D.; van
Nostrum, C.; Hennink, W. E., Novel fast degradable thermosensitive
polymeric micelles based on PEG-block-poly(N-(2-hydroxyethyl)
methacrylamide-oligolactates). Biomacromolecules 2005, 6, 2343-2351.
102. Rijcken, C. J.; Snel, C. J.; Schiffelers, R. M.; van Nostrum, C. F.; Hennink,
W. E., Hydrolysable core-crosslinked thermosensitive polymeric micelles:
Synthesis, characterisation and in vivo studies. Biomaterials 2007, 28,
5581-5593.
48

Micelles based on HPMAm copolymers

103. Rijcken, C. J. F.; Hofman, J. W.; van Zeeland, F.; Hennink, W. E.; van
Nostrum, C. F., Photosensitiser-loaded biodegradable polymeric micelles:
Preparation, characterisation and in vitro PDT efficacy. Journal of
Controlled Release 2007, 124, 144-153.
104. van Hasselt, P. M.; Janssens, G. E. P. J.; Slot, T. K.; van der Ham, M.;
Minderhoud, T. C.; Talelli, M.; Akkermans, L. M.; Rijcken, C. J. F.; van
Nostrum, C. F., The influence of bile acids on the oral bioavailability of
vitamin K encapsulated in polymeric micelles. Journal of Controlled
Release 2009, 133, 161-168.
105. Talelli, M.; Rijcken, C. J. F.; Lammers, T.; Seevinck, P. R.; Storm, G.; Van
Nostrum, C. F.; Hennink, W. E., Superparamagnetic iron oxide
nanoparticles encapsulated in biodegradable thermosensitive polymeric
micelles: Toward a targeted nanomedicine suitable for image-guided drug
delivery. Langmuir 2009, 25, 2060-2067.
106. Rijcken, C. J. F. Tuneable and degradable polymeric micelles for drug
delivery from synthesis to feasibility in vivo. Thesis, Utrecht University,
2007.

49

Chapter 3
Thermosensitive polymeric micelles for
targeted drug delivery

Marina Talelli, Wim E. Hennink

Department of Pharmaceutics, Utrecht Institute for Pharmaceutical
Sciences (UIPS), Utrecht University, 3584 CG Utrecht, the Netherlands

Accepted for publication in Nanomedicine

Chapter 3

Abstract
Thermosensitive polymers are characterized by aqueous solution properties
that depend on temperature. Below their lower critical solution temperature
(LCST), these polymers are in an expanded state and fully dissolved, while
when above the LCST they are dehydrated and insoluble. The temperaturedependent solution properties of these polymers have been exploited for the
development of polymeric micelles which can be formed or destabilized
depending on the solution temperature. The hydrophobic core of such micelles
can be loaded with hydrophobic drugs which can be released by changing the
temperature. Many thermosensitive polymers for the design of micelles have
been described in literature, among which poly(N-isopropylacrylamide)
(pNIPAAm), pluronics (triblock copolymers of polypropylene oxide middle
block flanked by two polyethylene oxide blocks) and poly(hydroxypropyl
methacrylamide-lactate) (pHPMAmLacn) are the most frequently studied. In
addition, some drug-loaded formulations based on thermosensitive polymers
have reached clinical trials. The first generation of micelles composed of
thermosensitive polymers was based on mere hydrophobic interactions between
polymer blocks. In a number of recent studies, more sophisticated
thermosensitive polymeric micelles have been described by introducing shellor core-crosslinking, in order to improve the stability of the micelles in the
circulation after i.v. administration and therefore, improve the accumulation of
the micellar depot in diseased areas. Various formulations of drug loaded
polymeric micelles based on thermosensitive polymers have shown promising
results in vitro, as well in vivo. This review gives an overview of the most
important recent developments regarding the design and synthesis of various
types of thermosensitive polymers for drug delivery applications.
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1. Introduction
In recent years, amphiphilic block copolymers that form micellar structures
have received great attention for their potential use in many industrial and
pharmaceutical applications 1, 2. In the pharmaceutical field, polymeric micelles
as nanosized, colloidal particles are under investigation for drug delivery
purposes 2-5. Micellar nano-assemblies composed of amphiphilic block
copolymers are formed spontaneously in selective solvents above their so-called
critical micelle concentration (CMC) which depends on the
hydrophilic/hydrophobic balance of the block copolymer as well as the
chemical characteristics and molecular weight of the blocks 6, 7. When dissolved
in aqueous environments in concentrations above their CMC, block copolymers
consisting of a hydrophilic and a hydrophobic block form micellar structures
consisting of a hydrophilic shell and a hydrophobic core (scheme 1).

Hydrophilic
block

Hydrophobic
block

Scheme 1. Formation of polymeric micelles by self-assembly of amphiphilic
block copolymers in water above their critical micelle concentration (CMC).
Depending on the molecular characteristics and molecular weight of the
different blocks, the size of polymeric micelles is between 10 and 200 nm 8.
Importantly, the hydrophobic core can accommodate/solubilize (hydrophobic)
therapeutics or imaging compounds, thereby significantly increasing their
aqueous solubility. In addition, drug-loaded polymeric micelles are generally
considered to be particularly suitable for intravenous administration, but
recently they have also been investigated as oral drug delivery systems 9-12.
After i.v. administration, the hydrophilic corona of the micelle shields the core
and protects it from interactions with blood components resulting in prolonged
circulation and reduced recognition by the reticulo-endothelial system (RES) 1315
. This enhanced circulation in the bloodstream, in combination with their
53

Chapter 3

small size (<200 nm), results in accumulation in diseased or inflamed tissues
(e.g. tumors) through the enhanced permeation and retention (EPR) effect 16, 17
Nevertheless, one of the items still remaining in the design of this novel
class of drug carriers is its tissue specificity, particularly the accumulation of the
drug depot selectively and merely in the area of interest, followed by controlled
release of the drug. Several endogenous or exogenous triggers have been used
to induce release, among which pH, temperature, light, ultra sound and enzymes
12, 18-21
.
An important class of stimuli responsive drug delivery systems is that
comprising of polymers with thermosensitive behavior. Aqueous solutions of
such polymers are characterized by the so-called lower critical solution
temperature (LCST) or cloud point (CP). Below the LCST the polymer is
hydrated due to the formation of hydrogen bonds between water and polymer
molecules, whereas above this temperature the hydrogen bonds between the
polymer chains and water are disrupted, rendering the polymer hydrophobic,
leading to its collapse/precipitation (Scheme 2).

Scheme 2. Lower critical solution temperature (LCST) behavior of
thermosensitive polymers. Below the LCST, the polymer is water soluble and is
in an expanded state while above this temperature, the hydrogen bonds between
the polymer chain and water are disrupted, leading to the collapse/precipitation
of the polymer.
Well known thermosensitive polymers are poly(N-isopropylacrylamide)
(pNIPAAm) and pluronics (PEG-b-PPO-b-PEG, triblock copolymers of
polypropylene oxide (PPO) middle blocks flanked by polyethylene glycol
(PEG) blocks) 20, 22. The chemical structures of these polymers are shown in
scheme 3A and 3B respectively. Pluronics due to the thermosensitive PPO
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block form micelles above its LCST 23. pNIPAAm dissolved in water
precipitates in the form of large particles above its LCST, therefore A-B block
copolymers of pNIPAAm and a permanently hydrophilic block (such as
polyethylene glycol, PEG) form micelles above the LCST with a pNIPAAm
core and a hydrophilic corona due to the collapse and subsequent association of
the thermosensitive blocks 24-26. On the other hand, when the pNIPAAm block
is combined with a permanently hydrophobic block, it forms the micellar
corona at temperatures below the LCST. For both systems, the micelles can
disintegrate by hypo- or hyperthermia.
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CH 2CH2 O
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CH 2CH2 O

H
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m

CH3
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PEG

PPO

PEG

(B)

(A)
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H

O
O
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O
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Scheme 3. Chemical structures of the most extensively studied thermosensitive
micelle forming block copolymers for biomedical and pharmaceutical
applications: (A) poly(N-isopropylacrylamide) (pNIPAAm), (B) poly(ethylene
glycol)-b-poly(propylene oxide)-b-poly(ethylene glycol) (PEG-b-PPO-b-PEG,
pluronics)
and
(C)
N-(2-hydroxypropyl)methacrylamide
lactate
(pHPMAmLacn).
In this chapter, systems of conventional as well as chemically crosslinked
thermosensitive polymeric micelles are reviewed and their physicochemical
properties are discussed. The most extensively studied thermosensitive
polymers, pNIPAAm, PEG-b-PPO-b-PEG (pluronics) and poly(N-(2hydroxypropyl) methacrylamide-lactate) (pHPMAmLacn) (schemes 3A, B and
C respectively), are described in more detail. The in vitro and in vivo results of
the most promising drug loaded thermosensitive micelles are also described.
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2. Micelles based on thermosensitive polymers
2.1. Conventional thermosensitive polymeric micelles
2.1.1. Thermosensitive polymeric micelles based on poly(Nisopropylacrylamide)
One of the most extensively investigated thermosensitive polymers is
pNIPAAm. This polymer has a cloud point (or lower critical solution
temperature, LCST) of 32 oC which means that it is water-soluble below this
temperature and water-insoluble above this temperature. Due to its thermoresponsiveness, block polymers of pNIPAAm with hydrophobic or hydrophilic
blocks can form micelles with pNIPAAm as the micellar shell or core,
respectively. Copolymers of pNIPAAm with permanently hydrophobic blocks
form micelles with a hydrated pNIPAAm corona below its LCST. When heated
above the LCST, the micellar shell becomes hydrophobic, leading to micelle
destabilization and aggregation. Examples of such micelles are diblock
copolymers of pNIPAAm with hydrophobic blocks such as with poly(D,L
lactide) 27, poly(methyl methacrylate) 28 and poly(butylmethacrylate) 29. In these
systems, the drug release is triggered when the particles are heated above the
LCST. However, pNIPAAm is not suitable for in vivo applications as its LCST
is below body temperature and the micelles with pNIPAAm as a shell are
expected to rapidly aggregate upon injection. Therefore, NIPAAm was
copolymerized with hydrophilic monomers to yield polymers with an LCST
o
above
37
C.
For
example,
poly(N-isopropylacrylamide-co-N,Ndimethylacrylamide)-b-poly(D,L-lactide) (p(NIPAAm-co-DMAAm)-b-PLA) 30
and
poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide)-b-poly(İcaprolactone) (p(NIPAAm-co-DMAAm)-b-poly(İ-caprolactone)) 31 block
copolymers were developed with an LCST of 40 oC. p(NIPAAm-coacrylamide)-b-(D,L, lactide) with an LCST of 41 oC was used for the design of
thermosensitive polymeric micelles for the triggered release of docexatel by
hyperthermia resulting in enhanced in vitro and in vivo effects 32, 33.
Copolymerization of NIPAAm with N-hydroxymethylacrylamide and
subsequent coupling to poly(methyl methacrylate) resulted in poly(NIPAAmco-HMAAm)-b-pMMA) with an LCST of 42.8 oC that formed micelles with a
size of 250 nm. Micelles of this polymer were loaded with an anticancer drug
(methotrexate) and showed enhanced release when heated to 43 oC (figure 1) 34.
As mentioned above, pNIPAAm has an LCST of 32 oC and therefore it is
hydrophobic at body temperature. This property makes it highly attractive as a
core forming block, when coupled to permanently hydrophilic blocks, e.g.
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poly(ethylene glycol) 24-26. PEG-b-pNIPAAm block copolymers are watersoluble at temperatures below the LCST, while when heated above it they self
assemble into small (~ 120 nm in diameter, figure 2) polymeric micelles with a
pNIPAAm core and a PEG corona24. The advantage of these micelles is their
ease of preparation, because they are formed by simple heating an aqueous
polymer solution above the LCST of pNIPAAm. After injection and arrival of
the micelles at the target site, the loaded drug can be released by local
hypothermia.

Figure 1. Methotrexate release from the thermoresponsive biotin-poly(Nisopropylacrylamide-co-N-hydroxymethylacrylamide)-b-poly(methyl
methacrylate) (biotin-p(NIPAAm-co-HMAAm)-b-PMMA) micelles at 35 and
43 oC. At 35 oC, only 41% drug was released from the micelles during 120 h
while at 43 oC (above the LCST of the polymer) the drug release was almost
complete in 10 hours 34.

Figure 2. TEM image of PEG-pNIPAAm micelles 24.
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2.1.2. Thermosensitive polymeric micelles based on functionalized
pNIPAAm or other block copolymers
The major drawback of pNIPAAm block copolymers for the development of
polymeric micelles for pharmaceutical applications is that even though they are
cyto-compatible 35, they are not degradable. Moreover local hypo- or
hyperthermia is necessary for micellar destabilization and subsequent release of
the encapsulated drug, which is not always feasible in clinical settings.
Therefore, copolymers of NIPAAm with biodegradable monomers have been
synthesized. In these systems, side chain hydrolysis leads to a phase transition
of the thermosensitive block from the collapsed to the dissolved state, resulting
in micelle destabilization and concomitant release of the payload 12. For detailed
information on the mechanism of drug release due to hydrophobic to
hydrophilic conversion of the thermosensitive block, the reader is referred to the
review of Rijcken et al 12. The first polymer of this category was reported by
Shah et al. who copolymerized NIPAAm with N-acryloxy succinimide and
observed an increase of the LCST upon conversion of acryloxy succinimide to
acrylic acid 36. In later publications, NIPAAm was copolymerized with 2hydroxyethyl methacrylate-monolactate (HEMALac1) to yield polymers with
an LCST that increased upon hydrolysis of the lactic acid side groups, leading
to systems that show a hydrophobic-to-hydrophilic conversion in time 37, 38.
Neradovic et al. showed that copolymers of NIPAAm and N-(2hydroxypropyl)methacrylamide lactate (HPMAmLacn) had an LCST below
body temperature that, upon degradation of the lactate side groups that yielded
HPMAm, increased to above body temperature, due to the hydrophilic nature of
HPMAm (figure 3) 39. The same authors also showed that A-B block
copolymers of PEG-b-p(HPMAmLacn-co-NIPAAm) formed micelles with a
critical micelle temperature below body temperature, which upon side chain
hydrolysis increased to above 37 oC, resulting in the hydrophilization of the
copolymers and concomitant destabilization of the micelles. Therefore, these
micelles were expected to stay intact upon administration and destabilize in
time due to side chain hydrolysis. In addition, it was further shown that the
destabilization times could be predicted by the degradation kinetics of the
lactate side groups, and also tailored by the number of oligolactate grafts
attached on the block copolymers 40.
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Figure 3. Changes in critical micelle temperature of PEG-b-p(NIPAAm-coHPMAmLacn) in time upon hydrolysis of the lactate side chains. 90/10, 80/20
etc. refer to the comonomer content (mol%) of NIPAAm and HPMAmLacn,
respectively 39.
Soga et al. showed that NIPAAm-free homopolymers of HPMAmLacn also
exhibit thermosensitive behavior, with an LCST that can be tuned from 13 to 65
o
C by the number of the lactate side chains 41. In a subsequent study, diblock
copolymers based on PEG-b-pHPMAmLacn were synthesized that exhibited
biodegradability and thermosensitivity and polymeric micelles based on these
polymers were formed above the critical micelle temperature with a diameter of
50 nm 42. Due to hydrolysis of the lactate side groups after around one week
incubation at physiological conditions (pH 7.4, 37 oC) the polymer was
converted into the permanently hydrophilic PEG-b-pHPMAm, leading to
micelle dissociation. Importantly, in a follow-up study, it was shown that when
the
structurally
related
pHEMAmLacn
(poly(N-(2-hydroxyethyl)
methacrylamide lactate)) was used as thermosensitive block, the destabilization
of the micelles occurred after approximately 8 hours incubation at physiological
conditions (pH 7.4, 37 oC), which matches the circulation time of nanoparticles
in vivo (8-10 hours 43), making them potentially suitable for tumor targeting
purposes. Soga et al. succeeded in encapsulating the hydrophobic anticancer
drug paclitaxel in the core of PEG-pHPMAmLacn micelles, increasing the
drug’s aqueous solubility by a factor 5000 44. In the same publication, it was
demonstrated that fluorescently labeled PEG-b-pHPMAmLacn micelles were
internalized by B16F10 cells. It was also shown that PEG-b-pHPMAmLacn
micelles loaded with the anticancer drug paclitaxel showed comparable
cytotoxicity as Taxol (the currently used formulation of paclitaxel) against the
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same cells. PEG-pHPMAmLacn micelles were also successfully used to
solubilize the photosensitizer Si(sol)2Pc, resulting in 75 nm loaded micelles that
showed promising results for their application in photodynamic therapy 45. In
another study, vitamin K was loaded in PEG-b-pHPMAmLacn micelles with an
efficiency of more than 95% and it was shown that vitamin K plasma levels
increased significantly upon gastric administration of the micelles 11. In a
recent publication, the application of PEG-pHPMAmLacn micelles for magnetic
resonance imaging has been investigated, by encapsulating hydrophobic oleic
acid coated superparamagnetic iron oxide nanoparticles (SPIONs) that act as
MRI contrast agents 46. The resulting particles had an average diameter of
around 200 nm and the loading of SPIONs was confirmed by transmission
electron microscopy, while SPION-loaded PEG-pHPMAmLacn micelles
showed very good MRI properties.
Another very important and well studied class of micelle forming block
copolymers exhibiting thermosensitive behavior is that of pluronic triblock
copolymers that consist of poly(ethylene glycol)-b-poly(propylene oxide)-bpoly(ethylene glycol) (PEG-b-PPO-b-PEG) 47, 48. In aqueous solutions above
their critical micelle temperature (CMT) they undergo self assembly resulting in
the formation of micellar structures with a PPO core and a PEG corona 49, 50.
The aggregation properties and micelle formation of pluronic block copolymers
with different composition have been extensively studied 23, 51-53 and pluronic
block copolymers in the form of micelles have found various applications in the
biomedical field 54. Pluronic micelles loaded with the anticancer drug
doxorubicin (SP1049C) have reached phase I clinical trials. The SP1049C
formulation showed promising results including slower clearance than
conventional doxorubicin, as well as evidence of antitumor activity in some
patients with advanced resistant solid tumors (see also section 3 of this chapter)
55
.
Other thermosensitive block copolymers have also been investigated for
their self assembly in micellar structures as well as their application as drug
delivery systems 20, 56-61. For example, Yang et al synthesized Y shaped PEG-bpoly(solketal acrylate) block copolymers and studied their thermosensitive
micellar aggregation behavior in aqueous media, and observed elevated release
of encapsulated nile red at 37 oC compared to 25 oC (61% at 37 oC versus 1% at
25 oC), demonstrating release triggered by the thermosensitive behavior of the
micelles 60. Recently, the synthesis of poly(PEG:CPP:SA) terpolymer composed
of poly(ethylene glycol) (PEG), 1,3-bis(carboxyphenoxy) propane (CPP) and
sebacic acid (SA) was reported, and the thermosensitive micelle formation was
investigated 61. A sol-to-nanogel transition of the micelles was observed when
the temperature increased from room temperature to body temperature. The
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micelles were loaded with doxorubicin (DOX) (loading efficiency 70%), and
the release was studied at 25, 37 and 45 oC. In all temperatures, a rapid burst
release was observed (up to 20% in the first hour), which was followed by a
sustained and slow release for the next 48 hours. Importantly, it was
demonstrated that the release rate was accelerated at higher temperatures, which
was attributed to the deformation of the micelles and subsequent drug release
due to the temperature change, demonstrating the thermosensitive character of
the micelles.

2.2. Core- or shell-crosslinked thermosensitive polymeric micelles
It has been shown in many studies that colloidal particles after i.v.
administration accumulate in diseased areas through the enhanced permeation
and retention (EPR) effect 16, 17. In order to benefit from the EPR effect, an
important prerequisite is that nano-sized particles show prolonged circulation
times. However, one of the most important challenges that polymeric micelles
face for their in vivo applications is to maintain integrity during the circulation
upon intravenous administration. Either dilution of the micelles below their
CMC, or interactions of the hydrophobic blocks with plasma proteins such as
albumin and HDL/LDL known for their solubilization capacity of hydrophobic
compounds, might disrupt the equilibrium between unimers and micelles 62-64.
This results in rapid micelle disintegration and unfavorable circulation kinetics
and biodistribution. To avoid premature destabilization, a variety of strategies
can be applied to improve the physical stability of micelles particularly by
either physical or chemical crosslinking of their core or shell 3, 33, 64-68. As an
example, Wei et al developed shell crosslinked (SCL) thermoresponsive
micelles based on poly(N-isopropylacrylamide-co-3-(trimethoxysilyl)propyl
methacrylate)-b-poly(methyl methacrylate) (p(NIPAAm-co-MPMA)-b-PMMA)
amphiphilic block copolymers, via a silica based crosslinked strategy (figure 4)
69
. The SCL micelles formed had an average diameter of 80 nm and
demonstrated increased stability, better encapsulation efficiency and release of
the model drug prednisone acetate over a longer period compared to noncrosslinked pNIPAAm-b-pMMA micelles. Importantly shell crosslinked
micelles retained their thermosensitivity, as evidenced from turbidity and size
measurements as a function of temperature.
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(A)

(B)

Figure 4. (A) Schematic representation of the formation of SCL micelles by
self assembly of amphiphilic p(NIPAAm-co-MPMA)-b-PMMA followed by
cross-linking of the hydrophilic shell via a silica based strategy. (B)
transmission electron microscopy (TEM) images (a and b) and size distribution
(c) of the SCL micelles in aqueous media69.
The same group also developed 120 nm SCL micelles based on poly(Nisopropylacrylamide-co-aminoethyl methacrylate)-b-polymethyl methacrylate
(p(NIPAAm-co-AMA)-b-PMMA). Shell crosslinking was performed via
addition of 1,1ƍ-ferrocenedicarboxylic acid and subsequent amidation between
its carboxylic acid groups and the amine groups of AMA, using
dicyclohexylcarbodiimide (DCC) as coupling agent (figure 5) 66. While the
p(NIPAAm-co-AMA)-b-PMMA copolymer alone showed good cytocompatibility when incubated with HeLa cells (cell viability above 70%),
ferrocene SCL micelles showed increased cytotoxicity (cell viability below 10%
when SCL micelle concentration above 0.8 g/L was used), which indicated that
the conjugated ferrocene moiety still exhibited tumor cell killing activity. Shell
crosslinked and stable thermosensitive micelles based on pluronic copolymers
have also been developed using gold nanoparticles 49 or by chemical
modification and crosslinking of the outer shell 70.
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Figure 5. Micellization of p(NIPAAm-co-AMA)-b-PMMA in aqueous solution
followed by crosslinking of the hydrophilic shell with 1,1ƍferrocenedicarboxylic acid to yield SCL thermoresponsive micelles 66.
Another crosslinking strategy applied to stabilize polymeric micelles is the
functionalization of the hydrophobic blocks with polymerizable (meth)acrylates
and linking of these groups after micelle formation via radical polymerization
(thermal-, chemical- or photo-polymerization), or Michael addition 71, 72.
Recently, in our group we developed functionalized PEG-b-pHPMAmLacn
block copolymers, of which the hydroxyl groups of the lactic acid side chains
were partially methacrylated. Via polymerization of the methacrylated groups
upon micelle formation either by photo- 64 or chemical 73 polymerization, small
core-crosslinked (average diameter 60-70 nm) micelles were formed, having a
much higher stability compared to non crosslinked micelles, and, importantly,
retaining their biodegradability (figure 6).
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Figure 6. Concept of core-crosslinked biodegradable thermosensitive polymeric
micelles formation based on methacrylated PEG-b-pHPMAmLacn block
copolymers 64.

2.3. Thermosensitive polymeric micelles in vitro and in vivo
Thermosensitive polymeric micelles have been evaluated for drug delivery
purposes both in vitro and in vivo. In recent studies, poly(Nisopropylacrylamide-co-acrylamide)-b-poly(DL-lactide))
(p(NIPAAm-coAAm)-b-PDLLA) polymeric micelles were loaded with the antitumor drug
docetaxel with an encapsulation efficiency of 27%, and increased cytotoxicity
was observed against tumor cells after hyperthermia (figure 7A) 32, 33. The same
formulation was also tested in vivo upon intravenous administration, and it was
found that docetaxel loaded micelles showed decreased acute toxicity compared
to a conventional docetaxel formulation and, importantly, significantly higher
antitumor activity after hyperthermia (figure 7B). Liu et al developed folate
functionalized poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-co-2aminoethyl methacrylate)-b-poly(10-undecenoic acid) (p(NIPAAm-coDMAAm-co-AMA)-b-PUA) thermosensitive micelles loaded with doxorubicin
(DOX) to yield micelles with 100 nm diameter and 2.5% loading. Due to the pH
dependent LCST of the polymer (being above body temperature at pH 7.4 and
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below body temperature in acidic environment), these micelles showed a pH
dependent destabilization and triggered drug release at the low pH of
endo/lysosomal vesicles 74. This formulation exhibited increased cellular uptake
(localized in the cytoplasm and nucleus), as well as cytotoxicity against folate
expressing cells as compared to DOX micelles without folate targeting ligand.
Importantly, increased circulation times and tumor accumulation compared to
the free drug (t1/2 was 30 and 140 minutes for free DOX and DOX micelles
respectively) was observed.

(A)

(B)
Figure 7. (A) Viability of cancer cell lines treated with docetaxel-loaded
poly(N-isopropylacrylamide-co-acrylamide)-b-poly(DL-lactide) micelles and
conventional docetaxel formulation with and without hyperthermia. (B) In vivo
antitumor efficacy of conventional docetaxel formulation and docetaxel-loaded
micelles with and without hyperthermia in LLC-bearing C57BL/6 mice treated
with (a) Saline, (b) hyperthermia, (c) docetaxel-loaded micelles, (d)
conventional docetaxel formulation with hyperthermia, (e) conventional
docetaxel formulation, (f) docetaxel-loaded micelles with hyperthermia 33.
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Pluronic micelles represent a very important class of thermosensitive
micelles used for drug delivery. SP1049C is a product of doxorubicin
formulated with two pluronic block copolymers, pluronic L61 (figure 3B,
n=2.25, m=31) and pluronic F127 (figure 3B, n=100, m=65). Importantly,
SP1049C also showed better in vivo antitumor activity than doxorubicin (figure
8) in both drug-resistant and drug-sensitive tumor models, as well as improved
pharmacokinetics and tumor accumulation 75, 76. The higher activity of SP1049C
compared to doxorubicin was shown to be due to increased cellular uptake,
inhibition of the drug efflux, as well as changes in the intracellular drug
trafficking75. Therefore, a first clinical trial of this formulation was performed,
in which SP1049C demonstrated slower clearance than free doxorubicin in
patients 55. In the same study, evidence of antitumor activity was observed in
some patients. The same product also very recently proceeded in a phase II
study in patients with advanced adenocarcinoma, and the formulation showed
notable single agent activity and an acceptable safety profile 77.

Figure 8. Effect of doxorubicin and SP1049C on the growth of subcutaneous
(left) murine leukemia P388 tumors and (right) Sp2/0DNR tumors in mice. (1)
Control (untreated animals), (2) doxorubicin and (3) SP1049C 75.
In our group, we investigated the circulation kinetics and biodistribution of
empty PEG-b-pHPMAmLacn polymeric micelles in B16F10 melanoma-bearing
mice 64. It was shown that core-crosslinking of the micelles substantially
increased the micellar stability in the circulation. The core crosslinked micelles
showed increased circulation times (more than 50% of the injected dose
remained in the circulation 6 hours post injection) and tumor accumulation
compared to non crosslinked micelles (figure 9).
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Figure 9. The circulation kinetics (left) and biodistribution profile (right) of
non-crosslinked (NCL) and core-crosslinked (CCL) micelles evaluated in 14C
tumor-bearing mice using 3H-labelled polymer after i.v. administration 64.
In a follow-up study, we covalently linked a doxorubicin derivative to the
micellar core through a pH-sensitive linker. The used hydrazone spacer is
relatively stable at pH 7.4, but readily cleaves at pH 5 (in the endo/lysosomes of
cells). An increased cytotoxicity compared to free DOX was observed in two
different cell lines, as well as an increased antitumor activity and prolonged
survival of B16F10 melanoma-bearing mice (figure 10) 73. Very recently, the
same system was also actively targeted, via conjugation of an anti-EGFR
(epidermal growth factor receptor) nanobody on the micellar surface, and
increased cellular binding and uptake was observed by EGFR over-expressing
cells, compared to micelles without nanobody 78. This opens the route to
actively targeted thermosensitive polymeric micelles, which is expected to
result in even more enhanced tumor accumulation and thus increased efficacy,
due to the targeted moiety coupled on their surface.
DOX micelles
free DOX
PBS

2000

100

Survival (%)

Tumor volume (mm3)

3000

1000

DOX micelles
free DOX
PBS

80
60
40
20
0

0
0

2

4

6

8

Time (days)

10

12

14

0

2

4

6

8

10

12

14

16

18

Time (days)

Figure 10. Mean tumor volumes (left) and percent survival (right) of mice
bearing B16 melanoma carcinoma after i.v. administration of PBS, free
doxorubicin (3 mg/kg), and micelles with covalently bound DOX (3 mg/kg) 73.
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Conclusions
Polymeric micelles based on thermosensitive polymers have been
extensively studied in the past years for their applications as drug delivery
systems in cancer therapy. Several of these formulations loaded with anticancer
drug have shown very promising results in vitro and in vivo, including enhanced
pharmacokinetics and increased antitumor activity. One thermosensitive
polymeric micelle formulation, SP1049C, has reached phase I and II clinical
trials with very promising results. The data obtained in preclinical as well as
clinical studies allow concluding that micelles based on thermosensitive
polymers are attractive drug carriers.

Future perspectives
Recent developments on active targeting of thermosensitive polymeric
micelles are giving rise to expectations for more enhanced tumor accumulation.
Moreover, triggered release by local hyperthermia using non invasive high
intensity focused ultrasound (HIFU) can be well combined with (targeted)
polymeric micelles to result in high concentrations of active compounds in
tumor tissues and thus in high antitumor activity. Overall, it can be expected
that more formulations based on thermosensitive micelles will reach clinical
evaluations in the coming years.
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Abstract
Doxorubicin (DOX) is clinically applied in cancer therapy, but its use is
associated with dose limiting severe side effects. Core-crosslinked
biodegradable polymeric micelles composed of poly(ethylene glycol)-b-poly[N(2-hydroxypropyl)methacrylamide-lactate] (mPEG-b-pHPMAmLacn) diblock
copolymers have shown prolonged circulation in the blood stream upon
intravenous administration and enhanced tumor accumulation through the
enhanced permeation and retention (EPR) effect. However a (physically)
entrapped anticancer drug (paclitaxel) was previously shown to be rapidly
eliminated from the circulation, likely because the drug was insufficiently
retained in the micelles. To fully exploit the EPR effect for drug targeting, a
DOX methacrylamide derivative (DOX-MA) was covalently incorporated into
the micellar core by free radical polymerization. The structure of the
doxorubicin derivative is susceptible to pH-sensitive hydrolysis, enabling
controlled release of the drug in acidic conditions (in either the intratumoral
environment and/or the endosomal vesicles). 30-40% w/w of the added drug
was covalently entrapped, and the micelles with covalently entrapped DOX had
an average diameter of 80 nm. The entire drug payload was released within 24
hours incubation at pH 5 and 37 oC, whereas only around 5% release was
observed at pH 7.4. DOX-MA micelles showed higher cytotoxicity in B16F10
and OVCAR-3 cells compared to DOX-MA, likely due to cellular uptake of the
micelles via endocytosis and intracellular drug release in the acidic organelles.
The micelles showed better antitumor activity than free DOX in mice bearing
B16F10 melanoma carcinoma. The results presented in this chapter show that
mPEG-b-pHPMAmLacn polymeric micelles with covalently entrapped
doxorubicin are highly promising for the targeted delivery of cytostatic agents.
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1. Introduction
Doxorubicin (DOX) is an anthraquinone anticancer drug that is commonly
used for treatment of human malignancies 1, 2. However, it causes severe side
effects, most serious being specific cardiotoxicity 3. These toxic side effects
reduce the maximum tolerated dose and therefore efficient drug delivery
systems (DDSs) are urgently needed to increase the drug concentration at its
site of action on the one hand and reduce it in non-target tissues on the other.
Drug carriers should have a high drug loading capacity, be stable and circulate
long in the bloodstream, accumulate selectively at the target site and release the
drug payload effectively there 4. During the past years several systems have
been explored for the delivery of anticancer drugs. Among these, liposomal
formulations of doxorubicin are applied in the clinic 5, 6, while polymeric
micelles loaded with doxorubicin are currently evaluated in clinical trials 7, 8. In
the field of drug polymer conjugates, important work has been done by Ulbrich
et al., in which HPMA-copolymers have been conjugated to doxorubicin
through either enzymatically or hydrolytically degradable linkers 9-11, showing
very promising in vivo therapeutic properties 12. The pH-sensitive hydrazone
linker is of particular interest and pHPMAm copolymer-drug conjugates
containing it have shown increased therapeutic efficacy 13. This linker is stable
at pH 7.4 in the circulation, but is rapidly cleaved at low pH in the
endosomal/lysosomal compartment, thus releasing the drug intracellularly 9.
These systems (HPMAm copolymer-drug conjugates with a hydrazone linker)
have exhibited high cytostatic activity in several cancer cell lines in vitro, and
also showed significant therapeutic efficacy in tumor-bearing mice and are
about to enter a phase I clinical trial 12, 13.
Biodegradable
thermosensitive
poly(ethylene
glycol)-b-poly[N-(2hydroxypropyl)methacrylamide-lactate] (mPEG-b-pHPMAmLacn) diblock
copolymers have been extensively studied by our group as a versatile drug
delivery system 14-17. Consisting of a permanently hydrophilic (PEG) and a
thermosensitive (pHPMAmLacn) block, this block copolymer self-assembles
into micellar structures in aqueous solution when heated above the critical
micelle temperature (CMT) 17. These micelles have been successfully used to
solubilize several hydrophobic therapeutic agents, such as the cytostatic drug
paclitaxel 18 and the photosensitizer Si(sol)2Pc 19, but also an MRI contrast agent
20
. Among their advantages is their tunable biodegradability 4, because
hydrolysis of the lactic acid side chains under physiological conditions results in
micelle disintegration. In addition their size (60-80 nm) enables tumor
accumulation after i.v. administration through the enhanced permeation and
retention (EPR) effect 21, a property that is often utilized by drug delivery
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systems under development 22. Moreover, the possibility to derivatize the lactate
side groups allows the coupling of several functionalities to the polymer chain.
Polymeric micelles of mPEG-b-pHPMAmLacn were shown to be rapidly
removed from the circulation in vivo, and showed low tumor accumulation,
probably due to premature micelle dissociation 23, 24. However, when the lactate
groups of the polymer were end-functionalized with methacrylate groups and
the micelles were subsequently core-crosslinked, they showed remarkable
circulation kinetics and enhanced accumulation in the tumor tissue 24. But
unfortunately, 95% of the loaded drug (paclitaxel) was rapidly eliminated from
the blood stream within thirty minutes after administration, probably due to
early release/extraction from the micelles 25.
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Scheme 1. Chemical structures of (a) 6-methacrylamidohexanohydrazide-DOX
(DOX-MA) and (b) methacrylated mPEG-b-p(HPMAmLac1-co-HPMAmLac2).
It was the purpose of this study to develop drug loaded polymeric micelles,
with covalently entrapped doxorubicin through the pH-sensitive hydrazone
linker, to investigate their stability and controlled release in vitro, and to
provide evidence for their antitumor efficacy in cell culture as well as in vivo.
Ideally, these micelles will be able to stably retain the drug for a prolonged time
in the circulation and specifically release it after tumor tissue accumulation
exploiting the EPR effect To this end, crosslinked micelles composed of
methacrylated mPEG-b-p(HPMAmLac1-co-HPMAmLac2) (scheme 1b) were
used. Doxorubicin was functionalized with a methacrylamide group through a
pH-sensitive hydrolytically degradable hydrazone bond-containing linker 10, a
linker that degrades in acidic conditions (mimicking the environment in the
tumor and in the intracellular organelles) but is stable in neutral pH (mimicking
the environment of the circulation). This derivative (referred to as DOX-MA,
scheme 1a) was loaded in the micelles and then copolymerized with the
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methacrylate groups of the thermosensitive block, resulting in core-crosslinked
micelles with covalently linked DOX (scheme 2). Ideally, through the
hydrazone linker, the drug is released in the acidic tumor microenvironment
and/or in the acidic organelles after cellular uptake by endocytosis. The micelles
with covalently entrapped DOX were characterized for encapsulation
efficiency, DOX release (both at pH 5 and 7.4), size and cytotoxicity. Finally,
the therapeutic efficacy of the micelles with covalently entrapped DOX was
studied in a B16F10 melanoma mouse model.

+ǻT

+ KPS
+TEMED

DOX-MA

Scheme 2. DOX-MA was loaded in the micelles and then copolymerized with
the methacrylate groups of the thermosensitive block of mPEG-bp(HPMAmLac1-co-HPMAmLac2), resulting in core crosslinked micelles with
covalently linked DOX.
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2. Experimental section
2.1. Materials
Acetonitrile (ACN), diethyl ether, dimethylformamide (DMF) and methanol
were purchased from Biosolve Ltd. (Valkenswaard, the Netherlands). DOX.HCl
was purchased from Guanyu bio-technology Co., LTD, Xi'an, China and the
monomers HPMAmLacn were from Syncom BV, Groningen, the Netherlands,
synthesized essentially as described in ref. 26. The mPEG2-ABCPA
macroinitiator was synthesized as previously described 27. Potassium persulfate
(KPS) and tetramethylethylenediamine (TEMED) were purchased from Sigma
Aldrich Co. (Zwijndrecht, the Netherlands). Doxorubicin methacrylamide, (6methacrylamidohexanohydrazide-DOX, with DOX.HCl content 75 wt%) was
synthesized as described in literature 28. All buffers were filtered through a 0.22
ȝm filter prior to use. RPM, DMEM and FBS were purchased from PAA
laboratories GmbH (Colbe, Germany).

2.2. Synthesis of block copolymers
Block copolymers with HPMAmLacn (48% HPMAmLac1, 52%
HPMAmLac2) as thermosensitive block and mPEG5000 as hydrophilic block
were prepared as described previously for HEMAm-Lacn 24, by free radical
polymerization using (mPEG5000)2-ABCPA as macroinitiator (ratio of
monomer/initiator was 150:1 mol/mol). In short, the starting materials
(monomers and macroinitiator) were dissolved in ACN (300 mg/mL) in airtight
glass vials. The solution was flushed with nitrogen for at least 10 min, heated to
70 oC, and stirred for 24 h. Next, by dropwise addition of the solution to an
excess of diethyl ether, the polymers were precipitated. After centrifugation, the
residue was dissolved in water and dialyzed (membrane with a cut-off of 12–14
kDa) against water for at least 24 h and the polymer was recovered by freeze
drying.
1
H-NMR (DMSO, d6): 7.5 (b, CO–NH–CH2), 5.5 (b, CH–OH
(HPMAmLac2), 5.3 (b, CH–OH (HPMAmLac1), 5.0 (b, CO–CH (CH3)–O), 4.1
(b, CO–CH–(CH3)–OH), 3.6 (b, PEG methylene protons, O–CH2–CH2), 3.4 (b,
NH–CH2–CH2), 1.4, (b, CO–CH–CH3), 1.3 (b, HO–CH–CH3), 1.0–0.6
(pHPMAmLacn main chain protons). The percentage of pHPMAmLac1 in the
block copolymer was determined based on the 1H-NMR spectra: L1/(L1+L2) x
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100%; ‘L1’ and ‘L2’ are assigned as the protons peaks of the hydroxyl group of
pHPMAmLac1 and pHPMAmLac2, respectively.

2.3 Synthesis of methacrylated block copolymers
Methacrylate groups were introduced in the thermosensitive block of mPEGb-p(HPMAmLac1-co-HPMAmLac2) according to a slightly modified procedure
published previously in ref. 24, in which methacrylic anhydride was reacted with
the terminal hydroxyl groups of the lactate side chains. In detail, the block
copolymer was dissolved in freshly distilled dry THF (50 mg/mL). Next,
methacrylic anhydride, triethylamine (equal molar amount relative to
methacrylic anhydride), as well as DMAP (4 eq, relative to polymer), were
added. After reaction at room temperature for 16 hours, the reaction mixture
was extensively dialyzed (membrane with a cut-off of 12–14 kDa) against water
and freeze dried. The percentage of -OH groups in the polymer derivatized with
methacrylate groups was determined with NMR in DMSO-d6 as follows:
[(m+n)/2]/[(m+n)/2)+L1+L2] x 100% in which ‘m’ and ‘n’ correspond with the
two protons of the double bond of methacrylate groups attached either to
pHPMAmLac1 or pHPMAmLac2 chains. ‘L1’ is the proton of the free alcohol
functionality of pHPMAmLac1, ‘L2’ is the proton of the free alcohol
functionality of pHPMAmLac2, and ‘(m+n)/2’ the number of derivatized
pHPMAmLac1 and pHPMAmLac2 chains.

2.4. Empty micelle formation and crosslinking
Micelles were formed via the ‘rapid heating’ procedure as described
previously in ref. 29. In brief, mPEG-b-p(HPMAmLac1-co-HPMAmLac2) block
copolymer (3.5 – 25 mg/mL) was dissolved overnight at 4oC in ammonium
acetate pH 5 (120 mM) buffer. Next, 830 ȝL of polymer solution was
transferred into a glass vial and 25 ȝL of a TEMED solution (120 mg/mL,
ammonium acetate 120 mM pH 5 buffer) was added while keeping the mixture
in ice. Subsequently, the vial was rapidly heated from 0 to 50 oC under vigorous
stirring for one minute to form micelles. Next, the mixture was slowly cooled
down to room temperature and 45 ȝL of KPS solution (30 mg/mL, ammonium
acetate 120 mM pH 5 buffer) was added. The polymerization was performed by
incubating the solution under a nitrogen atmosphere for one hour. Before use,
the micelles were filtered through a 0.45 ȝm filter.
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2.5. Micelle formation and crosslinking with DOX-MA
mPEG-b-p(HPMAmLac1-co-HPMAmLac2) block copolymer (3.5 – 25
mg/mL) was dissolved overnight at 4oC in ammonium acetate pH 5 buffer (120
mM). Next, to 830 ȝL of the polymer solution an adequate amount of
triethylamine was added to increase the pH to 8, in order to avoid hydrolysis of
the hydrazone bond and also to deprotonate doxorubicin (pKa = 7.2-8.0 30), to
favor its partitioning in the micellar core. Next, 25 ȝL of a TEMED solution
(120 mg/mL, in ammonium acetate buffer 120 mM pH 8) was added, followed
by the addition of 100 ȝL of DOX-MA solution in methanol (2-30 mg/mL) and
the mixture was rapidly heated at 50 oC. Next, the mixture was cooled down to
room temperature, and 45 ȝL of KPS solution (30 mg/mL unless stated
otherwise, in ammonium acetate 120 mM pH 8 buffer) was added. The
polymerization was performed by incubating the mixture under a nitrogen
atmosphere for one hour. The resulting formulations contained 3-20 mg/mL
polymer and 0.2-3 mg/mL DOX-MA. To remove any possible aggregates, the
micelles were filtered through a 0.45 ȝm filter. To remove un-reacted DOX-MA
as well as KPS and TEMED, the micelles were purified by three step washing
with HEPES buffer pH 7.4 (5 mM for the cytotoxicity and 180 mM for the in
vivo studies and 300 mM for other preparations) by membrane filtration using
vivaspin centrifugal concentrator tubes (cut-off 100kDa, Santorius Stedim,
Germany) and centrifuging at 4000xg for 30 minutes each time. The micelles
were also concentrated by volume reduction through centrifugation using the
same procedure when necessary.
To optimize the KPS concentration, micellar formulations were obtained as
described above by using different stock concentrations of KPS (15, 30, 45, 60
and 90 mg/mL), resulting in final KPS concentrations of 0.7, 1.3, 2.0, 2.7 and
4.0 mg/mL. Also as a negative control, non-crosslinked micelles were prepared
without the addition of KPS and TEMED.
The methacrylate/methacrylamide conversion after crosslinking was
measured as follows: 50 ȝL of sample was mixed with 50 ȝL of NaOH 1 M and
incubated at 37 oC for 2 hours in order to hydrolyze non-polymerized
methacrylate/methacrylamide groups. After 2 hours, 400 ȝL acetic acid (4 M)
were added and the methacrylic acid concentration in the samples was measured
using UPLC (eluent H2O/ACN/TFA 95/5/0.1% v/v/v and column BEH C18 1.7
μm 2.1 x 50 mm, detection at 210 nm) from a calibration curve obtained by
solutions of methacrylic acid in eluent (0.2-20 ȝg/mL) 31. The
methacrylate/methacrylamide conversion was defined as (1−(moles of
unreacted methacrylate groups/moles of methacrylate groups originally coupled
to the polymer and/or DOX-MA))×100%.
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2.6. Doxorubicin determination
Doxorubicin and doxorubicin methacrylamide derivative content was
determined by HPLC using a C18 Sunfire column and potassium phosphate
buffer pH 3 (20 mM) with 5% acetonitrile as eluent A (75%) and 100%
acetonitrile as eluent B (25%). The injection volume was 50 ȝL and the run
time was seven minutes. The determination was performed using fluorescence
detection at 480 nm excitation and 560 nm emission. The retention time for
doxorubicin was around 3.5 min, while that of DOX-MA was around 5.5 min.
Linear calibration curves were obtained using both DOX (0.06-40 ȝg/mL) and
DOX-MA (0.03-10 ȝg/mL) standards in ammonium acetate 120 mM pH 5 and
HEPES 300 mM pH 7.4 buffers, respectively. All measurements were
performed at 4 oC to avoid hydrolysis during the determination.

2.7. In vitro release of doxorubicin from the polymeric micelles and
encapsulation efficiency
The release of DOX (37oC) from the micelles in time was followed by
diluting the micellar dispersions 10-fold either with an ammonium acetate 120
mM pH 5 buffer or a HEPES 300 mM pH 7.4 buffer (total volume was 1 mL).
At regular time points, samples of 50 ȝl were taken and the concentrations of
DOX and DOX-MA were determined by HPLC as described in section 2.6 (free
DOX retention time 3.5 min, DOX-MA 5.5 min). The concentration (ȝg/mL) of
the total DOX present in the formulations (DOXtot) was measured after the
entire drug payload was released at pH 5 (around 24 hours). The concentration
(ȝg/mL) of non-bound monomeric DOX-MA (converted to DOX equivalents,
i.e. DOXfree) was measured at t0. From these numbers, the concentration of
DOX linked to the micellar core (DOXbound) was calculated by DOXbound =
DOXtot – DOXfree. The encapsulation efficiency was calculated as the % w/w
ratio of DOXbound to the added amount of DOX.

2.8. Size determination
The average size and size distributions of the formed micelles were
determined using dynamic light scattering (DLS) and nanoparticle tracking
analysis (NTA). DLS measurements were performed using a Malvern CGS-3
multiangle goniometer (Malvern Ltd., Malvern, U.K.) with a JDS Uniphase
22mW He-Ne laser operating at 632 nm, an optical fiber-based detector and a
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digital LV/LSE-5003 correlator. Autocorrelation functions were analyzed by the
cumulants method (fitting a single exponential to the correlation function to
obtain the mean size and the PDI) and the CONTIN routine (fitting a multiple
exponential to the correlation function to obtain the distribution of particle
sizes). All measurements were performed at a 90° angle. NTA measurements
were performed with a NanoSight LM10SH (NanoSight, Amesbury, United
Kingdom), equipped with a sample chamber with a 532-nm laser. The samples
were injected into the sample chamber with a syringe until the liquid reached
the tip of the nozzle and measured for 60 s with manual shutter and gain
adjustments.

2.9. Cell culture
Human ovarian carcinoma cells OVCAR-3 were maintained in RPMI 1640
medium supplemented with HEPES (10 mM), sodium pyruvate 1 mM, glucose
4.5 g/l, bovine insulin 4.5 g/l, fetal bovine serum (FBS) (final concentration
10% v/v) and antibiotics. Murine melanoma cells B16F10 were maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented with fetal bovine
serum (FBS) (final concentration 10% v/v) and antibiotics. The cells were
cultured at 37 °C at 5% CO2 humidified atmosphere.

2.10. Cytotoxicity experiments
To investigate the cytotoxicity of DOX, DOX-MA as well as micellar DOX,
human ovarian carcinoma OVCAR-3 cells (1 × 104 cells/well) and murine
melanoma cells B16-F10 (5 × 103 cells/well) were seeded into 96-well plates
and cultured overnight at 37 °C at 5% CO2 humidified atmosphere. Next, the
cells were incubated with dilutions of the samples (prepared in HEPES buffer 5
mM, pH 7.4 as described in section 2.5) for 72 hours. The dead cells were
washed away and the viability of the adhered cells was determined using a
WST-1 assay 32 (Cell Proliferation Reagent WST-1, Roche Diagnostics GmbH,
Roche Applied Science, 68298 Mannheim, Germany).

2.11. In vivo therapeutic efficacy
Male C57Bl/6J mice were purchased from Charles River International
Laboratories, Inc. Mice were caged in groups under standard conditions.
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B16F10 melanoma cells were cultured for one week as described in section 2.9
and 1 x 106 cells were injected subcutaneously into each mouse. Palpable
tumors started to appear about one week after the inoculation and the mice were
injected intravenously via the tail vein with the formulations at the points where
the tumors reached 100-200 mm3 (day 0) and repeated every 3 days. The
different groups (6 mice each) are shown in table 1. DOX-MA micelles were
prepared as described in section 2.5 using HEPES buffer pH 7.4 180 mM for
the washing and concentrated to obtain the required dose (3 mg DOX/kg,
equivalent to 200 mg polymer/kg). Also, mice were injected with a high dose of
empty micelles (500 mg polymer/kg), in order to check for polymer related
toxicity. The different formulations were injected every three days and the
tumor sizes, as well as the body weight were monitored and the animals were
checked for possible signs of toxicity. When the tumors reached the human end
point (2000mm3), the mice were sacrificed using cervical dislocation.
Differences in tumor growth were evaluated using the F-test and were
considered significant if P<0.05; differences in survival times were evaluated
using the log rank test and considered significant if P<0.05.

Group

Treatment

Dose

1

Free doxorubicin

3 mg DOX/kg

2

Micellar doxorubicin

3 mg DOX/kg

3

PBS

100 ȝL

4

Empty micelles

500 mg polymer/kg

Table 1. Groups of mice bearing B16F10 melanoma and the treatments they
received. Groups composed of 6 mice each. Administration was dosed at the
day when tumors reached a size of 100-200 mm3 and then every three days.
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3. Results and Discussion
3.1. Synthesis of block copolymers
Block copolymer composed of a random block of pHPMAmLac1/Lac2 and a
hydrophilic mPEG block was obtained in good yield (~80%) by radical
polymerization with a mPEG-macroinitiator. The HPMAmLac1/HPMAmLac2
comonomer composition of mPEG-b-p(HPMAmLac1-co-HPMAmLac2) was
determined by 1H-NMR and was around 1/1, close to the feed ratio. The Mn of
the block copolymer as determined by NMR was ca. 20 kg/mol. GPC analysis
showed that the block copolymer had an Mw of ca. 35 kg/mol with a PDI of ca.
1.8 which is normal for this type of free radical polymerization. The CMT of
the polymer was around 30 oC, which is in good agreement with previous data
24
.

3.2. Methacrylation of lactate side groups
Part of the lactate groups of the mPEG-b-p(HPMAmLac1-co-HPMAmLac2)
block copolymer was derivatized with methacrylate groups using methacrylic
anhydride as reactant and DMAP as catalyst. The percentage of OH groups in
the polymer derivatized with methacrylate groups was 9-11% (NMR analysis),
and GPC analysis of the methacrylated block copolymer displayed equal
molecular weights as the non-methacrylated block copolymer. Similar to our
previous report 24 coupling of methacrylate groups rendered the block
copolymer more hydrophobic, resulting in a decrease of the CMT (final CMT of
methacrylated polymer was 1-4 oC).

3.3. Covalent entrapment of DOX-MA and release of DOX
The efficiency of encapsulating and subsequent crosslinking of DOX-MA in
mPEG-b-pHPMAmLacn micelles varied between 15 and 40% w/w covalently
bound DOX (depending on various factors as shown below), while the nonbound (i.e. free or physically entrapped) drug was < 5% w/w. The methacrylate
conversion (unless stated otherwise) was close to 100%, showing that all the
methacrylate/methacrylamide groups of the polymer/DOX-MA respectively
were polymerized.
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Figure 1 shows the differences in covalent encapsulation efficiency with
varying concentrations of KPS, for a formulation composed of 3 mg/mL
polymer and 0.2 mg/mL of DOX-MA (polymer methacrylates:DOX-MA ratio =
5:1). While in the absence of KPS, as expected, no DOX-MA was found to be
polymerized (and all drug was measured in its free form), it was observed that
with increasing KPS concentration, less doxorubicin was covalently entrapped.
With increasing KPS concentration, the micelles crosslinked too fast, resulting
in DOX-MA being insufficiently able to participate in the polymerization
reaction and be grafted to the micellar core. The methacrylate conversion was
close to 100%, showing that all the methacrylate/methacrylamide groups (of the
polymer and of DOX-MA) were polymerized, except in the case of 0.7 mg/mL
KPS, where it was ~ 60%. From these results, it was concluded that the optimal
KPS concentration in the micelles was 1.3 mg/mL KPS.
% DOX polymerized
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% DOX polymerized
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Figure 1. Percentage of DOX polymerized as a function of KPS concentration
in the final micellar dispersion.
The optimal formulation was obtained when using 20 mg/mL of polymer, 3
mg/mL of DOX-MA (polymer methacrylates:DOX-MA ratio = 2.5:1), 1.3
mg/mL KPS and 3 mg/mL TEMED. In this case 30-40% w/w of DOX-MA was
covalently entrapped (equivalent to 0.75-1 mg/mL DOX), while the
free/physically entrapped drug content was less than 4%.
Figure 2 shows that the DOX-MA monomer was fully converted to DOX
within 5 hours incubation at pH 5, while after 24 hours at pH 7.4 around 9%
was converted, which is in agreement with literature 10, 28. On the other hand, it
was observed that the micelles released the entire drug payload after 24 hours
incubation at pH 5 and 37 oC (figure 2). On the contrary, when the micelles
were incubated at pH 7.4, around 5% of doxorubicin was released after 24 h
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% DOX release

(figure 2). This corresponds well with previously published data 10, 28, which
showed that the hydrazone bond of DOX-MA is pH-sensitive and hydrolyzes
faster at an acidic environment than at neutral pH. The small burst at pH 5
observed for both micellar and free DOX-MA is due to the inevitable time span
between the preparation of the samples at pH 5 until the first measurement. The
delay in release in the case of micelles with covalently bound DOX compared to
the conversion of free DOX-MA to DOX provides an indication that DOX-MA
was covalently entrapped in the micellar core. In previous studies, it was shown
that the water activity in the core of the micelles is lower due to the lower
dielectric constant 17, 26, and in this environment the hydrolysis process slows
down. This explains why the hydrolysis is delayed when DOX-MA is linked in
the micellar core, compared to the hydrolysis of DOX-MA in an aqueous
solution.
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Figure 2. Release of core-covalently bound DOX from methacrylated mPEG-bp(50% HPMAmLac1-co-50% HPMAmLac2) crosslinked micelles at pH 5 (Ƒ)
and pH 7.4 () and 37 oC, and of DOX from the DOX-MA monomer
containing the acid sensitive hydrazone linker at pH 5 () and pH 7.4 (¸) at 37
o
C.

3.4. Size distribution and stability of the micelles
The average size and size distribution of DOX-MA micelles were
determined by DLS (size distribution by scattering intensity) and nanoparticle
tracking analysis (size distribution by number). The average size as measured
by DLS was in all samples around 80 nm, the PDI 0.15, and the distribution by
intensity was centered around 80 nm (figure 3a). DLS calculates the average
particle diameter by measuring fluctuations in scattering intensity, and is highly
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affected by the presence of a few large particles 33. For this reason the
simultaneous use of nanoparticle tracking analysis with DLS is lately highly
recommended to obtain additional information on the sample size distribution.
Indeed, using nanoparticle tracking analysis it was shown that the particles had
an average size of 92 nm (figure 3b), which is in good agreement with DLS.
Size distribution by nanoparticle
tracking analysis
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Figure 3. Size distribution of mPEG-b-p(HPMAmLac1-co-HPMAmLac2)
crosslinked micelles with covalently entrapped DOX (8.3 mg/mL polymer, 0.2
mg/mL DOX-MA, polymer methacrylates:DOX-MA ratio= 15:1) as measured
by a) dynamic light scattering (DLS) and b) nanoparticle tracking analysis
(NTA).
It was observed that mPEG-b-pHPMAmLacn micelles with covalently
entrapped DOX had a constant size (70-80 nm) over at least one week period,
when incubated at pH 7.4 both at 4 and at 37 oC, and also at pH 5 and 4 oC.
However, during incubation at pH 5 and 37 oC, a gradual increase in size (from
75 to around 100 nm, figure 4) was observed (with a constant PDI of 0.1) in a
time span of 28 hours, which is the same time scale in which the release occurs.
The PDI remained low meaning that this increase in size is not a result of
aggregation. At the same time the scattering intensity of the micelles incubated
at pH 5 and 37 oC increased two-fold (figure 4), also indicating swelling. This
swelling of the micelles in the conditions where release of DOX occured, is
probably attributed to the fact that DOX is stabilizing the core of the micelles
through its stacking to neighboring DOX units. It can be hypothesized that
when it is released the stabilization effect is gone, resulting in swelling of the
core and a slight increase in size.
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Figure 4. Scattering intensity and average diameter obtained by DLS of mPEGb-p(HPMAmLac1-co-HPMAmLac2) crosslinked micelles with covalently
entrapped DOX (8.3 mg/mL polymer, 0.2 mg/mL DOX-MA, polymer
methacrylates:DOX-MA ratio = 15:1) incubated at pH 5 and 37 oC in time.

3.5. Cytotoxicity
The cytotoxicity (in ovarian carcinoma and B16F10 melanoma carcinoma
cell lines) of mPEG-b-p(HPMAmLac1-co-HPMAmLac2) micelles with
covalently bound DOX was compared to that of both free DOX and free DOXMA (figures 5 and 6). Empty core-crosslinked micelles did not show
cytotoxicity in both cell lines, in the same concentration range that was used for
the DOX-MA micelles. It was shown that B16F10 melanoma cells were more
sensitive for DOX than ovarian carcinoma cells, but in both cell lines the same
trend was observed. Free DOX-MA was observed to be less toxic than free
doxorubicin (EC50 for DOX-MA was 1.3 ȝg/mL in OVCAR and 0.35 ȝ/mL in
B16F10; while for DOX EC50 was 0.16 ȝg/mL in OVCAR and 0.04 ȝg/mL in
B16F10, figures 6a and b). It is generally accepted that doxorubicin permeates
the cellular and nuclear membranes by passive diffusion and accumulates in the
nucleus, where it causes apoptosis of the cancer cells 34, 35. DOX-MA as a small
and rather hydrophobic molecule is expected to be taken up by the cells via
passive diffusion as well, but in the neutral environment of the cytoplasm it will
hardly release the active doxorubicin (as was shown in figure 2, where less than
10% of DOX-MA was converted into DOX in 24 hours at pH 7.4), which can
explain the lower cytotoxicity observed for DOX-MA.
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% cell viability

On the contrary, DOX-micelles showed a higher cytotoxic effect than free
DOX-MA, with an EC50 0.65 ȝg/mL for OVCAR cells, and 0.15 ȝg/mL for
B16F10 cells (figures 6a and b). Cellular uptake of nanoparticles and large
molecules is generally accepted to take place via endocytosis, by which they
accumulate in the early endosomes and then end up in the lysosomes 36, 37. The
environment of these intracellular organelles is acidic, so it is expected that
DOX-micelles will release DOX quickly there, as was observed in section 3.3
and also previously for pHPMA-DOX conjugates with a hydrazone linker 38.
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Figure 5. % Cell viability of ovarian carcinoma cells after incubation for 72
hours with DOX, DOX-MA, and micelles with covalently bound DOX.
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ovarian carcinoma (OVCAR) (a) and B16F10 (b) cells induced by 72 hours
incubation with DOX, with micelles with covalently bound DOX and with
DOX-MA.
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3.6. In vivo therapeutic efficacy
The micellar DOX formulation for the in vivo therapeutic study was
prepared according to the procedure described in section 2.5 (i.e. the optimal
formulation) and injected at a dose of 3 mg DOX/kg every three days
(equivalent polymer dose 200 mg/kg). Free DOX was injected at a dose level of
3 mg/kg and the same frequency, which is close to the maximum tolerated dose
of DOX (5 mg/kg 39). The tumor growth of B16F10 melanoma bearing mice
treated with PBS, free DOX and micelles with covalently bound DOX was
compared and the results are shown in figure 7.
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Figure 7. Mean tumor volumes of mice bearing B16F10 melanoma carcinoma
after administration of PBS, free doxorubicin (3 mg/kg), and micelles with
covalently bound DOX (3 mg/kg). Arrows represent i.v. injections. P value is
less than 0.01 (F-test).
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Figure 8. Percent survival of mice bearing B16F10 melanoma carcinoma, after
administration of PBS, free doxorubicin (3 mg/kg), and micelles with covalent
bound DOX (3 mg/kg). Arrows represent i.v. injections.
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Mice treated with free and micellar doxorubicin showed significantly
decreased tumor growth compared to control mice (figure 7) and increased
survival rates (figure 8, median survival 9 days for PBS, 12 days for free DOX,
and 14.5 days for micelles with covalently bound DOX). Importantly, the tumor
growth rate of mice treated with micellar doxorubicin was lower (P<0.05),
compared to those that received the free drug. In addition, signs of toxicity were
observed in animals treated with free doxorubicin after the second
administration; the mice developed erythema on their tails, and the i.v.
injections became more difficult likely due to damage of the tail vein caused by
free doxorubicin, effects that have been observed before 39,40. One mouse in this
group showed signs of systemic toxicity leading to 13% weight loss, also
indicating that this dose level and frequency are close to the maximum tolerated
dose of free doxorubicin. On the contrary, mice treated with micellar DOX
showed none of these adverse effects. Finally, mice injected with a high empty
micelle dose (500 mg/kg; 2.5-fold higher polymer dose than of DOX-MA
micelles) also showed no signs of toxicity.
It can be hypothesized that through the EPR effect, a higher amount of
doxorubicin reached the tumor site when the micellar DOX was injected instead
of the free drug. After arrival in the tumor site, the micelles released DOX
either in the tumor acidic microenvironment or in the acidic organelles after
cellular uptake. In a previous study, it has been observed that core-crosslinked
micelles display prolonged circulation times and fairly high tumor accumulation
24
. In section 3.5 it was demonstrated that DOX-MA micelles in vitro were less
effective compared to free DOX, possibly due to their lower/slower uptake (for
DOX via diffusion, for nanoparticles via endocytosis). The fact that DOX-MA
micelles showed increased therapeutic efficacy regardless of their lower in vitro
cytostatic activity indicates that a higher DOX dose reached the tumor site in
the case of the micelles.
The B16F10 model is highly aggressive and known for its leaky tumor
vasculature, and it is one of the models in which the EPR effect for
macromolecules has been observed 21. However, it is expected that with an
actively targeted system, tumor accumulation and regression will be more
enhanced. We have already developed a polymeric micelle system which bears
an anti-EGFR nanobody on the corona. It is in our direct plans to combine it
with the DOX-MA micelles described in this chapter and investigate its
cytotoxicity and anti-tumor efficacy, in an EGFR over-expressing tumor model
(A431 or 14C).
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Conclusions
A doxorubicin methacrylamide derivative bearing a hydrolytically sensitive
hydrazone linker was covalently linked to the crosslinked core of polymeric
micelles composing of mPEG-b-pHPMAmLacn diblock copolymers.
Approximately 40% of the added drug was covalently entrapped in the micellar
core. The micelles had a diameter of 80 nm, a good colloidal stability and
released the drug payload within 24 hours of incubation at pH 5 and 37oC, while
only about 5% was released at pH 7.4 and 37oC. The DOX-MA micelles
showed increased cytostatic activity against ovarian carcinoma and B16F10
melanoma cells compared to the cytotoxicity of doxorubicin methacrylamide
(DOX-MA), indicating that the micelles were taken up by the cells and released
the drug in the acidic endosomes. Lastly, the DOX-MA micelles showed
increased therapeutic efficacy in B16F10 melanoma bearing mice, being also
better than the free drug. Importantly the mice treated with DOX-MA micelles
showed prolonged survival compared to the group which received free DOX.
Finally, animals treated with free doxorubicin at its maximum tolerated dose
showed signs of toxicity, while for the micelle group (at the same DOX dose)
no adverse effects were observed.
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Abstract
The aim of this study was to develop poly(ethylene glycol)-b-poly[N-(2hydroxypropyl)methacrylamide-lactate]
(mPEG-b-pHPMAmLacn)
corecrosslinked thermosensitive biodegradable polymeric micelles suitable for
active tumor targeting, by coupling the anti-EGFR (epidermal growth factor
receptor) EGa1 nanobody to their surface. To this end, PEG was functionalized
with N-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) to yield PDP-PEGb-pHPMAmLacn block copolymer. Micelles composed of 80% mPEG-bpHPMAmLacn and 20% PDP-PEG-b-pHPMAmLacn were prepared and
lysozyme (as a model protein) was modified with N-succinimidyl-Sacetylthioacetate, deprotected with hydroxylamine hydrochloride and
subsequently coupled to the micellar surface. The micellar conjugates were
characterized using SDS-PAGE and gel permeation chromatography (GPC).
Using the knowledge obtained with lysozyme conjugation, the EGa1 nanobody
was coupled to mPEG/PDP-PEG micelles and the conjugation was successful
as demonstrated by western blot and dot blot analysis. Rhodamine labeled
EGa1-micelles showed substantially higher binding as well as uptake by EGFR
over-expressing cancer cells (A431 and UM-SCC-14C) than untargeted
rhodamine labeled micelles. Interestingly, no binding of the nanobody micelles
was observed to EGFR negative cells (3T3) as well as to 14C cells in the
presence of an excess of free nanobody. This demonstrates that the binding of
the nanobody micelles is indeed by interaction with the EGF receptor. In
conclusion, EGa1 decorated (mPEG/PDP-PEG)-b-pHPMAmLacn polymeric
micelles are highly promising systems for active drug targeting.
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1. Introduction
Polymeric micelles, formed by the self assembly of amphiphilic block
copolymers in aqueous solutions, are an attractive class of carriers for the
intravenous delivery of hydrophobic therapeutic and diagnostic agents 1-9 and
several micellar formulations are currently being evaluated in clinical trials 10-14.
Because of their small size (10-200 nm), they are able to extravasate through
the leaky vasculature of tumor tissues upon intravenous (i.v.) administration due
to the enhanced permeation and retention (EPR) effect 14-16, which makes them
highly promising as passively targeted drug delivery systems.
Polymeric micelles based on biodegradable thermosensitive Ȧ-methoxypoly(ethylene
glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-lactate]
(mPEG-b-pHPMAmLacn) diblock copolymers have been studied as a versatile
drug delivery system 17-19. These copolymers consist of a permanently
hydrophilic (mPEG) and a thermosensitive (pHPMAmLacn) block, that selfassemble into micellar structures in aqueous solutions above the critical micelle
temperature (CMT) 20. mPEG-b-pHPMAmLacn micelles have been successfully
used to solubilize several hydrophobic therapeutic agents, such as the cytostatic
drug paclitaxel, the photosensitizer Si(sol)2Pc, vitamin K and an MRI contrast
agent, but also to covalently entrap doxorubicin in their core 21-25. The
advantages of these micelles include their easy way of loading and their tunable
biodegradability, that results from hydrolysis of the lactic acid side chains under
physiological conditions causing micelle disintegration 20, 26, 27. In addition their
size (60-80 nm) allows them to be passively targeted and to accumulate in
tumors after i.v. administration through the EPR effect, the prerequisite of
which, among others, is a prolonged circulation time 15. Upon functionalization
of part of the lactate groups of the polymer with methacrylate groups, the
micelles were core-crosslinked and showed remarkable circulation kinetics and
enhanced tumor accumulation after i.v. administration into tumor-bearing mice
28
. In a recent study, a doxorubicin derivative was coupled to the core of these
micelles through a hydrolytically degradable linker and the formulation was
intravenously injected into tumor-bearing mice. An increased antitumor effect
and prolonged survival of the animals (with no (acute) side effects) as compared
to free doxorubicin was observed 25.
The EPR effect of which the above described system makes use to
accumulate at target tissue, has as an evident requirement that the particles
circulate long in the bloodstream. This is in most cases obtained by a PEG
coating, which prevents the opsonisation and recognition by cells of the
reticulo-endothelial system (RES) 29-31. However, this hydrophilic PEG layer
might also prevent the uptake of the carriers by the target cells 32, that for some
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systems has to occur, particularly when the loaded drug has its target
intracellularly and does not permeate through cytosolic membranes
spontaneously. Therefore, coupling of a specific targeting molecule to the
nanoparticle surface is thought to increase the ability of the micelles for specific
target cell recognition (active targeting) and uptake. Such targeting ligands
include antibodies, antibody fragments, peptides and nanobodies, which can be
recognized and bind to the target cells, and subsequently the whole nanoparticle
can be internalized 33-36.
The epidermal growth factor receptor (EGFR) is over-expressed by many
cancer cells, and carriers (among which also polymeric micelles 37, 38)
specifically targeting this receptor have been used to increase their cellular
uptake 39. Nanobodies are small functional antibody fragments (15 kDa) derived
from heavy-chain-only antibodies (HcAb) present in the blood of camelids 36, 40,
41
. Their advantages include their small size, their resistance to heat as well as
their cheap and relatively fast production in bacteria or yeast 36, 42. The EGa1
nanobody is an EGFR-antagonist and binds specifically to the ectodomain of
EGFR with high affinity 36, 43. Ligands bound to EGFR are known to be
internalized 32, 33, 37 and EGa1 modified liposomes have shown increased uptake
by EGFR-overexpressing cells 36.
The aim of the present study was to develop actively targeted mPEG-bpHPMAmLacn polymeric micelles, by coupling the EGFR-antagonist nanobody
EGa1 to the micellar surface through a disulfide linker. To this end, PDP-PEGb-pHPMAmLacn block copolymers were synthesized (scheme 1), and micelles
composed of 80% mPEG-b-pHPMAmLacn and 20% PDP-PEG-bpHPMAmLacn block copolymers were prepared. First, conditions for
conjugation were evaluated using lysozyme as a model protein. Therefore, Nsuccinimidyl-S-acetylthioacetate (SATA)-modified lysozyme was deprotected
using hydroxylamine hydrochloride and subsequently coupled to the micelle
surface (scheme 2). The conjugation was confirmed by SDS-PAGE and GPC,
and the optimal conditions were identified. Using this knowledge, the EGa1
nanobody was coupled to mPEG/PDP-PEG micelles and the conjugation was
confirmed by western blot and dot blot analysis. Finally, rhodamine labeled
EGa1-micelles showed increased binding and uptake by EGFR over-expressing
cancer cells (A431 and 14C) compared to rhodamine labeled micelles devoid of
nanobody, but no binding by EGFR negative cells (3T3).
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2. Materials and methods
2.1. Materials
The EGa1 nanobody was produced as described previously 36, 43. Acetonitrile
(ACN) and dimethylformamide (DMF) were purchased from Biosolve Ltd.
(Valkenswaard, the Netherlands). The monomers HPMAmLacn were
synthesized by Syncom (BV, Groningen, the Netherlands) essentially as
26
described
previously
.
Potassium
persulfate
(KPS),
tetramethylethylenediamine (TEMED), dithiothreitol (DTT), 4,4-azobis(4cyanopentanoic acid) (ABCPA), lysozyme and N-succinimidyl-3-(2pyridyldithio)-propionate (SPDP) were purchased from Sigma Aldrich Co.
(Zwijndrecht, the Netherlands) and NH2-PEG5000-OH was a product of NOF
(Kyoto, Japan). Rhodamine-methacrylate (RhoMA) was purchased from
PolySciences Europe (Eppelheim,Germany) and 4-(dimethylamino)pyridinium4-toluene sulfonate (DPTS) was synthesized using a previously published
procedure 44. N,N-Dicyclohexylcarbodiimide (DCC) and trichloroacetyl
isocyanate (TAIC) were products of Acros (Zwijndrecht, The Netherlands). Nsuccinimidyl-S-acetylthioacetate (SATA) was a product of Thermo Fisher
Scientific (Perbio Science Nederland B.V). All buffers were filtered through a
0.22 ȝm filter prior to use. FBS was purchased from PAA laboratories (GmbH,
Colbe, Germany). Vivaspin tubes were purchased from Santorius Stedim,
Germany.

2.2. Modification of NH2-PEG5000-OH with N-succinimidyl 3-(2pyridyldithio)-propionate
Two molar equivalents of SPDP (60 mg) were added to a solution of HOPEG5000-NH2 at a concentration of 50 mg/mL in ACN (total volume 10 mL).
After stirring overnight (18 hours) at room temperature, the solvent was
evaporated and the crude product was dissolved in water. PDP-PEG5000-OH was
purified by gel filtration using a PD-10 column (GE Healthcare, Europe GmbH)
using water as eluent, followed by freeze drying. The degree of modification of
PEG with PDP was quantified by addition of 10 ȝL DTT solution (15 mg/mL in
PBS) to 1 mL of PDP-PEG5000-OH solution (2 mg/mL in PBS) and
measurement of the pyridine thione concentration by UV spectrometry at 343
nm (extinction coefficient 8080 M-1cm-1 45).
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2.3. Synthesis of macroinitiators from PDP-PEG5000-OH and
mPEG5000-OH
The PDP-PEG5000-OH was used to synthesize a PDP-PEG5000 macroinitiator
based on a method that was described previously for mPEG-OH 46. In brief, dry
PDP-PEG5000-OH, ABCPA, DCC, and DPTS (2, 1, 3, and 0.5 equivalents
respectively) were dissolved in a 1:1 mixture of dry THF and DCM (overall
concentration 100 mg/mL; volume 2 mL) and stirred at 0 oC for 30 minutes and
then at room temperature for 18 hours under N2. After filtration and removal of
the solvents under reduced pressure, the remaining solid was dissolved in 50
mL water and stirred for 2 hours. Next, the mixture was filtered over hyflo to
remove traces of dicyclohexylurea. The (PDP-PEG5000)2-ABCPA macroinitiator
was obtained quantitatively after freeze drying. GPC analysis was performed
using a Mixed-D column and DMF-LiCl (flow 0.7 mL/min) as eluent, and the
molecular weights were determined using polyethylene glycol standards and RI
detection.
1
H-NMR (CDCl3): į (ppm) 7.1-8.5 (4H, PDP pyridine ring), 4.25 (2H, PEG
methylene next to ABCPA), 3.8-3.5 (448H, PEG), 2.4 (8H, ABCPA
methylene), 1.8 (6H, ABCPA methyl).
Unreacted PDP- PEG5000-OH was determined by 1H-NMR by addition of
TAIC to the sample. Thereby, the NMR signal of the protons of the methylene
group adjacent to the terminal PEG-hydroxyl group shifted from the main
methylene PEG peak to 4.4 ppm 47. The amount of unreacted PDP- PEG5000-OH
was determined based on the NMR-peak areas. The relative amount of monosubstituted PDP- PEG5000-ABCPA present in the final product was calculated
by taking the relative peak area (%) of the GPC-peak at 5000 g/mol minus the
percentage unreacted PDP-PEG-OH as determined by NMR.
The same procedure was followed to synthesize the (mPEG5000)2-ABCPA
macroinitator using mPEG5000-OH.

2.4. Synthesis and methacrylation of mPEG-b-pHPMAmLacn and
PDP-PEG-b-pHPMAmLacn block copolymers
Block copolymers with pHPMAmLacn as thermosensitive block (feed of
53% HPMAmLac1 and 47% HPMAmLac2, or 100% HPMAmLac2) and either
mPEG (using the mPEG2-ABCPA macroinitiator) or PDP-PEG (using the
(PDP-PEG)2-ABCPA macroinitiator) as hydrophilic block, were synthesized
essentially as reported previously 20, 25. In short, polymerization was performed
using a molar ratio of monomer to initiator of 150:1, in airtight glass vials under
107

Chapter 5

a nitrogen atmosphere at 70 oC. The final concentration of the starting materials
(monomers plus macroinitiator) was 300 mg/mL in ACN (volume 8 mL). After
24 hours, the polymers were precipitated by dropwise addition of the solution to
an excess of diethyl ether, dissolved in water, dialyzed (membrane with a cutoff of 12–14 kDa) against water, and finally recovered by freeze drying.
1
H-NMR (DMSO, d6): 7.5 (b, CO–NH–CH2), 5.5 (b, CH–OH
(HPMAmLac2)), 5.3 (b, CH–OH (HPMAmLac1)), 5.0 (b, CO–CH-(CH3)–O),
4.1 (b, CO–CH–(CH3)–OH), 3.6 (b, PEG methylene protons, O–CH2–CH2), 3.4
(b, NH–CH2–CH2), 1.4, (b, CO–CH–CH3), 1.3 (b, HO–CH–CH3), 1.0–0.6
(pHPMAmLacn main chain protons). PDP polymers also presented shifts of the
pyridine ring at 7.1-8.5 ppm. The percentage of pHPMAmLac1 in the block
copolymer was determined based on the NMR spectra: L1/(L1+L2) x 100%;
‘L1’ and ‘L2’ are assigned as the protons peaks of the hydroxyl group of
pHPMAmLac1 and pHPMAmLac2, respectively. For the PDP polymers the
average number of PDP per block copolymer molecule was determined by
addition of 10 ȝL DTT (15 mg/mL in PBS) to 1 mL of polymer (2 mg/mL in
PBS) and measurement using UV spectrophotometry (343 nm) as described in
section 2.2 for PDP-PEG-OH.
For mPEG and PDP-PEG block copolymers consisting of HPMAmLac1 and
HPMAmLac2, part of the lactate side chains (20-25%) were derivatized with
methacrylate groups by reaction of the block copolymers with methacrylic
anhydride as described before 25.
The molecular weight of the block copolymers was determined by GPC as
described in section 2.3.

2.5.
Synthesis
rhodamine)

of

mPEG-b-p(HPMAmLac1r-HPMAmLac2-r-

The synthesis of rhodamine labeled polymer was performed by
copolymerizing rhodamine methacrylate (RhoMA) with HPMAmLacn (molar
ratio1:54:45 RhoMA:HPMAmLac1:HPMAmLac2) using the mPEG2-ABCPA
macroinitiator, following the procedure described in section 2.4. After
polymerization, free rhodamine methacrylate was removed by extensive dialysis
against THF/water (50/50 volume ratio) for approximately one week at 4 oC.
The molecular weight of the copolymer was measured by GPC as described in
section 2.3 and the incorporation of rhodamine in the copolymer was
investigated using dual RI and UV detection (548 nm, absorption maximum of
rhodamine 48). Next, 20% of the lactate groups were methacrylated using
methacrylic anhydride as described before 25.
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2.6. Preparation of micelles
Micelles were formed via the ‘rapid heating’ procedure essentially as
described previously for core-crosslinked 28 and non-crosslinked 20, 49 micelles.
For the preparation of core-crosslinked micelles, methacrylated mPEG-bp(HPMAmLac1-co-HPMAmLac2) block copolymers were dissolved overnight
at 4 oC in ammonium acetate pH 5 (120 mM) or HEPES pH 7.4 (300 mM)
buffer. Next, 830 ȝL of polymer solution was transferred into a glass vial and
25 ȝL of a TEMED solution (120 mg/mL in 120 mM ammonium acetate pH 5
buffer) was added while keeping the mixture on ice. Subsequently, the vial was
rapidly heated from 0 to 50 oC under vigorous stirring for one minute to form
micelles. Next, the mixture was slowly cooled down to room temperature, and
45 ȝL of KPS solution (30 mg/mL, 120 mM ammonium acetate pH 5 buffer)
was added. Crosslinking was performed by incubating the micellar solution
under nitrogen for one hour. Non-crosslinked micelles were prepared with the
same procedure, using mPEG-b-pHPMAmLac2 without the addition of KPS
and TEMED. Before use, the micelles were filtered through a 0.45 ȝm filter.
PDP-PEG micelles were formed with the procedure described above. The
presence of PDP groups on the micellar surface was determined as described in
section 2.2 for PDP-PEG-OH.
For the preparation of protein-micelle conjugates, non- and core-crosslinked
mPEG/PDP-PEG micelles were prepared, following the same procedure as
above and using a solution that contained 2 parts PDP-PEG polymer and 8 parts
mPEG polymer.
For cell binding experiments, rhodamine-labeled core-crosslinked micelles
were prepared. To this end, micelles were formed following the procedure
described above, using a solution that consisted of 2 parts methacrylated PDPPEG-b-p(HPMAmLac1-co-HPMAmLac2) and 8 parts methacrylated mPEG-bp(HPMAmLac1-co-HPMAmLac2-co-rhodamine).

2.7. Conjugation of lysozyme to mPEG/PDP-PEG micelles
Prior to conjugation, part of the lysines of lysozyme was modified with Nsuccinimidyl-S-acetylthioacetate (SATA) using a slightly modified previously
published procedure 50, 51. In detail, a lysozyme solution (3 mg/mL) in PBS was
mixed with a SATA solution in DMSO (0.86 mg/mL; molar feed ratio of
SATA:protein 2:1, DMSO volume fraction less than 10%). The mixture was
incubated at room temperature for 45 minutes and unreacted SATA was
removed by at least 3 times washing using ultrafiltration with vivaspin tubes
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(cut-off 5 kDa). Next, the degree of modification was calculated by
determination of the moles of free amines per mol of protein before and after
modification using a TNBSA (2,4,6-trinitrobenzene sulfonic acid) assay 52
(Pierce, Perbio Science Nederland B.V., Etten-Leur, The Netherlands).
Next, lysozyme was coupled to the surface of non-crosslinked and corecrosslinked micelles. In detail, one volume of mPEG/PDP-PEG micelles (nonor core-crosslinked, 15 mg/mL total polymer, in 120 mM ammonium acetate
pH 5 or 300 mM HEPES pH 7.4 buffer) was mixed with one volume of SATAlysozyme (1:1 SATA:lysozyme that resulted from 2:1 SATA:lysozyme feed
ratio, 2.4 mg/mL in PBS) and 0.1 volume of deacetylation buffer (0.5 M
HEPES/0.5 M hydroxylamine-HCl/25 mM EDTA, pH 7.0, to yield thiolated
protein) to result in a SATA:PDP molar ratio of 2:1. Next, the mixture was
incubated overnight at room temperature. As a control, one volume of SATAlysozyme (1:1 SATA-lysozyme, 2.4 mg/mL in PBS) was mixed with one
volume of 120 mM ammonium acetate pH 5 or 300 mM HEPES pH 7.4 buffer
and 0.1 volume of deacetylation buffer. Also, a mixture of SATA-modified
lysozyme and mPEG micelles was prepared, by mixing one volume of SATAlysozyme (1:1 SATA:LZM, 2.4 mg/mL in PBS), one volume of mPEG micelles
(non- or core- crosslinked, 15 mg/mL total polymer, in 120 mM ammonium
acetate pH 5 or 300 mM HEPES pH 7.4 buffer) and 0.1 volume of deacetylation
buffer. In the case of core-crosslinked micelles, unreacted protein was removed
by at least three steps washing with PBS by ultrafiltration with vivaspin tubes
(cut-off 100 kDa). Next, the different samples were incubated under reducing or
non-reducing conditions and subsequently analyzed by SDS-PAGE according
to a standard protocol 53, and loaded into a NuPAGE Novex Bis-Tris mini gel
(4–12% gradient, 1.0 mm) (Invitrogen, Breda, The Netherlands). Lysozyme and
lysozyme-polymer conjugates were separated according to size and visualized
using Coomasie staining (Fermentas life sciences).

2.8. Conjugation of EGa1 nanobody to mPEG/PDP-PEG micelles
Prior to conjugation, part of the lysines of the EGa1 nanobody was
modified with SATA by mixing 9 volumes of nanobody solution (1 mg/mL in
PBS) with one volume of SATA solution (0.3 mg/mL in DMSO, final DMSO
volume fraction less than 10%) and incubation for 45 minutes at room
temperature, to obtain a feed molar ratio SATA:nanobody 2:1, followed by
removal of unreacted SATA by at least 3 times washing using ultrafiltration
with vivaspin tubes (cut-off 5 kDa). The degree of modification was determined
as described in section 2.7 for lysozyme. Next, SATA-nanobody was coupled to
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the surface of mPEG/PDP-PEG (non- and core- crosslinked) micelles. In detail,
one volume of mPEG/PDP-PEG micelles (non- and core-crosslinked, 8.3
mg/mL total polymer in 120 mM ammonium acetate pH 5 buffer) was mixed
with one volume of SATA-nanobody (1 mg/mL in PBS) and 0.1 volume of
deacetylation buffer (see section 2.7), to yield a SATA:PDP molar ratio of 2:1.
As a control, one volume of SATA-nanobody (1 mg/mL in PBS) was mixed
with one volume of 120 mM ammonium acetate pH 5 buffer and 0.1 volume of
deacetylation buffer. Also, a mixture of SATA-nanobody and mPEG micelles
was prepared, by mixing one volume of SATA-nanobody (1 mg/mL in PBS),
one volume of mPEG micelles (non- or core-crosslinked, 8.3 mg/mL total
polymer, in 120 mM ammonium acetate pH 5) and 0.1 volume of deacetylation
buffer. In the case of core-crosslinked micelles, unreacted nanobody was
removed by at least three times washing with PBS by ultrafiltration with
vivaspin tubes (cut-off 100kDa).
The samples were incubated under non-reducing conditions and loaded into
a NuPAGE Novex Bis-Tris mini gel as described in section 2.7, and nanobody
and nanobody-polymer conjugates were separated according to size. Next, the
protein and protein conjugates were electro-transferred into a nitrocellulose
membrane using an iBlot Dry Blotting system provided by Invitrogen. After 1
hour blocking with 5% milk in Tris-buffered saline/Tween-20 (TBST), the
membrane was incubated with a monoclonal anti-polyHistidine-peroxidase
antibody (Sigma Aldrich Co., Zwijndrecht, the Netherlands) for 30 minutes at
RT. Next, the SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, Perbio Science Nederland B.V) was used, and
chemiluminescence was visualized on a ChemiDoc XRS system (Bio-Rad
Laboratories, Inc, USA).
For dot blot analysis, 5 ȝL of the different samples was loaded onto a
nitrocellulose membrane, and allowed to dry. Next, the same procedure as for
the western blot analysis was applied.

2.9. Dynamic light scattering
The average size and size distributions of micelles with and without
lysozyme/nanobody were determined using dynamic light scattering (DLS)
using a Malvern CGS-3 multiangle goniometer (Malvern Ltd., Malvern, U.K.)
with a JDS Uniphase 22mW He-Ne laser operating at 632 nm, an optical fiberbased detector and a digital LV/LSE-5003 correlator. Autocorrelation functions
were analyzed by the cumulants method (fitting a single exponential to the
correlation function to obtain the mean size and the PDI) and the CONTIN
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routine (fitting a multiple exponential to the correlation function to obtain the
distribution of particle sizes). All measurements were performed at a 90° angle.

2.10. Cell line and culture conditions
Human epidermoid carcinoma cells A431 (obtained from ATCC, cat. nr.
CRL-1555), human head and neck squamous carcinoma (HNSCC) cells UMSCC-14C (abbreviated as 14C, developed by Dr. T.E. Carey, Ann Arbor, MI,
USA) and NIH 3T3, clone 2.2 murine fibroblasts (abbreviated as 3T3, selected
for low endogenous EGFR expression 54) were cultured in Dulbecco's Modified
Eagle's medium (DMEM, Invitrogen, Breda, the Netherlands) supplemented
with L-glutamine (2 mM), 7.5% (v/v) foetal bovine serum, penicillin (100
IU/mL) and streptomycin (100 ȝg/mL), at 37 oC in a humidified atmosphere
containing 5% CO2.

2.11. Cellular association and uptake studies
For cellular association and uptake experiments, nanobody was coupled to
the surface of core-crosslinked mPEG/PDP-PEG rhodamine labeled micelles
(prepared as described in section 2.6) using the procedure described in section
2.8 (SATA:nanobody 1:1, SATA:PDP 2:1). Uncoupled nanobody was removed
by at least 3-times washing with PBS using ultrafiltration with vivaspin tubes
(cut-off 100 kDa). As controls, core-crosslinked mPEG/PDP-PEG rhodamine
micelles devoid of nanobody and a mixture of core-crosslinked EGa1
mPEG/PDP-PEG rhodamine micelles with an 8-fold excess of free nanobody
(competition experiment) were prepared. In all samples, the concentration of
polymer and nanobody initially added were kept constant.
The binding of EGa1-micelles to A431, 14C and 3T3 cells was
investigated. Fifty thousand cells in suspension were incubated in the dark for 1
h at 4 °C with 4 different dilutions of EGa1 core-crosslinked mPEG/PDP-PEG
rhodamine micelles (concentration range 0.3 to 8.3 mg polymer/mL). As a
control, core-crosslinked mPEG/PDP-PEG rhodamine micelles devoid of
nanobody were used (in the same concentration range). 14C cells were also
incubated with EGa1 core-crosslinked mPEG/PDP-PEG rhodamine micelles
containing an 8-fold excess of free nanobody. Thereafter, the cells were washed
three times with 1% BSA in PBS and the mean rhodamine fluorescence
intensity was determined on a BD FACSCanto 2 flow cytometer. Generally,
10,000 events were acquired per sample.
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Cellular uptake was studied using the 14C cell line. In detail, 8000 cells per
well were seeded in a 16-well chamber slide that was previously coated with
2% aqueous gelatine solution (Sigma-Aldrich, Zwijndrecht, the Netherlands).
After one day, the cells were incubated with EGa1-core-crosslinked
mPEG/PDP-PEG rhodamine micelles, core-crosslinked mPEG/PDP-PEG
rhodamine micelles devoid of nanobody, and a mixture of nanobody with corecrosslinked mPEG rhodamine micelles for 4 hours at 37 oC (concentration 8.3
mg polymer/mL). Next, the cells were washed with PBS and fixed with 4%
formaldehyde (Fluka, Zwijndrecht, the Netherlands) solution in PBS.
Thereafter, the cells were washed and nuclear staining was performed by
incubation for 5 minutes with a 10 ȝM Draq5 (Biostatus, Leicestershire, UK)
solution in PBS. Confocal slides were mounted on glass cover slides using
Fluorsave (Calbiochem, San Diego, USA) and cells were imaged on a Leica
TCS-SP confocal laser-scanning microscope (Leica, Heidelberg, Germany)
equipped with 488-nm argon, 568-nm krypton and 647 nm HeNe laser.
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3. Results and discussion
3.1. Modification of NH2-PEG5000-OH with N-succinimidyl 3-(2pyridyldithio)-propionate (SPDP)
SPDP was coupled to NH2-PEG5000-OH in ACN (scheme 1A), and PDPPEG5000-OH was successfully obtained in good yields (80-90%). After
purification, the degree of modification was determined to be 90% by
quantification of the moles of pyridine thione formed after addition of DTT. In
addition, in the NMR spectrum the protons of the pyridine rings at 7.1, 7.6 and
8.5 ppm were visible, demonstrating successful modification of NH2-PEG5000OH with SPDP, in agreement with the pyridine thione assay.

3.2. Synthesis of PDP-PEG5000 and mPEG macroinitiators
A (PDP-PEG5000)2-ABCPA macroinitiator was synthesized starting from
PDP-PEG5000-OH and ABCPA using DCC as coupling agent and DPTS as
catalyst (scheme 1B). GPC analysis (figure 1) showed that 54% of the obtained
product was (PDP-PEG5000)2-ABCPA (with a molecular weight around 10000
g/mol), while the remaining 46% had a molecular weight of 5000 g/mol, which
corresponds to either unreacted PDP-PEG5000-OH or mono-substituted PDPPEG5000-ABCPA. NMR analysis after addition of TAIC (which shifted the Įmethylene protons adjacent to the -OH of PEG-OH to 4.4 ppm) showed that the
final product consisted of 54% (PDP-PEG5000)2-ABCPA, 30% PDP-PEG5000OH, and 16% PDP-PEG5000-ABCPA. The relatively low degree of substitution
is likely due to the fact that the synthesis of PDP macroinitiator was performed
at a low scale and as a consequence the effect of the traces of water on the DCC
reaction is prominent. However, PDP-PEG5000-OH (the main byproduct) does
not participate in the radical polymerization of HPMAmLacn. In addition the
pyridine protons of PDP were still present in the NMR spectrum of the
macroinitiator, demonstrating that the PDP remained intact after the DCC
coupling reaction.
For the mPEG5000 macroinitiator, the conversion was higher, and the main
product (80%) was (mPEG5000)2-ABCPA, as determined by NMR and GPC
(data not shown).
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Figure 1. GPC chromatogram of (PDP-PEG5000)2-ABCPA with RI detection

3.3.
Synthesis
of
mPEG-b-pHPMAmLacn,
PDP-PEG-bpHPMAmLacn and mPEG-b-p(HPMAmLacn-co-rhodamine) block
copolymers
Block copolymers with either PDP-PEG5000 or mPEG5000 as the hydrophilic
block and p(HPMAmLac1-co-HPMAmLac2) (47% or 100% Lac2) as the
thermosensitive block were synthesized, using (PDP-PEG5000)2-ABCPA or
(mPEG5000)2-ABCPA as macroinitiator respectively. For non-crosslinked
micelles, 100% HPMAmLac2 was used, to obtain a polymer with about the
same LCST as the methacrylated polymer. Table 1 summarizes the properties of
the different block copolymers synthesized. The polymerization reactions
typically had a yield around 75%. NMR analysis showed that the block
copolymers had a Mn from 16000 to 24000 g/mol (NMR) and that the
percentage of Lac1 and Lac2 was very close to the feed ratios (53:47). Polymers
bearing a PDP moiety had a slightly higher PDI than the mPEG polymers (table
1), which is likely due to the presence of unreacted PDP-PEG-OH that was not
completely removed by dialysis. However, this species is expected to be
removed during the ultrafiltration step that is performed to remove unreacted
nanobody from the final product (described in sections 2.8 and 3.6). Polymers
with 100% HPMAmLac2 had a CMT of 3-4 oC, while for polymers with ~50%
HPMAmLac1 and ~50% HPMAmLac2, this temperature was 32-35 oC, which is
in agreement with our previous data 20, 25.
The molar PDP content of the polymer was 85-90%, as determined using the
pyridine thione assay (section 2.2). In addition, the pyridine protons of PDP
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were still present in the NMR spectrum of the block copolymer (except one,
that was covered by the shift of the –NH proton of the polymer) demonstrating
that the PDP groups remained intact after polymerization.
For the preparation of core-crosslinked micelles, part of the lactate groups of
mPEG-b-p(HPMAmLac1-co-HPMAmLac2) and PDP-PEG-b-p(HPMAmLac1co-HPMAmLac2) block copolymers were derivatized with methacrylic
anhydride, using DMAP as catalyst. As methacrylation reduces the CMT 28,
polymers containing ~50% HPMAmLac1 were used (with a CMT of ~ 30 oC).
The percentage of methacrylated lactate groups was 20-25% (NMR analysis)
and the methacrylated block copolymers displayed equal molecular weights as
the non-methacrylated block copolymers (table 1). Similar to our previous
reports 28, the methacrylation resulted in a more hydrophobic thermosensitive
block than before methacrylation with a CMT of 2 oC.
Polymer

Mn
(kDa,GPC)

Mw/Mn
(GPC)

Mn
(kDa,NMR)

CMT
(oC)

%
Lac1

%
methacrylation

CMT (oC) after
methacrylation

%
PDP

mPEG-b-pHPMAmLac2

28

1.4

24

3

0

-

-

-

mPEG-b-p(HPMAmLac1-rHPMAmLac2)

24

1.3

20

32

44

25

2

-

PDP-PEG-b-pHPMAmLac2

32

1.4

22

4

0

-

-

85

PDP-PEG-b-p(HPMAmLac1-rHPMAmLac2)

21

1.6

18

35

52

20

2

90

mPEG-b-p(HPMAmLac1-rHPMAmLac2-r-RhoMA)

23

1.3

16

32

53

24

2

-

Table 1. Characteristics of the synthesized block copolymers.

For cellular association experiments, a rhodamine labeled block copolymer
was synthesized. Rhodamine modified with a methacrylate group (RhoMA) was
used as a co-monomer in the polymerization of pHPMAmLacn, in a molar ratio
of 1%. The block copolymer was obtained in a yield of 50% after extensive
dialysis to remove free RhoMA. The properties of mPEG-b-p(HPMAmLac1-coHPMAmLac2-co-rhodamine) were similar to the ones of the other block
copolymers (table 1). GPC with both RI and UV (548 nm) detection showed
that RhoMA was build in the polymer, as both the RI and UV peaks overlap
(figure 2). Part of the lactate groups of mPEG-b-p(HPMAmLac1-coHPMAmLac2-co-rhodamine) was derivatized with methacrylic anhydride. It
was shown that 24% of the lactate groups were methacrylated and the obtained
block copolymer had equal molecular weight as the non-methacrylated block
copolymer (table 1). Similar to the non labeled polymers, methacrylation
decreased the CMT of the polymer to around 2 oC.
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Figure 2. GPC with RI and UV (548 nm) detection of mPEG-bp(HPMAmLac1-co-HPMAmLac2-co-rhodamine).

3.4. Preparation of micelles
mPEG micelles (both non- and core-crosslinked) had a narrow size
distribution (PDI ~ 0.1) and average diameter 60-65 nm, in agreement with
previous data 28. A pyridine thione release assay was performed (see section
2.2) on micelles composed of 100% PDP-PEG-b-pHPMAmLacn. It was found
that 80% of the polymer chains released pyridine thione after reduction with
DTT showing that the PDP groups are accessible for further derivatization and
therefore likely located at the surface of the micelles. For conjugation, micelles
with a size of 70 nm (PDI < 0.1) consisting of 20% PDP-PEG-b-pHPMAmLacn
(with and without rhodamine) were formed using a rapid heating procedure 49.

3.5. Conjugation of lysozyme to mPEG/PDP-PEG micelles
Prior to the preparation of nanobody-micelles, the conjugation reaction was
optimized using lysozyme as model protein and non-crosslinked micelles. Part
of the lysines of lysozyme was modified with SATA (molar feed ratio
SATA:lysozyme 2:1). Quantification of the free amines before and after
modification with a TNBSA assay showed that the corresponding average
degree of modification was 1:1. After deacetylation of SATA-lysozyme using
hydroxylamine hydrochloride, the obtained thiol-modified lysozyme was
reacted with PDP groups present at the surface of the micelles.
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Figure 3. ,) SDS-PAGE (non-reducing conditions) of SATA-lysozyme
conjugated to non-crosslinked mPEG/PDP-PEG micelles at pH 5 (A),
deacetylated SATA-lysozyme mixed with non-crosslinked mPEG micelles (B),
deacetylated SATA-lysozyme in buffer pH 5 (C) and non-crosslinked
mPEG/PDP-PEG micelles (D). ,,) SDS-PAGE under reducing conditions of
SATA-lysozyme conjugated to non-crosslinked mPEG/PDP-PEG micelles at
pH 5 (E) deacetylated SATA-lysozyme mixed with non-crosslinked mPEG
micelles (F) and deacetylated SATA-lysozyme mixed with buffer pH 5 (G).

Figure 3 shows the SDS-PAGE gel of conjugates of non-crosslinked
mPEG/PDP-PEG micelles with lysozyme (1:1 SATA:lysozyme, 2:1
SATA:PDP) prepared in pH 5 buffer (3A), of a mixture of non-crosslinked
mPEG micelles with deacetylated SATA-lysozyme (3B), of deacetylated
SATA-lysozyme (1:1 SATA:LZM) mixed with a pH 5 buffer (3C), and of noncrosslinked mPEG/PDP-PEG micelles (3D). Free lysozyme (14 kDa band) was
observed in all samples, except for micelles devoid of protein (3D). In the case
of lysozyme-micelle conjugates (figure 3A), besides the band at 14 kDa of free
lysozyme, a distinct and broad smear was observed at molecular weights
between 25 and 40 kDa, as well as at higher molecular weights, both not
observed in the other samples. As shown in table 1, the block copolymers have
a molecular weight around 20 kDa and a polydispersity of around 1.6. Further,
previous research has shown that non-crosslinked micelles disintegrate in free
polymer chains in the presence of SDS 28. Therefore the observed smear is due
to polymer chains coupled to lysozyme, demonstrating that the conjugation
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reaction was successful. This is also supported by the observation that the
sample containing a mixture of mPEG micelles and deprotected SATAlysozyme (3B) did not show the same pattern. In that case, a band at 14 kDa of
free lysozyme was observed, as well as two distinct bands at higher molecular
weights (25 and 35 kDa) which, as demonstrated in the supporting information
(appendix A), are likely due to lysozyme di- and trimers, formed through
disulfide bonding between thiolated lysozyme molecules.
The conjugation reaction was also investigated using neutral environment,
thus micelles were prepared using a HEPES 300 mM pH 7.4 buffer, and similar
results were obtained (more details are described in the supporting information,
appendix A).
When the different samples were incubated under reducing conditions
(heated at 70 oC for 5 minutes in an SDS buffer that contained 1.2 M
mercaptoethanol) the extra bands (of the conjugates, dimers and trimers)
disappeared and only the free lysozyme band was visible at 14 kDa (figures 3EG). This clearly indicates that the conjugates, as well as the observed dimers are
held together by disulfide bonds that are cleaved under reducing conditions.
However, when the conjugates were treated at room temperature for one hour
with 1 M of DTT no release of protein (and thus cleavage of disulfide bonds)
was observed. In blood the redox potential is rather high (concentration of
glutathione is 2-20 ȝM 55), and therefore it is expected that the disulfide bridges
will remain intact in the circulation.
For conjugates of core-crosslinked mPEG/PDP-PEG micelles with SATAlysozyme, a similar effect was observed (more details are described in the
supporting information, appendix A).
To confirm the electrophoresis results and to quantify lysozyme coupling to
non-crosslinked mPEG/PDP-PEG micelles, GPC analysis was performed
(figure S1) and also the concentration of pyridine thione released during the
conjugation was measured. From both techniques it was estimated that the
coupling efficiency was around 50% (see supporting information, appendix A).
Finally, dynamic light scattering showed that conjugates of mPEG/PDPPEG micelles (both non- and core-crosslinked) with lysozyme had an average
diameter of 60-70 nm (PDI ~ 0.1). The size distribution obtained by scattering
measurements of the micelles is shown in figure S4 in the supporting
information (appendix A).
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3.6. Conjugation of EGa1 nanobody to the micellar surface
Part of the lysines of the EGa1 nanobody was modified with SATA prior to
conjugation. Measurement of the moles of free amines per mole of protein
before and after modification using a TNBSA assay showed that each nanobody
had on average one SATA modification.

Figure 4. Western blot under non-reducing conditions of deacetylated EGa1
nanobody (A), non-crosslinked mPEG/PDP-PEG micelles (B), EGa1 nanobody
conjugated to non-crosslinked mPEG/PDP-PEG micelles (C) and of EGa1
mixed with non-crosslinked mPEG micelles.
Figure 4 shows the western blot of deacetylated SATA-nanobody (4A), noncrosslinked mPEG/PDP-PEG micelles (4B), conjugates of non-crosslinked
mPEG/PDP-PEG micelles with SATA-nanobody (4C), as well as a mixture of
mPEG micelles with nanobody (4D). The total protein concentration was kept
constant in all samples. Unbound nanobody was observed at around 15 kDa
(4A) and less dimerization was observed than in the case of lysozyme. As
expected, PDP micelles showed no protein signal (4B). In the case of non
crosslinked micelle-nanobody conjugates, a small fraction of uncoupled EGa1
was observed at ~15 kDa and an intense smear at 25-40 kDa (figure 4C), likely
corresponding to nanobody coupled to one or two polymer chains, respectively.
When a mixture of nanobody with mPEG micelles was loaded into the gel, most
of the nanobody was detected at 15 kDa (unbound protein). Taken together, the
nanobody coupling to mPEG/PDP-PEG micelles was more efficient than that of
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lysozyme, as no dimer formation was observed, and the intensity of the band of
uncoupled nanobody in the conjugates was minimal (figure 4C).

(A)

(B)

(C)

(D)

(E)

Figure 5. Dot blot of EGa1 nanobody (A) and samples after ultrafiltration
(vivaspin 100 kDa) of: EGa1 nanobody (B), core-crosslinked mPEG/PDP-PEG
micelles (C), EGa1 nanobody conjugated to core-crosslinked mPEG/PDP-PEG
micelles (D), and EGa1 nanobody mixed with core-crosslinked mPEG micelles
(E).
For in vitro and future in vivo applications, it is necessary that the
formulations are purified, thus the unbound nanobody as well as other small
molecules (such as KPS and TEMED) are removed, which was performed by
ultrafiltration using vivaspin tubes (cut-off 100 kDa), this time using corecrosslinked micelles. During this ultrafiltration step, traces of un-reacted PDPPEG-OH and also possible conjugates obtained after reaction of the nanobody
with these traces are expected to be removed. As controls, deacetylated SATAnanobody, mPEG/PDP-PEG core-crosslinked micelles, as well as a mixture of
mPEG micelles and deacetylated SATA-nanobody were used, in which the
same amount of nanobody was initially added. Dot blot analysis (figure 5)
showed that only in the case of EGa1 mPEG/PDP-PEG core-crosslinked
micelle conjugates nanobody was present after ultrafiltration (figure 5D),
demonstrating that the nanobody was indeed covalently coupled to the PDP
groups of the micelles. The intensity of the dot of the free nanobody (figure 5A)
was equal to the one of micelle-nanobody conjugate (5D; corrected for
background) and it is therefore concluded that the conjugation was almost
quantitative. The same results as above were obtained for conjugates of corecrosslinked rhodamine labeled micelles with nanobody (almost quantitative
conjugation, data not shown).
Finally, dynamic light scattering showed that, as for lysozyme, conjugates of
mPEG/PDP-PEG micelles (non- and core-crosslinked) with the EGa1 nanobody
(before and after purification in the case of core-crosslinked micelles) had a size
of 60-70 nm (PDI~0.1). The size distribution by intensity is shown at figure S4
of the supporting information (appendix A).
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3.7. Cellular binding and uptake
To determine whether nanobody core-crosslinked micelles are able to target
the EGFR, cell association studies were performed. Figures 6A-B show the
fluorescence intensity of A431 cells after incubation for one hour at 4 oC with
rhodamine mPEG/PDP-PEG core-crosslinked micelles (6A) and EGa1rhodamine mPEG/PDP-PEG core-crosslinked micelles (6B). It is clearly
observed that cells incubated with micelles bearing nanobody on their surface
showed higher fluorescence intensity compared to cells incubated with nontargeted rhodamine micelles, demonstrating that micelles were associated on the
cell surface. This increase in fluorescence intensity was concentration
dependent, resulting in a 16-fold higher intensity in the case of EGa1rhodamine micelle samples with higher polymer concentration, compared to
Rho-micelles devoid of nanobody with the same polymer concentration (figure
6C).
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Figure 6. FACS analysis of A431 cells incubated for one hour at 4 oC with (A)
rhodamine micelles or (B) EGa1-rhodamine micelles, and (C) mean
fluorescence intensity versus polymer concentration of cells incubated with
conjugates of EGa1 with mPEG/PDP-PEG rhodamine micelles (x) and
rhodamine micelles ().
Cellular binding of EGa1 micelles was also studied with a 14C cell line
(figure 7). Again, a shift in fluorescence intensity was observed for cells
incubated with EGa1-Rho micelles (figure 7A), compared to cells incubated
with Rho-micelles (figure 7B). Similar results were observed in the same cell
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line with EGa1 liposomes 36. The increase in intensity was approximately 5-fold
(figure 7C), but, however, no concentration dependence was observed. It is
known that 14C cells express less EGFR than A431 56, 57. Therefore, likely the
EGFRs present on the surface of 14C cells were already saturated at the lowest
micelle concentration used. To further clarify this, the cellular binding was also
investigated using a broader range of EGa1-micelle dilutions, in which an initial
increase and then a leveling off of the mean fluorescence intensity versus the
nanobody concentration was observed (supporting information figure S3,
appendix A).
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Figure 7. FACS analysis of 14C cells incubated for one hour at 4 oC with (A)
rhodamine micelles or (B) EGa1-rhodamine micelles, and (C) mean
fluorescence intensity versus polymer concentration of cells incubated with
conjugates of EGa1 with mPEG/PDP-PEG rhodamine micelles (x) and
rhodamine micelles ().
In order to investigate whether the binding observed is through interaction of
the nanobody micelles with the EGF receptor, a competition experiment with
14C cells was performed, as well as a binding study using 3T3 (EGFR negative)
cells. When 14C cells were incubated for one hour at 4 oC with nanobody
micelles containing an 8-fold excess of free nanobody, the mean fluorescence
intensity that was measured by FACS (figure 8) was the same as of untreated
cells, showing that no binding took place, whereas nanobody micelles showed
approximately a 6-fold increase in fluorescence intensity compared to untreated
cells. This indicates that in the case of cells incubated with a mixture of
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nanobody micelles with an excess of free nanobody, most probably the free
nanobody saturated the EGF receptors, and consequently no binding of the
EGa1 micelles could occur. To further substantiate that the binding observed is
EGFR-specific, EGa1 rhodamine micelles, rhodamine micelles without
nanobody, as well as EGa1 rhodamine micelles containing an 8-fold excess of
free nanobody were incubated for one hour at 4 oC with a 3T3 cell line, which is
devoid of endogenous EGF receptors 54 and the mean fluorescence intensity was
measured by FACS (figure 8). Figure 8 shows that the observed fluorescence
intensity was the same as that of untreated cells for all samples. Therefore, no
binding of the EGa1 micelles took place by the 3T3 cells. Taken together, it is
demonstrated that the binding of nanobody micelles to EGFR over-expressing
cells A431 and 14C occurs through interaction of the nanobody on the micelle
surface with the EGF receptor.

Figure 8. Mean fluorescence intensity determined by FACS analysis of 14C
and 3T3 cells incubated for one hour at 4 oC with medium (untreated cells),
with conjugates of EGa1 with mPEG/PDP-PEG rhodamine micelles (EGa1
micelles), with rhodamine micelles (micelles) as well as with EGa1 micelles
containing an 8-fold excess of free nanobody.

Ligands bound to EGFR are internalized via receptor mediated endocytosis
and increased cellular uptake of EGa1 modified liposomes was observed
in the past 36. Therefore it is expected that the binding of nanobody micelles to
the cells will also result in cellular uptake. To confirm this hypothesis, the
32, 33, 37
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cellular uptake of EGa1-micelles was investigated. To this end, EGa1rhodamine micelles, non-targeted-rhodamine micelles, as well as a mixture of
mPEG micelles with EGa1 were incubated with 14C cells for 4 hours at 37 oC.
Next, the nuclei of the cells were stained with Draq5. Figure 9 shows that both
EGa1 micelles as well as non-targeted micelles were taken up by the cells,
although a substantially increased fluorescence amount was observed in the
case of EGa1-rhodamine micelles (figure 9A) compared to non-targeted
rhodamine micelles (figure 9B). In addition, the mixture of mPEG rhodamine
micelles with EGa1 demonstrated similar uptake as non-targeted-rhodamine
micelles (data not shown). These results confirm that the binding of EGa1
modified micelles observed by FACS resulted in increased cellular uptake.
Overall, the coupling of the EGa1 nanobody to the surface of (mPEG/PDPPEG)-b-pHPMAmLacn polymeric micelles enhances their specific target cell
(EGFR positive) recognition and uptake, thus a higher antitumor efficacy can be
expected once the micelles are loaded with cytostatic drugs.

Figure 9. 14C cells incubated for 4 hours at 37 oC with (A) conjugates of EGa1
with mPEG/PDP-PEG rhodamine micelles and (B) rhodamine micelles.
Rhodamine is depicted as red, Draq5 (nuclear staining) as blue.

125

Chapter 5

Conclusions
PDP-PEG-b-pHPMAmLacn diblock copolymers were successfully
synthesized. Using these polymers and mPEG-b-pHPMAmLacn, mPEG/PDPPEG micelles were prepared and it was shown that the PDP groups on the
micellar surface were accessible for further modification/derivatization. A
model protein, SATA-modified lysozyme, was successfully coupled to the
micellar surface as proven by SDS-PAGE and GPC. Optimal conjugation
conditions were identified and using these conditions, the EGFR-antagonist
EGa1 nanobody was almost quantitatively conjugated to PDP-PEG/PEG
micelles. Rhodamine labeled EGa1 modified micelles showed increased binding
and uptake by EGFR over-expressing cells compared to micelles devoid of
nanobody, and no binding by EGFR negative (3T3) cells, indicating that the
EGa1 nanobody on the surface of the micelles interacts with the EGF receptor
of the cells. Overall, this actively targeted system is highly promising to
improve the antitumor efficacy of drug loaded PEG-b-pHPMAmLacn micelles,
which is the purpose of our next study.
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Abstract
Doxorubicin is an anthracycline cytostatic anticancer agent that is commonly
used in chemotherapy. However, like all cytostatic drugs, it is poorly selective
to cancer cells, leading to severe and dose limiting side effects. Thermosensitive
and biodegradable polymeric micelles based on poly(ethylene glycol)-b-poly[N(2-hydroxypropyl) methacrylamide-lactate] (mPEG-b-pHPMAmLacn) are
attractive drug delivery systems for passive and active tumor targeting. Their
small size (60-80 nm) and hydrophilic corona result in enhanced blood
circulation and tumor accumulation exploiting the enhanced permeation and
retention (EPR) effect. In a previous study we covalently linked doxorubicin to
the core of these micelles through a hydrolytically sensitive hydrazone spacer
using a doxorubicin methacrylamide (DOX-MA) derivative and we observed
increased in vitro and in vivo efficacy. More recently, we conjugated an antiepidermal growth factor receptor (anti-EGFR) nanobody as a targeting ligand to
the micellar surface and we observed enhanced in vitro binding and uptake of
empty nanobody micelles by 14C cells. In the current study, in order to further
improve the observed efficacy of the DOX-MA micelles, we conjugated the
anti-EGFR nanobody to the surface of micelles with covalently bound DOX.
These drug-loaded actively targeted micelles had similar physicochemical and
drug release characteristics as the non-targeted micelles. It was demonstrated
that the coupling of the nanobody on the surface of the micelles resulted in
increased in vitro cytostatic activity (14C cells), and also significantly enhanced
the antitumor activity and survival of 14C tumor-bearing mice in vivo. These
results demonstrated that the combination of mPEG-b-pHPMAmLacn micelles
with an anti-EGFR conjugated nanobody to their surface and DOX covalently
bound in their core enhances the antitumor effect of the drug, making the
system highly promising for the delivery of cytostatic drugs.
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1. Introduction
In the field of anticancer therapy, one of the treatments frequently applied is
chemotherapy, using low molecular weight cytostatic drugs 1. However, it is
known that chemotherapy with anticancer drugs is commonly associated with
low specificity to cancer cells and therefore leads to severe toxic side effects.
Moreover, many cytostatic drugs have poor biopharmaceutical properties,
including low aqueous solubility and rapid clearance. Doxorubicin is an
anthracycline antibiotic and is one of the most commonly used cytostatic agents
in the treatment of a wide range of cancers 2. However, it also causes dose
limiting side effects, the most severe being cardiotoxicity 3, 4.
In the past decades, efforts have been made to increase the selectivity and
decrease the side effects of cytostatic agents by using targeted drug delivery
systems. For an ideal system, drug loaded carriers should remain stable for a
prolonged time in the bloodstream, and selectively accumulate in the target
tissue, where they effectively release their drug payload either in the
extracellular space, or more preferentially in the intracellular environment 5-9.
Passively targeted nano-sized drug delivery systems are characterized by the
ability to circulate long in the blood stream after intravenous (i.v.)
administration, to penetrate through the discontinuous endothelium of tumor
vasculature and to accumulate in the tumor tissue due to the impaired lymphatic
drainage, a process known as the enhanced permeation and retention (EPR)
effect 10, 11. The liposomal formulation of doxorubicin (Doxil) is a well known
passively targeted drug delivery system and is presently used to treat patients 12.
Further, a doxorubicin containing polymeric micelle formulation (SP1049C) 1315
as well as a copolymer doxorubicin conjugate (PK1) have been under clinical
investigation 16. The efficacy of passively targeted drug delivery systems can be
further enhanced by the attachment of a tumor cell selective targeting moiety to
the carrier (active drug targeting), that via combination of the EPR effect and
specific target cell recognition and uptake ideally results in high intracellular
concentrations of the loaded cytostatic drugs. Internalizing antibodies, RGD
peptides and folate have been coupled to the micellar surface to increase
cellular binding and uptake of micellar nanocarriers 17-19. Importantly, increased
in vivo antitumor efficacy has been observed for some of these actively targeted
micelles compared to the free drug and to the untargeted micelles 20-25. Recent
developments in the field of actively targeted polymeric micelles for cancer
therapy have been reviewed by Sutton et al. 26.
Thermosensitive and biodegradable diblock copolymers of poly(ethylene
glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-lactate]
(mPEG-bpHPMAmLacn) have been shown to self-assemble into micelles with a mPEG
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corona and a pHPMAmLacn core when dissolved in aqueous solutions at
concentrations above the critical micelle concentration (CMC) and temperatures
above the critical micelle temperature (CMT) 27-29. mPEG-b-pHPMAmLacn
micelles have been successfully used to encapsulate the cytostatic drug
paclitaxel 30, the photosensitizer Si(sol)2Pc 31, vitamin K 32, as well as a
magnetic resonance imaging (MRI) contrast agent 33. Their tunable
biodegradability, due to hydrolysis of the lactic acid side chains under
physiological conditions that results in micelle disintegration 5, 34, and their
small size (60-80 nm) which can enable them to accumulate in tumor tissues
after i.v. administration through the EPR effect 10, 11, make them very attractive
systems for the delivery of therapeutic and imaging agents to tumors.
Importantly, core crosslinking of these micelles after methacrylation of the
polymer resulted in remarkable circulation kinetics and enhanced tumor
accumulation after i.v. administration into tumor-bearing mice 35. However,
when paclitaxel was physically encapsulated in these core-crosslinked micelles,
the drug could not benefit from the EPR effect because it was rapidly released
in the circulation36.
In a recent study, doxorubicin was covalently linked to the crosslinked core
of mPEG-b-pHPMAmLacn polymeric micelles via a pH-sensitive hydrazone
linker 37. This linker has been developed and studied by Ulbrich et al. for the
preparation of pH-sensitive doxorubicin polymer conjugates 38, and showed
enhanced therapeutic efficacy in tumor-bearing mice. This system is now about
to enter a phase I clinical trial 39. The advantage of this linker is that it is cleaved
under slightly acidic conditions present in e.g. the environment of the tumor as
well as intracellular organelles (endo/lysosomes), but is stable at neutral pH 40.
Therefore, it is expected that a suitable carrier containing DOX coupled via this
hydrazone spacer will not release a significant amount of DOX in the blood
circulation but will release the drug intratumorally or in the intracellular
organelles after cellular uptake. In a previous study we showed that micelles
with covalently bound DOX via a hydrazone linker released doxorubicin within
24 hours at pH 5 and 37 oC, while only about 5% was released at pH 7.4 and 37
o
C. Importantly, upon i.v. administration of these passively targeted micelles in
B16F10 melanoma bearing mice, an increased therapeutic efficacy as compared
to the free drug was demonstrated, and a significantly prolonged survival was
achieved 37. Following up on this, (mPEG/PDP-PEG)-b-pHPMAmLacn micelles
were surface-modified with an EGFR (epidermal growth factor receptor)
targeting nanobody (EGa1) using SPDP as a coupling agent. The EGa1
nanobody is a small functional antibody fragment (15 kDa) that is known to
bind specifically and with high affinity to EGFR. These nanobody-decorated
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(empty) micelles showed increased binding and uptake by EGFR overexpressing cancer cells 41.
Based on these insights, we here investigated whether (PDP-PEG/mPEG)-bpHPMAmLacn polymeric micelles with covalently bound doxorubicin in their
core and surface-decorated with the EGa1 nanobody (scheme 1) would be able
to show good antitumor activity against EGFR over-expressing tumors. To this
end, nanobody-functionalized micelles with covalently bound DOX via the
hydrazone linker were prepared, their size was determined and the system was
characterized for release of doxorubicin and cytostatic activity against the
EGFR over-expressing cell line 14C. Furthermore, the antitumor activity of this
novel formulation was investigated in vivo, after i.v. administration in tumorbearing mice by monitoring the tumor size as well as the body weight. Lastly,
the pharmacokinetic profile of these formulations was investigated in healthy
mice.

Scheme 1. DOX-MA encapsulation in PDP-PEG/mPEG micelles and
subsequent copolymerization with the methacrylate groups of the
thermosensitive pHPMAmLacn block, followed by deprotection and coupling of
a SATA-modified EGa1 nanobody.

137

Chapter 6

2. Materials and Methods
2.1. Materials
Doxorubicin methacrylamide, (DOX-MA, 6-methacrylamidohexanohydrazideDOX, with DOX.HCl content 75 wt%) was synthesized as described in
literature 42. The EGa1 nanobody was produced as described previously 43 and
modified with N-succinimidyl S-acetylthioacetate (SATA) 41. The
macroinitiators with 4,4-azobis(4-cyanopentanoic acid) mPEG2ABCPA and
(PDP-PEG)2ABCPA were synthesized as described before 41. Doxorubicin.HCl
was purchased from Guanyu bio-technology Co., LTD, Xi’an, China. Potassium
persulfate (KPS) and tetramethylethylenediamine (TEMED) were purchased
from Sigma Aldrich Co. (Zwijndrecht, the Netherlands).

2.2. Synthesis and methacrylation of block copolymers
Block copolymers composed of pHPMAmLacn (48% pHPMAmLac1, 52%
pHPMAmLac2) as thermosensitive block and either mPEG5000 (methoxy PEG)
or PDP-PEG5000 (pyridyldithio propionate PEG) as hydrophilic block were
prepared by free radical polymerization using (mPEG5000)2-ABCPA or (PDPPEG5000)2-ABCPA as macroinitiator (ratio of monomer/initiator was 150:1
mol/mol) 41. Next, methacrylate groups were introduced in the thermosensitive
block by reaction of methacrylic anhydride with the terminal hydroxyl groups
of the lactate side chains in the presence of triethylamine and 4-(N,Ndimethylamino)pyridine (DMAP) in THF 37. Polymer compositions and
molecular weights were determined by 1H NMR and GPC as described before
35
. CMT was measured by light scattering also as previously described 35.

2.3. Micelle formation, crosslinking and DOX-MA conjugation
Methacrylated mPEG-b-pHPMAmLacn block copolymer (25 mg/mL) was
dissolved overnight in ammonium acetate pH 5 buffer (120 mM) at 4 oC. Next,
to 830 ȝL of the polymer solution an adequate amount of triethylamine was
added to increase the pH to 8, in order to minimize hydrolysis of the hydrazone
bond and to deprotonate the amine group of doxorubicin (pKa = 7.2-7.6 44, 45),
in order to favor its partitioning in the micellar core. Next, 25 ȝL of a TEMED
solution (120 mg/mL, in ammonium acetate buffer 120 mM pH 8) was added,
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followed by the addition of 100 ȝL of DOX-MA solution in methanol (30
mg/mL) and the mixture was rapidly heated at 50 oC to induce formation of
micelles with a small size 46. Next, the mixture was cooled down to room
temperature and 45 ȝL of KPS solution (30 mg/mL, in ammonium acetate 120
mM pH 8 buffer) was added to initiate polymerization of the
methacrylate/methacrylamide units (present in the block copolymer and in
DOX-MA respectively). The polymerization was performed by incubating the
mixture under a nitrogen atmosphere for one hour. The resulting formulations
contained 20 mg/mL polymer and 3 mg/mL DOX-MA. To remove possible
aggregates, the micelles were filtered through a 0.45 ȝm filter. To remove unreacted DOX-MA as well as KPS (and its degradation products) and TEMED,
the micelles were purified by three times washing with HEPES buffer pH 7.4 (5
mM for the cytotoxicity measurements, 180 mM for the in vivo studies and 300
mM for other preparations) by membrane filtration using vivaspin centrifugal
concentrator tubes (cut-off 100 kDa, Santorius Stedim, Germany) and
centrifuging at 4000×g for 30 minutes. The micelles were also concentrated by
volume reduction through centrifugation using the same procedure when
necessary.
For the preparation of DOX-MA loaded PDP-functionalized micelles for
conjugation with the EGa1 nanobody, the same procedure as above was applied
using a mixture of 20% (w/w) (PDP-PEG)-b-pHPMAmLacn and 80% (w/w)
mPEG-b-pHPMAmLacn. Empty PDP-functionalized micelles were also
prepared, using the same procedure as above but without the addition of DOXMA.

2.4. Conjugation of the EGa1 nanobody to the surface of empty or
DOX-MA loaded (PDP-PEG/mPEG)-b-pHPMAmLacn micelles
The SATA-modified EGa1 nanobody was coupled to the surface of empty
or DOX-MA loaded (PDP-PEG/mPEG)-b-pHPMAmLacn micelles using a
previously published procedure 41. In detail, one volume of DOX-MA loaded or
empty PDP-functionalized micelles (60 mg/mL total polymer for the high dose
formulation used in vivo and 20 mg/mL total polymer for the other
preparations) in 120 mM ammonium acetate pH 5 buffer was mixed with one
volume of SATA-nanobody (0.8 mg/mL in PBS) and 0.1 volume of
deacetylation buffer (0.5 M HEPES/0.5 M hydroxylamine-HCl/25 mM EDTA,
pH 7.0, to yield thiolated protein) and reacted overnight at room temperature.
Next, unreacted nanobody was removed by at least three times washing with
HEPES buffer pH 7.4 (5 mM for the cytotoxicity, 180 mM for the in vivo
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studies and 300 mM for the other preparations) by ultrafiltration with vivaspin
tubes (cut-off 100 kDa). Finally the formulation was concentrated to the initial
micelle volume, resulting in 20 mg/mL polymer concentration (or 60 mg/mL
for the high dose formulation used in vivo).
The conjugation of the nanobody was confirmed by dot blot analysis. 3 ȝL
of the different samples was loaded onto a nitrocellulose membrane, and
allowed to dry (around 10 minutes, RT). Non-specific interactions were blocked
by incubating the membrane for 1 hour with 5% bovine serum albumin in Trisbuffered saline/0.1% Tween-20 (TBS-T). Thereafter, the membrane was
incubated with a rabbit polyclonal anti-nanobody serum in 5% bovine serum
albumin (BSA) in TBS-T for 2 hours at room temperature. After washing with
TBS-T, the membrane was incubated for one hour at RT with peroxidaseconjugated secondary antibody (Thermo Fischer Scientific, Rockford, IL,
USA). Next, the SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, Perbio Science Nederland B.V) was used, and
chemiluminescence was visualized on a ChemiDoc XRS system (Bio-Rad
Laboratories, Inc, USA).

2.5. Doxorubicin determination
The DOX and DOX-MA contents were determined by HPLC using a C18
Sunfire column and potassium phosphate buffer pH 3 (20 mM) with 5%
acetonitrile as eluent A (75%) and 100% acetonitrile as eluent B (25%). The
injection volume was 50 ȝL and the run time was seven minutes; detection was
done using fluorescence (at 480 nm excitation and 560 nm emission). The
retention times of DOX and DOX-MA were around 3.5 min and 5.5 min,
respectively. Linear calibration curves were obtained using both DOX (0.06-40
ȝg/mL) and DOX-MA (0.03-10 ȝg/mL) standards in ammonium acetate 120
mM pH 5 and HEPES 300 mM pH 7.4 buffers, respectively. During HPLC
analysis the samples were kept at 4 oC to avoid hydrolysis of the hydrazone
spacer during the determination.

2.6. In vitro release of doxorubicin from the polymeric micelles and
encapsulation efficiency
The release of DOX from the micelles at 37 oC was followed by diluting the
micellar dispersions 10-fold either with an ammonium acetate 120 mM pH 5
buffer or a HEPES 300 mM pH 7.4 buffer (total volume was 1 mL). At regular
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time points, samples of 50 ȝL were taken and the concentration of DOX was
determined by HPLC as described in section 2.5. For the determination of
doxorubicin loading efficiency, the concentration (ȝg/mL) of the total DOX
present in the formulations (DOXtot) was measured after the entire drug payload
was released at pH 5 (around 28 hours), and the concentration (ȝg/mL) of nonbound monomeric DOX-MA (as described in section 2.5, converted to DOX
equivalents, i.e. DOXfree) was measured at t0. From these numbers, the
concentration of DOX linked to the micellar core (DOXbound) was calculated by
DOXbound = DOXtot – DOXfree. The encapsulation efficiency was calculated as
the % w/w ratio of DOXbound to the added amount of DOX.

2.7. Dynamic light scattering
The average size and size distributions of the micelles were determined
using dynamic light scattering (DLS) using a Malvern CGS-3 multiangle
goniometer (Malvern Ltd., Malvern, U.K., with a JDS Uniphase 22mW He-Ne
laser operating at 632 nm, an optical fiber-based detector and a digital LV/LSE5003 correlator). Autocorrelation functions were analyzed by the cumulants
method (fitting a single exponential to the correlation function to obtain the
mean size and the PDI) and the CONTIN routine (fitting a multiple exponential
to the correlation function to obtain the distribution of particle sizes). All
measurements were performed at a 90° angle.

2.8. Cell line and culture conditions
Human head and neck squamous carcinoma cells UM-SCC-14C
(abbreviated as 14C, developed by Dr. T.E. Carey, Ann Arbor, MI, USA 47)
were cultured in Dulbecco's Modified Eagle's medium (DMEM, Invitrogen,
Breda, the Netherlands) containing L-glutamine (2 mM), 7.5% (v/v) foetal
bovine serum, penicillin (100 IU/mL) and streptomycin (100 ȝg/mL), at 37 oC
in a humidified atmosphere containing 5% CO2.

2.9. Cytotoxicity experiments
To determine the cytotoxicity of DOX, DOX-MA and micellar DOX with or
without nanobody, 14C cells (5 × 103 cells/well) were seeded into 96-well
plates and cultured overnight at 37 °C at a 5% CO2 humidified atmosphere.
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Next, the cells were incubated with dilutions of the samples in quadruplicates
(prepared in HEPES buffer 5 mM, pH 7.4 as described in sections 2.3 and 2.4)
either continuously for 72 hours, or for 4 hours followed by replacement of the
medium with sample-free medium and further incubation for 68 hours. The
viability of the adhered cells was determined using a WST-1 assay (Cell
Proliferation Reagent WST-1, Roche Diagnostics GmbH, Roche Applied
Science, Mannheim, Germany).

2.10. In vivo therapeutic efficacy
Male athymic Balb/c nude mice (Charles River International Laboratories,
Inc) were caged under standard conditions in different groups as depicted in
table 1. 14C cells were cultured as described in section 2.8 and 1 × 106 cells
(dispersed in 100 ȝL) were injected subcutaneously into the right flank of each
mouse. Tumors were measured every second day using a digital caliper. The
volume (V, in mm3) was calculated with the formula V=ʌ/6×L×S2, where L is
the largest, and S the smallest superficial diameter. When tumors reached
approximately 100–200 mm3 (about 2 weeks after inoculation; considered as
day 0), mice were injected intravenously via the tail vein with the formulations.
DOX-MA micelles dispersed in HEPES 180 mM pH 7.4 buffer were prepared
as described in section 2.3 and concentrated to obtain the required dose (3 and 9
mg DOX/kg). EGa1 decorated DOX-MA and empty micelles were prepared as
described in section 2.4 and washed with 180 mM HEPES buffer pH 7.4 and
equally concentrated (to reach final EGa1 nanobody dose 4 mg/kg). The
different formulations were injected every three days for a total of 4 injections
for the high dose groups (groups 3 and 5, table 1) and 5 injections for the other
groups. The injection volume was 5 mL/kg (around 100 ȝL per mouse). The
tumor size and the body weight of the mice were monitored and the animals
were checked for possible signs of toxicity. When the tumors reached the
human end point (1500 mm3), the mice were sacrificed using cervical
dislocation.
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Group
1
2
3
4
5
6
7

Treatment
Free doxorubicin
DOX-MA micelles low dose
DOX-MA micelles high dose
EGa1 DOX-MA micelles low dose
EGa1 DOX-MA micelles high dose
Empty EGa1 micelles
PBS

Dose
5x3 mg DOX/kg
5x3 mg DOX/kg
4x9 mg DOX/kg
5x3 mg DOX/kg
4x9 mg DOX/kg
5x300 mg polymer/kg*
5x100 ȝL

Table 1. Groups of Balb/c mice (6 mice each) bearing s.c. 14C tumors used in
the therapeutic efficacy study and the treatments they received. Administration
was started at the day when tumors reached a size of 100-200 mm3 and then
repeated every three days (EGa1 nanobody dose 4 mg/kg).
* Polymer dose equal to the one of the group treated with the high dose of
DOX-MA micelles.

2.11. In vivo circulation kinetics of DOX-MA micelles and free
doxorubicin
Male athymic Balb/c nude mice (weight 20-25 g) were separated in groups
(4 mice per group) as depicted in table 2 and injected intravenously with free
DOX (3 mg DOX/kg), DOX-MA micelles (3 mg DOX/kg) and EGa1 DOXMA micelles (3 mg DOX/kg, 4 mg EGa1/kg). Blood samples were taken via
cheek puncture 30 min, 1 hour, 4 hours, 8 hours, 24 hours and 48 hours post
injection and collected in EDTA tubes. Plasma was collected by centrifugation
for 5 minutes at 3000 rpm.
For the determination of doxorubicin in the plasma, 20 ȝL of plasma was
diluted with 20 ȝL of 250 mM ammonium acetate buffer pH 5 and incubated
for 28 hours at 37 oC to quantitatively release micelle-bound doxorubicin. Next,
proteins were precipitated by addition of 80 ȝL of ACN and the samples were
centrifuged for 2 minutes at 12000 rpm. Finally, 60 ȝL of the supernatant was
mixed with 60 ȝL of 250 mM ammonium acetate pH 5 buffer. The doxorubicin
content of the plasma extracts was measured using gradient HPLC
chromatography equipped with a C18 Sunfire column and 20 mM potassium
phosphate buffer pH 3 with 5% acetonitrile as eluent A and 100% acetonitrile as
eluent B (75% A for 5.5 minutes, then decreasing to 10% A in 4.5 minutes, and
finally 75% A for 10 minutes). The injection volume was 50 ȝL and the run
time 20 minutes. The determination was performed using fluorescence detection
at 480 nm excitation and 560 nm emission. A calibration curve was obtained
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using DOX (0.03-40 ȝg/mL) standards prepared in a mixture of ammonium
acetate 120 mM pH 5 with ACN 2:1 (v/v). All measurements were performed at
4 oC.
Group
1A
1B
2A
2B
3A
3B

Treatment
Free doxorubicin
Free doxorubicin
DOX-MA micelles
DOX-MA micelles
EGa1 DOX-MA micelles
EGa1 DOX-MA micelles

Blood sampling
30 min, 4 h, 24 h
1 h, 8 h, 48 h
30 min, 4 h, 24 h
1 h, 8 h, 48 h
30 min, 4 h, 24 h
1 h, 8 h, 48 h

Table 2. Groups of Balb/c mice (4 mice each) used for the pharmacokinetic
study, the treatments they received (single injection, 3 mg DOX/kg) and the
time intervals of blood sampling.
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3. Results and discussion
3.1. Synthesis and methacrylation of block copolymers
mPEG-b-p(HPMAmLac1-co-HPMAmLac2)
and
PDP-PEG-bp(HPMAmLac1-co-HPMAmLac2) block copolymers were obtained by radical
polymerization using a (mPEG)2ABCPA or (PDP-PEG)2ABCPA macroinitiator
respectively as described before 41 and obtained in good yields (70-80%). The
HPMAmLac1/HPMAmLac2 comonomer composition was determined by 1H
NMR and was 50:50 for both mPEG and PDP-PEG block copolymers , which is
close to the feed ratio (48:52). The Mn of the block copolymers as determined
by NMR was around 20 kg/mol and the Mw (from GPC analysis) was ca. 35
kg/mol with a PDI of ca. 1.8, which is normal for this type of free radical
polymerization. The critical micelle temperature (CMT) of the polymers was 30
o
C, which is in good agreement with previous data 37. Next, part of the lactate
groups of the block copolymers was derivatized with methacrylate groups using
methacrylic anhydride as reactant and DMAP as catalyst. The percentage of OH
groups in the polymer derivatized with methacrylate groups was 10% (NMR
analysis), and GPC analysis of the methacrylated block copolymer displayed
equal molecular weights as the non-methacrylated block copolymer. In
agreement with previous results 37, the methacrylation decreased the CMT of
the block copolymers to 4oC due to the increase in the hydrophobicity of the
thermosensitive block.

3.2. Micelle formation, covalent entrapment of DOX-MA and release
of doxorubicin
The (covalent) encapsulation efficiency of both mPEG-b-pHPMAmLacn and
(PDP-PEG/mPEG)-b-pHPMAmLacn DOX-MA micelles was 30-35% (w/w),
while the non-covalently entrapped drug derivative was <5% of the
encapsulated drug. The size of mPEG-b-pHPMAmLacn DOX-MA micelles was
68 nm (PDI around 0.1). The drug release behavior of the micelles was
investigated at pH 5 and pH 7.4 at 37 oC. It was demonstrated (figure 1) that
mPEG-b-pHPMAmLacn micelles released their entire drug payload after
approximately 24 hours incubation at pH 5 and 37 oC, while less than 10% of
DOX was released after 24 hours at pH 7.4, which is in agreement with
previously published data 37. As was demonstrated before37, the release of DOX
from DOX-MA micelles (complete release after 24 hours at pH 5) was slower
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than the conversion of free DOX-MA to DOX in the same conditions (full
conversion after 5 hours at pH 5 and 37oC, data not shown) demonstrating that
DOX-MA is present in the hydrophobic micellar core, where the water activity
is lower 34, therefore slowing down the process of the hydrolysis of the
hydrazone bond.
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Figure 1. Release (37 oC) of DOX from mPEG-b-pHPMAmLacn crosslinked
micelles at pH 5 (continuous line, Ŷ) and pH 7.4 (continuous line, ) and from
EGa1 decorated (PDP-PEG/mPEG)-b-pHPMAmLacn crosslinked micelles at
pH 5 (discontinuous line, Ÿ) and pH 7.4 (discontinuous line, ).

̷

3.3. Nanobody coupling to DOX-MA loaded or empty (PDPPEG/mPEG)-b-pHPMAmLacn micelles
The EGa1 nanobody coupling on the surface of empty or DOX-MA loaded
(PDP-PEG/mPEG)-b-pHPMAmLacn micelles was confirmed by dot blot
analysis after purification with ultrafiltration (cut-off 100 kDa) to remove
unreacted nanobody. In our previous publication we demonstrated that when a
physical mixture of unmodified mPEG-b-pHPMAmLacn micelles with SATAmodified nanobody was washed using ultrafiltration, no protein was detected 41,
which demonstrated that when nanobody is detected by dot blot after
ultrafiltration, it is covalently coupled to the micelles. As observed in the dot
blot of the nanobody (figure 2A, equal concentration as was used for the
nanobody micelles), the protein signal appeared black after chemiluminescent
visualization. As it was also observed in our previous publication 41, empty
EGa1 micelles showed a clear protein signal (figure 2B). The intensity of the
dot of the free nanobody (figure 2A) was almost equal to the one of micellenanobody conjugate (figure 2B; corrected for background) and it was therefore
concluded that the conjugation was almost quantitative. DOX-MA loaded
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micelles devoid of nanobody showed no protein signal, but an interference of
the doxorubicin fluorescence with the chemiluminescent visualization was
observed (appearing as a white spot, figure 2C). On the contrary, a black protein
signal (combined with the doxorubicin signal interference) was observed for
EGa1 micelles with covalently bound DOX (figure 2D), demonstrating that the
EGa1 nanobody was coupled to the surface of DOX-MA micelles and that the
loading of the core with doxorubicin did not interfere with the nanobody
conjugation.

(A)

(B)

(C)*

(D)*

Figure 2. Dot blot of free EGa1 nanobody (A), EGa1 empty (PDPPEG/mPEG)-b-pHPMAmLacn polymeric micelles (B), DOX-MA mPEG-bpHPMAmLacn polymeric micelles (C) and EGa1 DOX-MA (PDPPEG/mPEG)-b-pHPMAmLacn polymeric micelles (D).
* The white core in figures S1C and S1D is caused by the interference of the
doxorubicin fluorescence with the chemiluminescent detection.

For the in vitro and in vivo applications of these formulations, it was
investigated whether the physicochemical characteristics of DOX-MA micelles
with or without nanobody were similar. Therefore, the micelles were tested for
size and release behavior differences. DOX-MA mPEG-b-pHPMAmLacn
micelles with and without EGa1 nanobody had both a uniform size distribution
with an average diameter of around 70 nm, (PDI~0.1), which was slightly
bigger than empty EGa1 (PDP-PEG/mPEG)-b-pHPMAmLacn micelles (Zave
62 nm). Therefore, the partial coupling of the small nanobody moiety (15 kDa)
had no measurable effect on the size of the micelles, while the loading of DOXMA slightly increased it, both observations being in agreement with previous
data 37, 41. In addition, it is expected that the surface charge of the both targeted
and untargeted micelles will be the same, as the micelles as well as the
nanobody are neutral at physiological pH (pI of EGa1 nanobody is 7.18, as
calculated from its sequence).
The drug release profile of EGa1 decorated DOX-MA (PDP-PEG/mPEG)-bpHPMAmLacn micelles was also investigated after incubation of the micelles at
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pH 5 or pH 7.4 and 37 oC and was found to be similar to that of untargeted
DOX-MA micelles (figure 1). For both formulations, complete release of
doxorubicin was observed after 24 hours incubation at pH 5 and 37 oC, while
less than 10% was released at pH 7.4 and 37 oC. Therefore, the coupling of the
nanobody on the surface of the micelles did not affect the size, charge and
release behavior of the particles.

3.4. In vitro cytotoxicity
The cytotoxicity of free DOX, free DOX-MA, and the different micellar
formulations was studied using 14C cells. Cells were incubated either
continuously for 72 hours with the different doxorubicin formulations, or for 4
hours followed by refreshment of the medium and further incubation for 68
hours. The results of the cytotoxicity experiment expressed as doxorubicin
concentration (ȝg/mL) required for 50% of inhibition of cell viability (EC50)
are shown in table 3. 14C cells incubated with empty nanobody-modified
micelles (containing the same amount of polymer and nanobody as drug loaded
micelles) showed more than 80% cell viability.
Treatment

EC50 (ȝg/mL DOX)
72h

EC50 (ȝg/mL DOX)
4h+68h

Free DOX

0.090±0.004

0.35±0.08

Free DOX-MA

1.40±0.02

5.0±0.6

DOX-MA micelles

0.50±0.06

1.7±0.1

EGa1 DOX-MA micelles

0.52±0.12

0.96±0.10

EGa1 empty micelles*

>80% viability

>80% viability

Table 3. Concentration (ȝg/mL) required for 50% of inhibition of viability
(EC50) of 14C cells induced by free doxorubicin, free DOX-MA, DOX-MA
micelles, and EGa1 DOX-MA or empty EGa1 micelles after continuous
incubation for 72 h or after incubation with the samples for 4h followed by
replacement of the medium with sample-free medium and then incubation for
68 hours.
* polymer concentration 60 mg/mL, nanobody concentration 0.8 mg/mL
When the cells were incubated continuously for 72 hours with several
formulations of DOX a similar behavior as before was observed 37. Doxorubicin
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demonstrated the highest cytotoxicity (EC50 of 0.09 ȝg/mL) while DOX-MA
was shown to be substantially less cytostatic (EC50 of 1.4 ȝg/mL). It is known
that doxorubicin penetrates the cellular membrane by passive diffusion and
accumulates in the nucleus, where it induces apoptosis of cancer cells 48, 49.
DOX-MA as a rather small molecule is expected to be taken up via the same
mechanism, therefore ending up in the cytoplasm. In the neutral environment
there, as demonstrated in section 3.2, it hardly releases doxorubicin (less than
10% in 24 hours), which explains the lower cytotoxicity compared to DOX. As
we previously observed for B16F10 and OVCAR cells37, DOX-MA micelles
showed higher cytotoxicity than free DOX-MA. Nanoparticles are known to be
taken up by cells by endocytosis, by which they accumulate in the endosomes 50,
51
, in the acidic environment of which active doxorubicin can be released (as
shown in figure 1), explaining the higher cytotoxicity observed for the micelles
compared to DOX-MA. However, no significant difference was observed
between targeted and untargeted DOX-MA micelles when the formulations
were incubated for 72 hours with the cells. This can be explained by the fact
that most probably in this time frame also untargeted micelles are taken up by
the cells at the same extent as the targeted ones.
We showed in a previous study that rhodamine labeled nanobody micelles
demonstrate significantly increased uptake after 4 hours incubation with 14C
cells compared to labeled micelles without nanobody 41. Therefore, a
cytotoxicity experiment was performed in which the cells were incubated for 4
hours, followed by refreshment of the medium and further incubation for 68
hours. In that case, lower cytotoxicity for all formulations was observed (higher
EC50 values, table 3), which can be explained by the lower extent of uptake
after 4 hours compared to 72 hours. However, the same trend as for the
continuous incubation was observed, thus the DOX-MA micelles showed EC50
value between that of the active drug and the prodrug. Importantly, the
nanobody-modified DOX-MA micelles now showed increased cytotoxicity
(EC50 was 0.96 ȝg/mL) compared to untargeted DOX-MA micelles without
nanobody (EC50 was 1.7 ȝg/mL). This points out that nanobody micelles are
taken up to a higher extent by cells compared to untargeted micelles, as was
also demonstrated in our previous publication for rhodamine-labeled nanobody
micelles 41.

3.5. In vivo therapeutic efficacy
DOX-MA mPEG-b-pHPMAmLacn micelles, EGa1 DOX-MA (PDPPEG/mPEG)-b-pHPMAmLacn micelles, and empty EGa1 (PDP-PEG/mPEG)149
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Tumor volume (mm3)

b-pHPMAmLacn micelles were prepared as described in sections 2.3 and 2.4
and injected in mice bearing 14C tumors (dosing schedule is given in Table 1)
as described in section 2.10. The doses used were 3 mg DOX/kg (close to the
MTD of DOX 52) and 9 mg DOX/kg. The results are shown in figures 3-6 and
in table 4.
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Figure 3. Mean tumor volumes observed in mice bearing 14C tumors after i.v.
administration of PBS, empty EGa1 (PDP-PEG/mPEG)-b-pHPMAmLacn
micelles, free doxorubicin (3 mg/kg), mPEG-b-pHPMAmLacn micelles with
covalently bound DOX (3 mg/kg) and EGa1 modified (PDP-PEG/mPEG)-bpHPMAmLacn micelles with covalently bound DOX (3 mg/kg). Each group of
mice was treated every 3 days for a total of 5 injections (represented by the
arrows). For all pairs of treatment the P value was less than 0.01 (one-way
ANOVA of the non linear fit of the tumor volume with a Bonferroni post test).
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Figure 4. Survival of mice bearing 14C tumors after administration of PBS,
empty EGa1 (PDP-PEG/mPEG)-b-pHPMAmLacn micelles, free doxorubicin (3
mg/kg), mPEG-b-pHPMAmLacn micelles with covalently bound DOX (3
mg/kg) and EGa1 modified (PDP-PEG/mPEG)-b-pHPMAmLacn micelles with
covalently bound DOX (3 mg/kg). Each group of mice was treated every 3 days
for a total of 5 injections.
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As shown in figures 3 and 4, mice treated with DOX-MA micelles and free
DOX at a dose of 5x3 mg DOX/kg showed significantly decreased tumor
growth and prolonged survival compared to control animals that only received
PBS. Mice treated with free DOX developed local signs of toxicity at the site of
injection (wounded tails and erythema), which is in agreement with
observations reported in literature 53, 54. Importantly, no signs of toxicity and no
body weight loss was observed in the case of animals treated with empty or
DOX-MA micelles. DOX-MA micelles showed significantly increased
antitumor effect compared to mice that received PBS (tumor size of treated
versus control mice (T/C) at day 12 was 41%, table 4) and the free drug, as well
as increased survival rates compared to PBS (T/C median survival 129%). This
behavior is similar to what was demonstrated for the same formulation in
B16F10 tumor bearing mice 37. Previously, it has been demonstrated that corecrosslinked micelles display prolonged blood circulation and enhanced tumor
accumulation (>50% of the injected dose was still in the circulation 6 h post
injection) after i.v. injection in tumor bearing mice 35, while for free DOX, the
half time is less than 10 min 56. This prolonged circulation most probably led to
a higher amount of doxorubicin reaching the tumor site through the EPR effect,
which resulted in higher efficacy of the micellar drug compared to the free drug
upon uptake of the micelles by the tumor cells and release of DOX in the acidic
cellular organelles.

Treatment

Median
survival

% T/C
median
survival

% T/C tumor
volume day
12

Free doxorubicin

28

117

64

DOX-MA micelles low dose

31

129

41

DOX-MA micelles high dose

34

142

31

EGa1 DOX-MA micelles low dose

37

154

30

EGa1 DOX-MA micelles high dose

52.5

219

15

Empty EGa1 micelles

26.5

110

55

PBS

24

-

-

Table 4. Overall results of the in vivo therapeutic efficacy study. % T/C
represents the ratio of treated to control (PBS) group.
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Interestingly, EGa1 micelles without DOX also showed increased tumor
growth inhibition compared to PBS treated mice (figure 3). The EGa1
nanobody is an EGFR antagonist that competes with EGF for binding to the
receptor 43. In a previous study it has been demonstrated that EGa1 nanobodydecorated liposomes caused decreased EGFR tumor levels in vivo after i.v.
administration to 14C tumor-bearing mice which however did not translate into
tumor growth inhibition 43. In the present study, we injected a higher dose of
EGa1 nanobody (4 mg/kg instead of 2 mg/kg), which might explain the
antitumor effect observed.
Importantly, treatment with EGa1 DOX-MA micelles showed significantly
increased therapeutic efficacy compared to treatment with untargeted DOX-MA
micelles, as well as increased survival (figures 3 and 4, and also table 4). This
finding is in agreement with our in vitro cytotoxicity experiment (table 3) and
might be due to the increased uptake of the nanobody-targeted micelles that was
demonstrated before 41. In addition, it is very likely that the increased in vivo
efficacy observed is due to a synergistic effect of the antitumor activity of DOX
in the micelles, in combination with the intrinsic efficacy of the nanobody on
the micelles (as observed for empty nanobody micelles, see above), resulting
from EGFR down-regulation and/or competition with EGF 43. Overall, the
combination of an encapsulated cytostatic agent within the micelles with an
EGFR-targeted nanobody with intrinsic anticancer activity seems to enhance the
therapeutic efficacy.
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Figure 5. Mean tumor volumes observed in mice bearing 14C tumors after
administration of PBS, mPEG-b-pHPMAmLacn micelles with covalently bound
DOX (9 mg/kg) and EGa1 modified (PDP-PEG/mPEG)-b-pHPMAmLacn
micelles with covalently bound DOX (9 mg/kg). Each group of mice was
treated every 3 days for a total of 4 injections (represented by the arrows). For
all pairs of treatment the P value was less than 0.01 (one-way ANOVA of the
non linear fit of the tumor volume with a Bonferroni post test).
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Mice were also treated with DOX-MA micelles with or without nanobody
at a higher doxorubicin dose (4x9 mg DOX/kg) which is above the maximum
tolerated dose of doxorubicin. In the case of DOX-MA polymeric micelles,
signs of toxicity were observed at the site of injection, but no body weight loss
or discomfort of the mice were observed. Mice injected with a high dose of
EGa1 DOX-MA micelles also showed no discomfort, but 20% of body weight
loss was observed in 5 out of 6 mice. However, these mice regained their body
weight after the end of the treatment and no side effects were observed until the
end of the study. The reasons for this body weight loss still need to be
investigated. The therapeutic efficacy and survival results are shown in figures
5 and 6. Generally, for the groups injected with a high DOX dose almost
complete tumor growth inhibition was observed for at least 17 days (i.e. 8 days
after the last injection, figure 5). Specifically the group treated with a high dose
of EGa1 DOX-MA micelles showed a remarkably prolonged survival which
was higher than all the other groups, (220% increased survival compared to
untreated mice), as well as the most increased anti-tumor effect (table 4, tumor
size of the treated mice was 15% of the size observed for untreated mice), again
demonstrating the benefit of nanobody targeting.
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Figure 6. Survival of mice (reaching human end point) bearing 14C tumors
after administration of PBS, mPEG-b-pHPMAmLacn micelles with covalently
bound DOX (9 mg/kg) and EGa1 modified (PDP-PEG/mPEG)-bpHPMAmLacn micelles with covalently bound DOX (9 mg/kg). Each group of
mice was treated every 3 days for a total of 4 injections.
Generally, it can be concluded that the group of mice treated with EGa1
DOX-MA micelles (high or low dose) showed the most enhanced effect of all
groups and the most prolonged survival (table 4). It is therefore demonstrated
that the nanobody coupling to the surface of the micelles had a beneficial
therapeutic effect.
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3.6. In vivo pharmacokinetics
An introductory pharmacokinetic study with DOX-MA micelles, EGa1
DOX-MA micelles as well as free doxorubicin in healthy animals was
performed and the results are shown in figure 7.
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Figure 7. Plasma concentration of doxorubicin versus time after i.v. injection of
targeted and untargeted DOX-MA micelles and of free DOX.

As has been observed before 55, 56, the blood levels of DOX after
administration of the free drug were very low (less than 0.1 ȝg/mL 4 hours after
administration, figure 7). On the contrary, in the case of i.v. administration of
DOX-MA micelles as well as EGa1 DOX-MA micelles, a substantial increase
in the DOX concentration in plasma was observed which predestinates the
increased antitumor efficacy demonstrated (figure 7). It was observed that
slightly more DOX was in the circulation in the case of EGa1 DOX-MA
micelles (figure 7) than DOX-MA micelles without EGa1. This result was quite
unexpected, and we plan to investigate it in more detail in future studies.
However, this observation might be among the reasons that EGa1 DOX-MA
micelles demonstrated higher efficacy that the untargeted micelles. Importantly,
when blood samples were taken from the mice of the efficacy study (section
3.5) 24 hours after the first injection, similar values were obtained, indicating
that healthy and tumor-bearing mice show the same pharmacokinetic profile. In
addition, it has to be stressed that more than 90% of the DOX measured in the
blood was in the form of polymer-bound DOX, demonstrating that the
hydrazone linker remained stable in the circulation, confirming our in vitro
release data. Therefore it can be assumed that in the case of DOX-MA micelles
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(with or without EGa1), doxorubicin circulated long in the blood stream in the
form of micelle bound DOX, and was only released from the micelles upon
arrival to the tumor tissue through the EPR effect, resulting in the increased
therapeutic effect that was observed. Lastly, when these results are translated
into percentage of injected dose it is revealed that only around 10% of the
injected dose was measured in the blood samples, but this is further discussed in
the future perspectives section (chapter 9) of this book.
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Conclusions
An EGFR targeted nanobody was coupled to the surface of (PDP-PEG/mPEG)b-pHPMAmLacn polymeric micelles containing doxorubicin coupled to their
core through a hydrolytically sensitive hydrazone spacer. The micelles with or
without nanobody were shown to have a size of around 70 nm and to release
their entire drug payload within 24 hours incubation at pH 5 and 37 oC
(mimicking the pH of endosomes) but showed only minimal release (less than
10%) at pH 7.4 and 37 oC after 24 hours (mimicking the pH of the circulation).
Actively targeted DOX-MA micelles showed increased in vitro cytostatic
activity compared to untargeted DOX-MA micelles which was attributed to
increased cellular binding and uptake by the EGF receptor. Importantly,
nanobody DOX-MA micelles have shown increased in vivo antitumor efficacy
and survival compared to free DOX and to untargeted DOX-MA micelles,
resulting in enhanced tumor growth inhibition and 220% increase of survival of
mice treated with nanobody DOX-MA micelles compared to the control PBS
group. The increased effect of EGa1 nanobody DOX-MA micelles was
attributed to their enhanced cellular uptake, but also to the intrinsic therapeutic
activity that was demonstrated by empty nanobody micelles, through most
probably, down-regulation of EGFR. Therefore it can be concluded that the
combination of two therapeutic strategies in one system, i.e. the cytostatic
activity of doxorubicin with the intrinsic antitumor activity of the empty
nanobody micelles is a novel and highly promising strategy towards the
development of an effective anticancer therapeutic, especially because the
epidermal growth factor receptor (EGFR) is a recognized target for therapy of
many human epithelial tumors43, 57.
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Abstract
Doxorubicin is an anthracycline anticancer agent that is commonly used in the
treatment of a variety of cancers, but its application is associated with severe
side effects. Biodegradable and thermosensitive polymeric micelles based on
poly (ethylene glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-lactate]
(mPEG-b-pHPMAmLacn) have been studied as delivery systems for therapeutic
and imaging agents and have shown promising in vitro and in vivo results. The
purpose of this study was to investigate the covalent coupling of a doxorubicinglucuronide prodrug (DOX-propGA3) to the core of mPEG-b-pHPMAmLac2
micelles. This prodrug is specifically activated by human ȕ-glucuronidase, an
enzyme that is over-expressed in necrotic tumor areas. An azide modified block
copolymer (mPEG5000-b-p(HPMAmLac2-co-AzEMA)) was synthesized and
characterized, and DOX-propGA3 was coupled to the polymer via click
chemistry with a high (95%) coupling efficiency. Micelles formed by this DOX
containing polymer were small (50 nm) and released 40% of the drug payload
after 5 days incubation at 37 oC in the presence of ȕ-glucuronidase, but less than
5% in the absence of the enzyme. In vitro cytotoxicity experiments
demonstrated that DOX-MA micelles incubated with 14C cells showed
cytotoxicity (the same as free DOX) only in the presence of ȕ-glucuronidase,
indicating full conversion of the polymer-bound DOX into free DOX. Overall,
this novel system is very promising for stimuli (enzymatically) responsive
anticancer therapy.
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1. Introduction
Doxorubicin (or adriamycin) is an anthracycline cytotoxic anticancer agent
that is commonly used in the treatment of a variety of cancers 1. Its activity is
based on the induction of cell death through interaction with DNA by
intercalation, a mechanism which primarily kills rapidly dividing cells, but is
not selective to cancer cells 2. Therefore, the clinical use of doxorubicin is
associated with several side effects, the most important being cardiomyopathy,
which can be life-threatening, and severely limits the (cumulative) dose of the
drug that can be administered 3, 4. Tumor-selective and efficient drug delivery
systems are under investigation, that ideally mask the side effects of
doxorubicin and simultaneously increase its therapeutic efficacy 5, 6. Among the
developed systems, liposomal doxorubicin (Doxil/Caelyx) has been the most
successful and is presently used in the clinic 7, while doxorubicin formulated in
polymeric micelles has been investigated in clinical trials 8. Besides particulate
carriers, important work has also been done regarding drug-polymer conjugates,
where doxorubicin is attached to water-soluble polymers through enzymatically
or hydrolytically sensitive linkers 9-13.
Alternatively, the therapeutic index of chemotherapeutics can also be
improved by prodrugs 14, 15. A doxorubicin-glucuronide prodrug (DOX-GA3)
has been studied by Haisma et al., and very promising in vitro and in vivo
results have been obtained 16-18. This prodrug is selectively activated in tumors
by ȕ-glucuronidase, an enzyme which is released in the necrotic tumor
extracellular space 19. When DOX-GA3 was intravenously injected into
OVCAR-3 tumor-bearing mice, a 60-fold higher maximum tolerated dose than
free doxorubicin was observed. Importantly, also an increased therapeutic
efficacy was found, which was attributed to the decreased systemic toxicity of
the prodrug and the increased drug concentrations found in tumor tissue after its
administration, compared to mice treated with the parent drug 18. However,
DOX-GA3 has poor pharmacokinetics; it was completely eliminated from
systemic circulation 4 hours after i.v. injection 17. To improve its circulation
kinetics, the same group developed the more lipophilic methylester derivative
DOX-mGA3. This derivative was shown to yield DOX-GA3 after removal of
the methyl group by esterases in blood, which is subsequently converted into
DOX by activation by ȕ-glucuronidase 17. Importantly, this prodrug
demonstrated an improved circulation half life compared to DOX-GA3 17,
which was attributed to the slow release of DOX-GA3 in blood after
administration of DOX-mGA3. Therefore a better therapeutic efficacy was
expected, which has not yet been studied to date. However, as was also
concluded by de Graaf et al.17, it is expected that the DOX-mGA3 prodrug
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would be more therapeutically useful if its solubility was increased, which can
be achieved by the use of suitable drug delivery systems. Moreover, by loading
the prodrug in a suitable nanoparticulate carrier the circulation half life can be
substantially improved.
Biodegradable and thermosensitive diblock copolymers composed of
poly(ethylene
glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-lactate]
(mPEG-b-pHPMAmLacn) have been studied as micelle-forming building blocks
for the delivery of hydrophobic agents 20, 21. mPEG-b-pHPMAmLacn consists of
a permanently hydrophilic (mPEG) and a thermosensitive (pHPMAmLacn)
block, and forms polymeric micelles in aqueous solutions above the critical
micelle temperature (CMT) 22. The easy way of loading, their tunable
biodegradability, resulting from hydrolysis of the lactic acid side chains under
physiological conditions causing micelle disintegration23, 24, as well as their size
(60-80 nm, suitable for passive targeting to tumors after i.v. administration
through the EPR effect25), render these micelles very attractive systems for drug
delivery to tumors. In recent studies, they have been successfully used to
solubilize the cytostatic drug paclitaxel, the photosensitizer Si(sol)2Pc and an
MRI contrast agent 26-28. Importantly, core-crosslinking of these micelles
resulted in remarkably improved circulation kinetics and consequently in
substantially enhanced EPR-mediated drug targeting to tumors 29. In a recent
study, we showed that when a doxorubicin derivative was coupled to the
crosslinked core of mPEG-b-pHPMAmLacn micelles through a pH-sensitive
hydrolytically degradable linker and the formulation was intravenously injected
into tumor-bearing mice, an increased antitumor effect and prolonged survival
of the animals as compared to free doxorubicin was observed, with no side
effects 30. This increased efficacy was attributed to the hypothesis that upon
injection of micelles with covalently bound DOX, a higher amount of the
anticancer agent reached the tumor, compared to i.v. injection of the free drug.
Active targeting of mPEG-b-pHPMAmLacn polymeric micelles has also
recently been demonstrated, via the conjugation of an anti-EGFR nanobody on
their surface, resulting in increased cellular binding and uptake 31.
The purpose of this study was to investigate the covalent coupling of a
doxorubicin-glucuronide prodrug to the core of mPEG-b-pHPMAmLac2
micelles. To this end, an azide modified block copolymer (mPEG5000-bp(HPMAmLac2-co-AzEMA)) was synthesized (schemes 1 and 2) and a
propargyl derivative of DOX-mGA3 (DOX-propGA3) was coupled to it via
click chemistry (scheme 3), a synthetic methodology that has been receiving
great attention in the pharmaceutical field during the past years, due to its high
efficiency and selectivity32-35. The obtained polymers were characterized for
coupling efficiency and critical micelle concentration. It was demonstrated that
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DOX-propGA3 could be coupled in high yields (95%) and the polymers
obtained were able to form micelles at low concentrations. Next, micelles of
these block copolymers were prepared, and characterized for size and release of
doxorubicin both in the presence and absence of human ȕ-glucuronidase.
Lastly, the cytotoxicity of these micelles against UM-SCC-14C cells in the
absence and presence of human ȕ-glucuronidase was examined and compared
to that of DOX-propGA3, DOX-GA3 and free DOX.

Scheme 1. Two step synthesis of 2-azidoethyl methacrylate (AzEMA) by
conversion of 2-bromoethanol to 2-azidoethanol (A) and subsequent
methacrylation using methacryloyl chloride (B).

Scheme 2. Synthesis of mPEG5000-b-p(HPMAmLac2-co-AzEMA) block
copolymer using free radical polymerization using mPEG2ABCPA
macroinitiator and HPMAmLac2 and AzEMA as monomers.

Scheme 3. Click reaction between mPEG5000-b-p(HPMAmLac2-r-AzEMA)
block copolymer and DOX-propGA3.
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2. Materials and methods
2.1. General
Acetonitrile, dichloromethane, diethyl ether (Et2O) and dimethylformamide
(DMF) were purchased from Biosolve Ltd. (Valkenswaard, the Netherlands).
HPMAmLac2 was obtained from Syncom BV, Groningen, the Netherlands. The
mPEG2-ABCPA macroinitiator was synthesized as reported previously 21. 2bromoethanol, copper bromide (CuBr), copper sulfate (CuSO4), hydroquinone
monomethyl ether (MEHQ), methacryloyl chloride, sodium ascorbate, sodium
azide and triethylamine were purchased from Sigma-Aldrich Co. (Zwijndrecht,
the Netherlands). ȕ-glucuronidase from bovine liver (type B-10, ~10000
units/mg solid) was purchased from Sigma-Aldrich Co. (Steinheim, Germany).
1
H-NMR spectra were recorded using a Gemini 300 MHz spectrometer. FT-IR
spectra of lyophilized samples were acquired using KBr pellets with a Bio-Rad
FTS6000 (BIO-RAD, Cambridge, MA) system, by accumulating 512 scans per
spectrum at a data point resolution of 2 cm-1. GPC analysis was performed using
a Waters 2695 controller equipped with a RI (for the detection of the polymer)
and a UV (480 nm, for the detection of doxorubicin) detector. Separation was
performed using a PLgel MIXED-D column (Polymer Laboratories) at 40 °C
and DMF (with 10 mM LiCl) as the mobile phase, at a flow rate of 0.7 mL/min.
The molecular weights of the polymers were determined using poly(ethylene
glycol) standards and RI detection.

2.2. Synthesis

2.2.1. Synthesis of DOX-propGA3 prodrug
DOX-propGA3 was synthesized essentially as described in
GA3 as described in 37.

36

and DOX-

2.2.2. Synthesis of 2-azidoethanol
Sodium azide (23.4 g, 360 mmol) and 2-bromoethanol (27.0 g, 216 mmol)
were dissolved in a mixture of acetone (50 mL) and water (10 mL) and refluxed
at 75 °C for 3 days. After removing acetone under vacuum, the product was 5
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times extracted with 100 mL of ethyl acetate. The organic phase was dried
using anhydrous MgSO4 and the solvent was removed under vacuum, resulting
in 10.4 g of 2-azidoethanol in the form of a slightly yellow oil (55% yield).
1
H NMR (CDCl3) į (ppm) 1.8 (OH, br), 3.4 (CH2N3, t), 3.8 (CH2OH, t).

2.2.3. Synthesis of 2-azidoethyl methacrylate (AzEMA)
2-Azidoethanol (2.0 g, 23 mmol) and triethylamine (3.8 mL, 27 mmol) were
dissolved in 40 mL dichloromethane and cooled in an ice bath. Next,
methacryloyl chloride (2.6 g, 25 mmol) dissolved in 15 mL dichloromethane
was slowly added for 20 min. The reaction was allowed to proceed for 2 h.
Next, 30 mL of a saturated NaHCO3 aqueous solution was added and the
mixture was stirred for 30 minutes in an ice bath to deactivate methacryloyl
chloride. The organic phase was washed with 30 mL of a saturated NaCl
solution once, dried using anhydrous MgSO4 and concentrated under vacuum.
The crude product was purified by flash silica gel chromatography (Acros silica
gel 60 A, 0.030-0.075 mm, Geel, Belgium) with dichloromethane as an eluent,
resulting in 2.59 g of 2-azidoethyl methacrylate (AzEMA) as a slightly yellow
oil (73% yield). The monomer was stabilized by 400 ppm of hydroquinone
monomethyl ether (MEHQ) to avoid premature polymerization and stored at 20 °C.
1
H NMR (CDCl3) į (ppm) 2.0 (CH2C(CH3)CO, s), 3.5 (CH2N3, t), 4.3
(CH2CH2N3, t), 5.6 and 6.2 (CH2C(CH3)CO, t). IR Ȟmax 2100 cm−1 (N3).

2.2.4. Synthesis of mPEG5000-b-p(HPMAmLac2-r-AzEMA)
The synthesis of azide functionalized copolymers mPEG5000-bp(HPMAmLac2-r-AzEMA) (2-20% of AzEMA)) was performed by free radical
polymerization using
HPMAmLac2 and AzEMA as monomers and
(mPEG5000)2-ABCPA as radical macroinitiator (ratio of monomer/initiator was
150:1), according to a previously published procedure 22. Briefly, the starting
materials were dissolved in anhydrous acetonitrile in airtight glass vials at a
total concentration of 300 mg/mL. After flushing with nitrogen for at least 10
minutes at room temperature, the solution was heated to 70 °C and stirred for 24
h at this temperature. Next, the formed polymers were precipitated by dropwise
addition of the solution to an excess of diethyl ether. The precipitated polymers
were isolated by centrifugation and dissolved in water, dialyzed (membrane cut169
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off 12–14 kDa) against water for at least 24 hours, and finally recovered by
freeze drying.
1
H-NMR (CDCl3): į (ppm) 6.5 (br, CONHCH2), 5.0 (br, NHCH2CH(CH3)O
and COCH(CH3)OH), 4.4 (br, COCH(CH3)OH), 4.1 (br, OCH2 of AzEMA), 3.6
(br, PEG methylene protons), 3.5 (br, CH2N3 of AzEMA), 3.4 (br,
NHCH2CH(CH3)), 2.0-0.6 (main chain protons of the HPMAmLac2 block).
The mole percentage of AzEMA (fAzEMA) in the synthesized block
copolymers was determined using 1H-NMR analysis using equation (1) and the
number average molecular weight of the thermosensitive block using equation
(2):

f AzEMA (%)

Mn

I 4.1 ppm / 2
I 4.4 ppm  I 4.1 ppm / 2

*100

( I 4.1 ppm / 2)  M w AzEMA  I 4.4 ppm  M w HPMAmLac 2
I 3.6 ppm / 448

(1)

(2)

I4.1ppm, I4.4ppm, and I3.6ppm, are the integrals of the protons at 4.1, 4.4 and 3.6 ppm
respectively, and 448 the number of protons per PEG5000 chain. To calculate the
Mn of the block copolymer, the above calculated value was added to the
molecular weight of mPEG (5000).

2.2.5. Click reaction of mPEG5000-b-p(HPMAmLac2-r-AzEMA) block
copolymer with DOX-propGA3
mPEG5000-b-p(95%HPMAmLacn-r-5%AzEMA) (30 mg) and DOXpropGA3 (6.6 mg, 2 eq to azide) were dissolved in 100 ȝL DMF. Then CuBr
(0.1-1 eq to DOX-propGA3) dissolved in 300 ȝL DMF was added. After
stirring at room temperature for 24h under nitrogen, the polymer was
precipitated in an excess of diethyl ether and collected by centrifugation and
drying under nitrogen.
The above described reaction was also performed in the presence of CuSO4
and sodium ascorbate to yield Cu+ in situ38. To this end, 5 mg of mPEG5000-bp(95%HPMAmLac2-r-5%AzEMA) and 1.1 mg of DOX-propGA3 (2 eq to
azide) were dissolved in 90 ȝL DMF. Then CuSO4 (0.1-1 eq to DOX-propGA3)
and sodium ascorbate (1 eq to CuSO4) dissolved in 10 ȝL water were added.
After stirring at room temperature for 24 h under nitrogen, the polymer was

170

Micelles with covalently bound DOX-propGA3 via click chemistry

precipitated by addition of the mixture to an excess of diethyl ether and
collected by centrifugation and drying under nitrogen.
DOX-propGA3 was also coupled to the polymer in a ratio of 1 mol of DOXpropGA3 per mol of polymer. Briefly, 50 mg of mPEG5000-p(HPMAmLacn-rAzEMA) (with 10 or 20 mole % AzEMA relative to total monomers) and 2.5
mg DOX-propGA3 (1 eq to mole of polymer, 5% w/w) were dissolved in 900
ȝL DMF. Next, CuSO4 (1 eq to DOX-propGA3) and sodium ascorbate (1 eq to
DOX-propGA3) dissolved in 100 ȝL H2O were added, and the mixture was
stirred for 48 h under a nitrogen atmosphere. Finally the synthesized polymers
were isolated by precipitation in diethyl ether, dissolved in water and dialyzed
(membrane cut-off 12–14 kDa) against water for at least 24 hours, and finally
recovered by freeze drying.

2.3. Determination of the critical micelle temperature (CMT)
The CMT of the different polymers was determined by the change in
turbidity of an aqueous solution of each polymer with temperature using a
Shimadzu UV2450 UV/VIS spectrometer, essentially as described previously39.
The polymers were dissolved in 120 mM ammonium acetate buffer (pH 5.0) at
0 °C at a concentration of 2 mg/mL. The turbidity at 650 nm was measured
every 0.2 °C during heating (1°C/min). Onsets on the X-axis, obtained by
extrapolation of the turbidity-temperature curves during heating to turbidity
zero, were considered as the CMT.

2.4. Micelle formation by rapid heating procedure
Micelles were formed via the ‘rapid heating’ procedure as described
previously40. In brief, the block copolymers were dissolved in 120 mM
ammonium acetate buffer (pH 5.0) at a concentration of 5 mg/mL at 0 °C. Next,
the solution (1 mL) was rapidly heated to 50 °C using a water bath under
vigorously shaking to form micelles.

2.5. Determination of the critical micelle concentration (CMC)
The CMC of the azide containing block copolymers before and after
conjugation of DOX-propGA3 was determined using pyrene as a fluorescent
probe 41. Micelles of the different block copolymers were formed as described
171

Chapter 7

in section 2.4. The micellar dispersions were cooled to room temperature and
subsequently diluted with 120 mM ammonium acetate buffer (pH 5.0) yielding
different polymer concentrations ranging from 10-5 to 2.5 mg/mL. Next, 5 ȝL of
pyrene dissolved in acetone (concentration 0.18 mM) was added to 0.75 mL
polymer solution. The samples were incubated overnight at room temperature in
the dark to allow equilibration. Prior to the measurements, the solutions were
incubated at 37 °C for at least 15 minutes.
Fluorescence excitation spectra of pyrene were obtained using a Horiba
Fluorolog fluorometer (90 ° angle). The excitation spectra were recorded at 37
°C from 300 to 360 nm with the emission wavelength at 390 nm. The excitation
and emission band slits were 4 and 2 nm, respectively. The intensity ratio of
I338/I333 was plotted against the polymer concentration to determine the CMC 41.

2.6. Dynamic light scattering
DLS measurements were performed using a Malvern CGS-3 multiangle
goniometer with a JDS Uniphase 22mW He-Ne laser operating at 632 nm, an
optical fiber-based detector and a digital LV/LSE-5003 correlator.
Autocorrelation functions were analyzed by the cumulants method (fitting a
single exponential to the correlation function to obtain the mean size and the
PDI) and the CONTIN routine (fitting a multiple exponential to the correlation
function to obtain the distribution of particle sizes). All measurements were
performed at a 90° angle.

2.7. Release of doxorubicin from polymeric micelles
Micelles were formed as described in section 2.4, using mPEG5000p(90%HPMAmLacn-r-10%AzEMA) containing 1 eq of DOX-propGA3 per mol
of polymer. The formation of DOX and DOX-GA3 from the micelles and also
from DOX-propGA3 was followed in time by diluting the samples with PBS
pH 7.4 containing 0.1% (w/v) bovine serum albumin (final DOX-propGA3
concentration 10 ȝg/mL, final polymer concentration 200 ȝg/mL corresponding
to 10 ȝg/mL of DOX-propGA3) followed by addition of ȕ-glucuronidase (final
enzyme concentration was 20 ȝg/mL) and incubation at 37 oC. As a control,
also samples in the same buffer were prepared, without the addition of the
enzyme. Next, samples were taken at regular time points and analyzed with
gradient HPLC chromatography, using a C18 Sunfire column and potassium
phosphate buffer pH 3 (20 mM) with 5% acetonitrile as eluent A (75-60% in 12
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minutes) and 100% acetonitrile as eluent B (25-40% in 12 minutes). The
detection was performed using fluorescence at 480 nm excitation and 560
emission. The retention time of doxorubicin was 3 minutes, of DOX-GA3 6.6
minutes and of DOX-propGA3 10 minutes. Calibration was performed by
injecting different volumes (0.3 – 50 ȝl) of a doxorubicin standard to result in a
range of 0.016-2.76 nmol of DOX. The injection volume of the unknowns was
50 ȝL and the concentrations (ȝmol/mL) of DOX and DOX-GA3 were
calculated by comparing the area under the curve of the peak at 3 and 6.6
minutes respectively, and comparing it to the doxorubicin calibration curve.

2.8. In vitro cytotoxicity
Human head and neck squamous carcinoma (HNSCC) cells UM-SCC-14C
(abbreviated as 14C, developed by Dr. T.E. Carey, Ann Arbor, MI, USA) were
seeded into 96-well plates (4 × 103 cells/well) and cultured overnight in
Dulbecco's Modified Eagle's medium (DMEM, Invitrogen, Breda, the
Netherlands) containing L-glutamine (2 mM), 7.5% (v/v) foetal bovine serum,
penicillin (100 IU/mL) and streptomycin (100 ȝg/mL) at 37 oC in a humidified
atmosphere containing 5% CO2. Next, the medium was replaced with 100 ȝL of
medium with or without ȕ-glucuronidase (20 ȝg/mL). Dilutions of samples of
DOX, DOX-GA3, DOX-propGA3 and of mPEG-b-(90%pHPMAmLac2-r10%AzEMA) micelles with covalently bound DOX-propGA3 were prepared in
HEPES buffer 5 mM, pH 7.4 to obtain final DOX concentrations 0.02-43.8 ȝȂ.
Next, the dilutions were added in quadriplicates (50 ȝL), followed by
incubation for 72 hours. The viability of the adhered cells was determined using
a WST-1 assay (Cell Proliferation Reagent WST-1, Roche Diagnostics GmbH,
Roche Applied Science, Mannheim, Germany).
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3. Results and discussion
3.1. Synthesis of 2-azidoethyl methacrylate (AzEMA)
2-azidoethyl methacrylate (AzEMA) was synthesized as shown in scheme
1, using a slightly modified previously published procedure42. In the first step,
2-bromoethanol was reacted with sodium azide and the formed compound, 2azidoethanol, was obtained in a yield of 55% after extraction in ethyl acetate.
The structure of 2-azidoethanol was confirmed by NMR analysis that showed
the shift of the methylene proton peaks of the product compared to the starting
material (2-bromoethanol) from 3.9 to 3.8 and from 3.5 to 3.4 (spectra not
shown). Next, the alcohol moiety of 2-azidoethanol was reacted with
methacryloyl chloride resulting in 2-azidoethyl methacrylate (AzEMA) which
was obtained in a yield of 73%. After methacrylation, the 3 additional peaks at
6.2, 5.6 and 1.9 ppm of the protons of the methacrylate group appeared. In
addition, the peak at 3.8 ppm of the methyl proton adjacent to the alcohol was
shifted to 4.3 ppm, indicating connection via esterification (spectra not shown).
Lastly, IR analysis of AzEMA showed the characteristic azide peak at 2100
cm−1 43, 44 (figure 2A).

3.2. Synthesis of mPEG5000-b-p(HPMAmLac2-r-AzEMA) block
copolymers
mPEG5000-b-p(HPMAmLac2-r-AzEMA) with various contents of AzEMA
(2-20 mol% relative to total monomers) were synthesized by free radical
polymerization using HPMAmLac2 and AzEMA as monomers and
mPEG2ABCPA as radical macroinitiator (scheme 2), using the same procedure
as reported previously 22. The characteristics of the synthesized polymers are
summarized in table 1. The different polymers were obtained in good yields
(64-77%) and had Mn values (calculated using 1H-NMR analysis (equation 2))
ranging from 16 to 23 kDa and Mw/Mn of around 2 (GPC analysis), which is a
normal molecular weight distribution for polymers synthesized with this type of
free radical polymerization 22. Importantly, 1H-NMR analysis of block
copolymers containing AzEMA revealed a unique resonance peak at 4.1 ppm
(figure 1B, arrow) which was not observed in the 1NMR spectrum of the block
copolymer without AzEMA (figure 1A), and is assigned to the methyl protons
at the ȕ position to the azide group. The peaks of the methyl protons adjacent to
the azide group at 3.5 ppm could not be clearly seen due to their overlap with
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the PEG peak. IR analysis also showed a peak at 2100 cm-1 characteristic for the
azide vibration 43, 45, the intensity of which increased with increasing AzEMA
content (figure 2).
(A)

7

(B)

6

5

4

3

2

1

0

7

6

ppm

5

4

3

2

1

0

ppm

Figure 1. NMR spectra in CDCl3 of (A) mPEG5000-b-pHPMAmLac2 and (B)
mPEG5000-b-p(80%HPMAmLac2-r-20%AzEMA).
4000

3500

3000

2500

2000

1500

1000

(A )
(B )
(C )

(D )

(E )

(F )

(G )

Figure 2. IR spectra of AzEMA (A) and mPEG5000-b-p(HPMAmLac2-rAzEMA) block copolymers containing 0% (B), 2% (C), 5% (D), 10% (E), 15%
(F) and 20% (G) AzEMA.
By integrating the NMR peak at 4.1 ppm, the % of mol AzEMA in the
different copolymers was calculated using equation (1) and was found to be
around 50% of the feed ratio (table 1). The critical micelle temperature of the
copolymer without azide was 6 oC which is in agreement with previous
publications 22. The CMT decreased with increasing AZEMA content,
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indicating that the incorporation of AzEMA increased the hydrophobicity of the
copolymer, as expected from the increased hydrophobicity of AzEMA (ClogP
of AzEMA is 2.31, versus -0.27 for HPMAmLac2, as calculated using the
ChemDraw Ultra 12.0 software). Micelles of mPEG-b-p(HPMAmLac2-rAzEMA) copolymers were formed by a rapid heating procedure40 and they were
small (average diameter 50-60 nm) and monodisperse (PDI <0.1).

mPEG-bp(80%HPMAmLac2-r20%AzEMA)
mPEG-bp(85%HPMAmLac2-r15%AzEMA)
mPEG-bp(90%HPMAmLac2-r10%AzEMA)
mPEG-bp(95%HPMAmLac2-r5%AzEMA)
mPEG-bp(98%HPMAmLac2-r2%AzEMA)
mPEG-bp(100%HPMAmLac2-r0%AzEMA)

mol%
AzEMA
(NMR)

Mn
(NMR,
kDa)

Mw
(GPC,
kDa)

Mn
(GPC,
kDa)

Mw/ Mn
(GPC)

CMT
(oC)

Zave
(nm)

PDI

9.7

16.8

27.5

13.1

2.1

1.8

51

0.11

6.5

17.8

27.8

13.9

2.0

3.0

51

0.11

4.6

19.4

26.4

14.9

1.8

3.6

53

0.07

2.9

20.8

24.3

12.0

2.0

4.7

54

0.10

-

21.1

25

13.7

1.8

5.2

63

0.05

-

22.4

27

15.9

1.7

5.3

61

0.04

Table 1. Characteristics of mPEG5000-b-p(HPMAmLac2-r-AzEMA)’s with
various AzEMA contents, as well as size characteristics of the micelles formed
by the rapid heating procedure40.

3.3.
Click-coupling
of
p(HPMAmLac2-r-AzEMA)

DOX-propGA3

to

mPEG5000-b-

The conjugation of DOX-propGA3 to the polymer was carried out as
depicted in scheme 3, using mPEG5000-p(HPMAmLac2-r-AzEMA) containing 5
mol % azide. CuBr as well as CuSO4/sodium ascorbate were used as catalysts
and the reaction was performed for 24h at room temperature in DMF. A ratio of
1:2 azide to alkyne was used. The reaction progress was monitored by IR (by
the decrease of the azide vibration at 2100 cm-1). When 0.1-1 eq CuBr was used
as a catalyst no conjugation was observed, as evidenced from the observation
that the intensity of the azide peak had not dropped (data not shown). Neither
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0.1 nor 0.5 eq of CuSO4 in the presence of ascorbate was sufficient to
accomplish the reaction (figures 3B and 3C). The click reaction was only
successful when the amount of CuSO4 was increased to 1 eq (relative to DOXpropGA3), as indicated by the complete disappearance of the azide peak (figure
3D). This shows that in the case of click reaction of the steric hindered
doxorubicin molecule with the bulky polymer, in situ reduction of Cu2+ by
ascorbate is required, as well as the presence of at least 1 eq of CuSO4.
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Figure 3. IR spectra of mPEG5000-b-p(95%HPMAmLac2-r-5%AzEMA) (A)
and of conjugates of mPEG5000-b-p(95%HPMAmLac2-r-5%AzEMA) with
DOX-propGA3 using azide:alkyne ratio of 1:2 and 0.1 eq (B), 0.5 eq (C) and 1
eq (D) of CuSO4 (relative to DOX-propGA3) as a catalyst, in the presence of
sodium ascorbate (1 eq to CuSO4).
However, the polymer-drug conjugate synthesized as described above lost its
thermosensitivity and was insoluble in water, most probably due to the high
amount of hydrophobic DOX-propGA3 coupled, which makes it unsuitable to
prepare micelles with the rapid-heating method (see section 2.4). Therefore,
coupling reactions were carried out using diblock copolymers containing 20%
and 10% AzEMA and 1 eq of DOX-propGA3 per mol of polymer
(corresponding to 5% w/w ratio of DOX-propGA3 to polymer), in the presence
of 1 eq CuSO4 and ascorbate (relative to doxorubicin). IR analysis showed that
the azide peak did not disappear completely, which was expected from the
excess of azide used (spectra not shown). The polymers obtained were freely
soluble in water at 0 oC and had an CMT of ~1 oC (table 2) which is slightly
lower than the CMT of the azide polymer used for derivatization (CMT of 2-3
o
C, table 2). This decrease in CMT is probably due to the increased
hydrophobicity of the polymer due to its conjugation with DOX-propGA3.
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Figure 4. GPC analysis with dual RI and UV (480 nm) detection of A) mPEGb-p(90%HPMAmLac2-r-10%AzEMA), B) DOX-propGA3, C) click conjugate
of mPEG-b-p(90%HPMAmLac2-r-10%AzEMA) with DOX-propGA3 and D)
physical mixture of mPEG-b-p(90%HPMAmLac2-r-10%AzEMA) and DOXpropGA3.
To prove convincingly that doxorubicin was covalently linked to the
polymeric backbone, GPC analysis was performed using dual UV (480 nm,
characteristic absorption for doxorubicin) and RI detection. The chromatograms
of the polymers obtained by the conjugation using the polymer with 10% azide
groups are shown in figure 4. Figure 4A shows that mPEG5000-bp(90%HPMAmLac2-r-10%AzEMA) eluted at 18 minutes (RI detection), while
no signal was observed at 480 nm. On the other hand, DOX-propGA3 eluted at
22.3 minutes (both RI and UV (480 nm) detection) (figure 4B). GPC analysis of
the conjugate showed that the majority of DOX-propGA3 eluted at 16.6
minutes (UV detection, figure 4C), which is close to the retention time of the
polymer (17.8 minutes, figure 4C; the slight shift in the signal peaks can be
attributed to the GPC system, where the RI-detector was serially attached to the
UV detector). A small peak was observed at the retention time of free DOXpropGA3 (22.3 minutes, figure 4C). From the area under the curve of the free
and coupled DOX-propGA3 peaks, it was calculated that the coupling
efficiency was 94% (table 2), indicating almost quantitative conjugation.
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Similar results were obtained when the polymer containing 20% azide was used
(table 2). When a physical mixture of polymer with DOX-propGA3 was
analyzed using GPC (22% w/w DOX-propGA3 to polymer), the peaks of the
polymer at 18 min (RI detection) and of DOX-propGA3 at 22.3 min (UV
detection) were visible, but no shift for the DOX-propGA3 peak was observed
(figure 4D), indicating that the conjugation observed was due to the covalent
coupling of DOX-propGA3 to the polymer.
To investigate whether the synthesized conjugates were still able to form
micelles, the rapid heating procedure (section 2.4) was applied and the critical
micelle concentration was determined using pyrene as a fluorescent probe. The
CMC was determined from the plot of the intensity ratio I338/I333 as a function of
polymer concentration (figure 5). A red shift was observed with increasing
polymer concentration, indicating the partitioning of pyrene in the hydrophobic
environment of the micellar core 41, 46. Azide-containing polymers had a slightly
higher CMC than the polymer without azide (table 2). This is most probably
because the azide containing polymers have a slightly lower molecular weights
(table 1) and the CMC is known to increase with decreasing molecular weight
of the core forming block 47,48.
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Figure 5. I338/I333 for pyrene as a function of concentration of conjugate of
DOX-propGA3 with mPEG-b-p(90%HPMAmLac2-r-10%AzEMA). The CMC
was calculated from the intersection of the horizontal line at low polymer
concentrations with the tangent of the curve at high polymer concentrations.
Conjugates of DOX with the azide block copolymers were shown to have a
slightly higher CMC than the corresponding azide copolymers without DOX
(table 2). This was unexpected, as these conjugates possessed lower CMTs than
the azide polymers, indicating that the thermosensitive block became more
hydrophobic upon DOX conjugation. The logP of DOX-mGA3, which is
structurally similar to DOX-propGA3, has been measured and it was found to
be 1.27 (and 0.52 for DOX) 17, which demonstrates the lipophilic nature of the
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prodrug. It has been shown previously that the CMC decreases when a more
hydrophobic block is used48. Therefore, we anticipated a lower CMC for these
DOX-conjugated polymers. The fact that we did not observe a lower CMC for
these conjugates might be due to the detection limit of the determination
method used using pyrene partition.

Polymer used

%
conjugation

CMT (oC)
(before/after
conjugation)

CMC (mg/mL)
(before/after
conjugation)

Zave
(nm)

PDI

mPEG-b-p(80%HPMAmLac2-r20%AzEMA)

95.8

1.8/0.9

0.06/0.08

48

0.06

mPEG-b-(90%pHPMAmLac2-r10%AzEMA)

94.1

3.6/0.4

0.04/0.08

51

0.07

mPEG-b-pHPMAmLac2

-

5.3/-

0.03/-

61

0.04

Table 2. Results of conjugation of mPEG5000-b-p(HPMAmLac2-r-AzEMA) to
DOX-propGA3 (1 eq DOX per polymer) using 1:1 CuSO4/ sodium ascorbate (1
eq to DOX-propGA3) as a catalyst.
Micelles formed by DOX-propGA3 conjugated polymers (10 or 20% azide
content) above their CMC were characterized for size and polydispersity using
DLS. As shown in table 2, small (50 nm) monodisperse micelles were formed
and DOX containing polymers had similar size characteristics as the
corresponding polymers without DOX (table 1), showing that the coupling of
DOX-propGA3 to the polymer backbone did not affect the size of the micelles
formed.

3.4. Release of doxorubicin from mPEG5000-b-p(HPMAmLac2-rAzEMA) micelles with conjugated DOX-propGA3
As has been shown previously, the methylester derivative of DOX-GA3
(DOX-mGA3), releases DOX in two steps: First, DOX-mGA3 is converted into
DOX-GA3 via cleavage of the methyl ester group (by hydrolysis at pH 7.4 or
by esterase activity) and next, DOX-GA3 is enzymatically converted into DOX
by ȕ-glucuronidase 17. The first step is necessary, because DOX-mGA3 is a not
a good substrate for ȕ-glucuronidase. As DOX-propGA3 differs from DOXmGA3 only by the presence of a propargyl group instead of a methyl group, the
same behavior was anticipated. The conversion of DOX-propGA3 to DOX was
studied by incubating the prodrug in PBS/0.1% BSA buffer pH 7.4 with or
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without ȕ-glucuronidase (20 ȝg/mL) and measurement using HPLC. DOXpropGA3 showed a peak in the HPLC chromatogram at 10 minutes, while the
retention time of doxorubicin was 3 minutes and of DOX-GA3 6.6 minutes.
Upon incubation of DOX-propGA3 for 24 hours at pH 7.4 (37 oC), its peak at
10 minutes shifted to 6.6 minutes (figure 6A), which demonstrates that DOXpropGA3 was quantitatively converted to the more hydrophilic DOX-GA3
derivative. On the other hand, upon incubation for 24 hours at pH 7.4 (37 oC) in
the presence of ȕ-glucuronidase, the DOX-propGA3 peak completely shifted to
3 minutes (figure 6A) which shows that the prodrug was converted into DOX.
The amount of DOX released was calculated from the peak area and compared
with the DOX content of the prodrug, and it was demonstrated that after 24
hours incubation at pH 7.4 (37 oC) in the presence of the enzyme the conversion
was almost quantitative (90%). Therefore it is concluded that upon incubation
in buffer pH 7.4 containing ȕ-glucuronidase, DOX-propGA3 is converted into
DOX-GA3, which was subsequently converted into DOX by ȕ-glucuronidase.
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Figure 6. HPLC analysis of A) DOX-propGA3 (10 ȝg/mL) and of B) micelles
with covalently bound DOX-propGA3 (200 ȝg/mL of polymer) before
incubation (0h), after 24 hours incubation in a PBS/BSA 0.1% pH 7.4 buffer
and after 24 hours incubation in a PBS/BSA 0.1% pH 7.4 buffer containing 20
ȝg/mL ȕ-glucuronidase. Doxorubicin had a retention time of 3 minutes, DOXGA3 6.6 minutes, and DOX-propGA3 10 minutes.
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HPLC analysis of the micelles with conjugated DOX-propGA3 showed no
peaks corresponding with DOX-propGA3, DOX-GA3 or DOX (figure 6B)
demonstrating again that no significant amount of unreacted DOX-propGA3
remained after conjugation and purification. Upon incubation for 24 hours at pH
7.4 (37 oC), a peak at 6.6 minutes was observed corresponding with DOX-GA3.
When the incubation was performed in the presence of ȕ-glucuronidase, this
peak shifted to 3 minutes again indicating conversion into doxorubicin (figure
6B).
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Figure 7. HPLC analysis of the release of DOX (A) and DOX-GA3 (B) from
micelles (200 ȝg/mL polymer) with covalently bound DOX-propGA3 in the
presence and absence of ȕ-glucuronidase.

Determination of the amount of DOX released from the micelles
demonstrated that after 5 days incubation in the presence of ȕ-glucuronidase
DOX was still being released from the micelles and had reached 35% of the
total content, while less than 5% release was observed in the absence of ȕglucuronidase (figure 7A). Moreover, a 10-fold higher amount of enzyme gave
no difference in release kinetics of DOX (results not shown). It has been shown
that the methylester of DOX-GA3 (DOX-mGA3) is not a good substrate for ȕglucuronidase and that conversion into DOX only occurs after hydrolysis of the
ester bond that yields DOX-GA3 17. Consequently, since a 10-fold higher
amount of enzyme did not accelerate the release, it is most likely that the
conversion of polymer-bound DOX-propGA3 to DOX-GA3 via hydrolysis is
the rate-limiting factor for the generation of DOX. To further clarify this, the
amount of DOX-GA3 released from the micelles in the absence and presence of
enzyme was also calculated. It was observed that in the absence of ȕglucuronidase the area under the curve of the DOX-GA3 peak (6.6 minutes)
increased in time and reached 40% of the total content after 5 days (figure 7B),
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demonstrating that in the absence of enzyme DOX-GA3 was released from the
micelles with no conversion to DOX. The rate of DOX-GA3 formation in the
absence of enzyme (7B) was similar to the rate of DOX formation in the
presence of enzyme (figure 7A) indicating that once DOX-GA3 is produced it is
directly converted into DOX by the enzyme. These observations confirm the
hypothesis that the hydrolysis of the ester bond to convert polymer-bound
DOX-propGA3 to free DOX-GA3 is the limiting factor for the DOX
generation. Likely, the generation of DOX-GA3 from polymer-bound DOXpropGA3 is slower than from free DOX-propGA3 because the water activity in
the hydrophobic core of the micelles is lower than in bulk, and therefore the
hydrolysis process slows down 23. Besides, the hydrolysis of the ester bond
might be slower due to the increased steric hindrance caused by its close
proximity to the polymer backbone.

3.5. In vitro cytotoxicity
The cytotoxicity of DOX, DOX-GA3, DOX-propGA3, and micelles
(prepared using mPEG-b-(90%pHPMAmLac2-r-10%AzEMA)) with covalently
bound DOX-propGA3, against 14C cells was investigated both in the presence
and absence of ȕ-glucuronidase (Figure 8 and table 3). Micelles without DOX
showed no cytotoxicity (data not shown), which is in line with previous results
27, 30
. As expected, DOX showed the highest cytotoxicity (EC50 of 0.10 ȝM;
Table 3 and figure 8A). In the presence of ȕ-glucuronidase approximately the
same cytotoxicity was observed (figure 8A; EC50 of 0.16 ȝȂ, table 3),
demonstrating that the enzyme does not affect the cytotoxic effect of free DOX.
On the other hand, when cells were incubated with DOX-GA3 and DOXpropGA3 in the absence of enzyme, the observed cytotoxicity was about 200300 times less compared to DOX (table 3, ǼC50 21.3 ȝȂ for DOX-GA3, 44.8
ȝȂ for DOX-propGA3). These results are in agreement with previous
publications17 and demonstrate that in the culture medium, a minimum amount
of DOX was formed from the prodrugs, which was also demonstrated in section
3.4 (figure 7) for incubation in a pH 7.4 buffer. When DOX-GA3 and DOXpropGA3 were incubated with cells in medium containing ȕ-glucuronidase, an
increased cytotoxic effect was observed (table 3, EC50 0.19 ȝȂ for DOX-GA3,
0.63 ȝȂ for DOX-propGA3) which was in the same range as the one of DOX.
Similar results have been published for DOX-mGA3 and DOX-GA317, 18. It has
been shown that DOX-mGA3 is not a good substrate for ȕ-glucuronidase and
that conversion only occurs after hydrolysis of the ester bond 17, so the same
behavior is most likely also valid for DOX-propGA3. It can be assumed that
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either due to chemical hydrolysis in the culture medium (as was observed in
buffer, see section 3.4) or due to the presence of esterases, DOX-propGA3 was
converted to DOX-GA3, which was then converted into DOX by ȕglucuronidase.
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Figure 8. Viability of 14C cells in medium with (Ƒ) or without (Ŷ) ȕglucuronidase (20 ȝg/mL), incubated for 72 hours with A) doxorubicin and B)
mPEG-b-(90%pHPMAmLac2-r-10%AzEMA) polymeric micelles with
covalently bound DOX-propGA3.
EC50 (ȝM DOX)
DOX
DOX-GA3
DOX-propGA3
DOX-propGA3 micelles

0.10±0.06
21.3±4.8
44.8±3.2
47.3±6.2

EC50 (ȝM DOX)
with ȕ-glucuronidase
0.16±0.02
0.19±0.04
0.63±0.02
0.22±0.01

Table 3. Concentration (ȝM) required for 50% of inhibition (EC50) of viability
of 14C cells induced by doxorubicin, DOX-GA3, DOX-propGA3, and micelles
with covalently bound DOX-propGA3 after incubation for 72 h.

Figure 8B shows the cytotoxicity results of 14C cells exposed to polymeric
micelles with covalently bound DOX in the absence and presence of ȕglucuronidase (figure 8B). Without the addition of enzyme, a low cytotoxic
effect was observed (EC50 47.3 ȝM), demonstrating again, as observed after
incubation in a pH 7.4 buffer (figure 7), that in the medium only a low amount
of DOX was released. Importantly, in the presence of ȕ-glucuronidase, the
cytostatic activity became very similar to that of DOX (figure 8B, EC50 0.22
ȝM). This finding is rather interesting, as in section 3.4 it was demonstrated that
the release of DOX from the micelles is incomplete even after 5 days incubation
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in the presence of ȕ-glucuronidase at pH 7.4. This was attributed to the
incomplete release of DOX-GA3 from the micellar core as compared to the
release from free DOX-propGA3 (due to slow hydrolysis in the hydrophobic
micellar core), which resulted in slow DOX release (because only DOX-GA3 is
a good substrate for ȕ-glucuronidase and not the polymer-bound drug). In
previous studies it has been demonstrated that conversion of DOX-mGA3 to
DOX-GA3 is much faster in the presence of esterase than in buffer (t1/2 was ~20
min in the presence of carboxylesterase and 10 h in buffer pH 7.4) 17. Therefore
most probably, esterases in the culture medium contributed to the complete
conversion of polymer-bound DOX-propGA3 to DOX-GA3 which was then
subsequently converted into DOX by the ȕ-glucuronidase. This enzymatic
conversion can occur by penetration of these enzyme into the core of the
micelles or by cleavage of the prodrug from free polymer chains which are in
dynamic equilibrium with the micelles; a mechanism suggested for the
enzymatic degradation of PEG-oligo(İ-caprolactone) micelles by lipase 49.
Therefore as a result of both chemical and enzymatic hydrolysis, micelles with
covalently bound DOX-propGA3 released DOX-GA3 in the culture medium,
which was then converted to DOX by the action of ȕ glucuronidase.
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Conclusions
A novel, azide-modified block copolymer mPEG5000-b-p(HPMAmLac2-rAzEMA) was synthesized and a propargyl derivative of the DOX-GA3 prodrug
(DOX-propGA3) was coupled to this copolymer via click chemistry with a very
high (~90%) coupling efficiency. Micelles formed by this polymer were small
(50 nm) and monodisperse. The glucuronide spacer of the prodrug used is
known to be selectively cleaved by ȕ-glucuronidase, an enzyme present in
necrotic tumor areas. Indeed, it was shown that DOX micelles demonstrated the
same cytotoxicity as free DOX when incubated with 14C cells in the presence
of culture medium containing ȕ-glucuronidase. Therefore, improved in vivo
antitumor efficacy is anticipated.
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Abstract
Superparamagnetic iron oxide nanoparticles (SPIONs) have been receiving
great attention lately due to their various biomedical applications, such as in
MR imaging and image guided drug delivery. However, their systemic
administration still remains a challenge. In this study, the ability of
biodegradable thermosensitive polymeric micelles to stably encapsulate
hydrophobic oleic acid-coated SPIONs (diameter 5-10 nm) was investigated, to
result in a system fulfilling the requirements for systemic administration. The
micelles were composed of amphiphilic, thermosensitive and biodegradable
block
copolymers
based
on
poly(ethylene
glycol)-b-poly[N-(2hydroxypropyl)methacrylamide-dilactate]
(mPEG-b-pHPMAmLac2).
The
encapsulation was performed by addition of one volume of SPIONs in THF to
nine volumes of a cold aqueous mPEG-b-pHPMAmLac2 solution (0 oC; below
the cloud point of the polymer), followed by rapid heating of the resulting
mixture to 50 oC, to induce micelle formation (‘rapid heating’ procedure).
Dynamic light scattering (DLS) measurements revealed that ~200 nm particles
(PDI=0.2) were formed, while transmission electron (TEM) analysis
demonstrated that clusters of SPIONs were present in the core of the micelles. A
maximum loading of 40% was obtained, while magnetic resonance imaging
(MRI) scanning of the samples demonstrated that the SPION-loaded micelles
had high r2 and r2* relaxivities. Furthermore, the r2* values were found to be at
least 2-fold higher than the r2 values, confirming the clustering of the SPIONs in
the micellar core. The particles showed excellent stability under physiological
conditions for 7 days, even in the presence of fetal bovine serum. This, together
with their ease of preparation and their size of ~200 nm, makes this system
highly suitable for image-guided drug delivery.
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1. Introduction
Over the past few years, superparamagnetic iron oxide nanoparticles
(SPIONs) have been under investigation for imaging purposes. SPIONs are
commonly used as MRI contrast agents, because of their slower kidney
clearance and higher relaxation values compared to the more frequently studied
gadolinium-based contrast agents 1-3. An important feature of SPIONs is that
they can produce high relaxation rates at a lower dose than other paramagnetic
elements, because of their large magnetic moment 4. Some SPION formulations
such as AMI-25 (Endorem® by Guerbet and Feridex® by Berlex Laboratories)
are approved for MRI in patients 1 while in Europe, dextran-coated SPIONs are
registered as contrast agents for MRI of the liver 5.
Besides for MRI purposes, SPIONs are also used in the field of drug
delivery. After systemic administration, drug-loaded SPIONs (with the drug
being reversibly bound on the SPIONs 5, or co-incorporated in their coating 6)
can be guided to the desired target area using an external magnetic field
(magnetic drug targeting, MDT) while simultaneously, the fate of the drugloaded particles can be followed using imaging (image-guided drug delivery).
In order to fully exploit the potential of SPIONs for image-guided drug
delivery upon systemic administration, they should be biocompatible, stable in
the circulation, and possess prolonged circulation in the blood stream. However,
uncoated SPIONs tend to agglomerate through van der Waals attractions and
consequently, the agglomerated particles are rapidly eliminated after
intravenous administration by macrophages of the RES 2, 5. This can be
circumvented by coating the SPIONs with hydrophilic polymers that preferably
give them “stealth” properties. Coating with hydrophilic polymers such as
dextran 7 or starch 8, has been performed to improve their colloidal stability and
to prolong their circulation kinetics. However, for drug delivery purposes, the
above described coated SPIONs have limited drug loading capacity and the
drug dissociates rapidly after i.v. administration 9. In addition, loading of
SPIONs in polymeric drug carriers which have a better drug loading capacity,
such as polylactides 10 and dendrimers 11, resulted in significant losses in
magnetization of the core magnetic material.
SPIONs have also been functionalized using lipids, such as oleic acid 12.
Through stable bonding with the magnetite, oleic acid-coated SPIONs have
excellent colloidal stability in organic solvents and yield very small (~10 nm)
and highly monodisperse magnetite nanoparticles. However, the oleic acid
renders the nanoparticles hydrophobic and therefore insoluble in aqueous
solutions. For biomedical applications, aqueous dispersions are required, which
can be resolved by encapsulating oleic acid-functionalized SPIONs using
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amphiphilic block copolymers 3,13,14. In addition, encapsulation of SPIONs
using stimuli-responsive carriers, thus combining the ability to trigger the
release of a co-encapsulated drug and to detect it at the site of action by in vivo
imaging, is an interesting new feature in the field of image-guided drug
delivery. Chen et al. have reported temperature-responsive magnetite/pluronic
nanoparticles 15, while Narain et al. coated SPIONs with pNIPAAm 16.
However, the main drawback of these thermosensitive polymers relates to their
non-biodegradability as well as to the fact that thermal treatment is required for
drug release, which is not always feasible for in vivo clinical applications.
Taking the above into account, it can be concluded that a system that can be
easily prepared, with high SPIONs and drug loading capacity and controlled
instability to release a loaded drug, but still retaining the magnetic properties of
magnetite, is urgently needed.
O
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Scheme 1. Chemical structure of mPEG-b-pHPMAmLac2.
We have recently reported on biodegradable thermosensitive poly(ethylene
glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-dilactate]
(mPEG-bpHPMAmLac2) diblock copolymers, consisting of a permanently hydrophilic
(PEG) and a thermosensitive block (pHPMAmLac2) (scheme 1). In aqueous
solutions, mPEG-b-pHPMAmLac2 self-assembles into micellar structures when
heated to temperatures above the critical micelle temperature (CMT) 17. These
micelles have been successfully used to solubilize hydrophobic therapeutic
agents, such as the cytostatic drug paclitaxel 18 and the photosensitizer
Si(sol)2Pc 19. The main advantage of these systems is their tunable
biodegradability, because hydrolysis of the lactic acid side chains under
physiological conditions results in micelle disintegration and enables controlled
drug release, while the degradation times can be tuned by changing the polymer
composition 20. In addition, the small size of the micelles (60-80 nm) enables
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tumor accumulation after i.v. administration, through the enhanced permeation
and retention (EPR) effect 21, a property most often utilized by targeted
nanomedicines currently under development22. Moreover, the possibility to
partially derivate the lactate groups with methacrylate groups allows crosslinking of the micellar core, thus increasing the stability and the circulation
kinetics while retaining its biodegradability 23.
The aim of this study was to investigate the ability of mPEG-bpHPMAmLac2 based polymeric micelles to stably encapsulate hydrophobic
oleic acid-coated SPIONs, resulting in a system fulfilling the requirements for
systemic administration and retaining the magnetic properties of magnetite after
encapsulation. The particles were fully characterized in terms of size (DLS),
composition (IR, TGA), morphology (TEM), MRI relaxivity and sensitivity, as
well as stability in physiological conditions.
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2. Experimental section
2.1. Materials
mPEG-b-pHPMAmLac2 (scheme 1) was synthesized and characterized as
described previously17. The number average molecular weight (Mn) of the
polymer was 28000 g/mol, as determined by GPC (Mw/Mn=1.3), using Plgel 3
ȝm MIXED-D column (Polymer Laboratories) and poly(ethylene glycol)
standards. The polymer consisted of a thermosensitive block of pHPMAmLac2
and a hydrophilic mPEG block with number average molecular weights of
13000 g/mol for pHPMAmLac2 and 5000 g/mol for mPEG, as determined with
1
H-NMR. The cloud point of the thermosensitive block was 4 oC, as determined
by light scattering measurements 24.
Oleic acid-coated iron oxide (magnetite, Fe3O4) nanoparticles (SPIONs) with
a diameter of 10 nm and a narrow size distribution (PDI=0.2) were provided by
MagForce Nanotechnologies AG Berlin, Germany. Foetal bovine serum was
obtained from HyClone (Thermo Fisher Scientific, Logan, Utah) and was used
after inactivation by heating at 50 oC for 30 minutes.

2.2. Preparation of unloaded micelles
Unloaded micelles were formed via the ‘rapid heating’ procedure as
described previously 24. Briefly, mPEG-b-pHPMAmLac2 was overnight
dissolved at 0 °C in ammonium acetate (pH 5, 120 mM) or HEPES (pH 7.4, 300
mM) buffer, in concentrations varying from 1 to 10 mg/mL. Next, the solution
(1-3 mL) was rapidly heated to 50 oC under vigorous shaking for one minute to
form micelles. In all cases, the concentration was above the critical micelle
concentration (which for this polymer is 0.015 mg/mL 24).

2.3. Loading of SPIONs into mPEG-b-pHPMAmLac2 micelles
SPIONs were encapsulated in mPEG-b-pHPMAmLac2 micelles using the
‘rapid heating’ procedure, essentially as described before for paclitaxel18. In
detail, SPIONs (oleic acid-coated) were dispersed in THF in concentrations
ranging from 1 to 20 mg/mL; mPEG-b-pHPMAmLac2 was overnight dissolved
at 0 °C in ammonium acetate (pH 5, 120 mM) or HEPES (pH 7.4, 300 mM)
buffer in concentrations ranging from 1 to 10 mg/mL. Subsequently, one part of
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SPIONs solution in THF (0.3 mL) was added to nine parts (2.7 mL) of the
mPEG-b-pHPMAmLac2 solution (or mPEG5000 solution or buffer as controls),
and the resulting mixture was rapidly heated to 50 oC under vigorous shaking
for one minute. The resulting dispersions contained 0.1 to 2 mg/mL SPIONs
and 0.9 to 9 mg/mL polymer.
Encapsulation of SPIONs was also performed by incubating preformed
micelles with SPIONs (‘post-loading’ procedure). Unloaded micelles of mPEGb-pHPMAmLac2 were prepared as described in section 2.2 and were allowed to
cool down to room temperature. Next, one part of SPIONs solution in THF (0.3
mL) was added to nine parts of micellar solution (2.7 mL) and the mixture was
vigorously shaken for one minute at room temperature.
In both procedures, the obtained micellar suspensions were purified by
filtration through a 0.45 ȝm filter (regenerated cellulose syringe filter, Grace
Davison Discovery Science, United States), to remove unencapsulated,
precipitated SPIONs.
The micellar suspensions were concentrated by placing them next to a
cylindrical graded GSN-35 Nd-Fe-B magnet with 1.2T remanence (Goudsmit
magnetic supplies, Waalre, The Netherlands), resulting in deposition of the iron
oxide loaded particles onto the wall of the vial. Next, the solvent was decanted,
and the particles were redispersed in a smaller volume of buffer (typically 0.2
mL).

2.4. Iron content determination of the particles
The iron concentration in the purified formulations was determined using
the 1,10-phenanthroline colorimetric method 25 (see appendix B for the detailed
procedure), after digestion in concentrated HCl. From the iron concentration,
the SPIONs concentration was calculated using the formula: [Fe] = 0.43 u
[SPIONs], obtained by control experiments.
The
encapsulation
efficiency
(EE%
defined
as:
[SPIONs]
encapsulated/initial [SPIONs] u 100%) and the loading capacity (LC% defined
as: [SPIONs] encapsulated/([polymer] + [SPIONs] encapsulated) u 100%) were
calculated.

2.5. FT-IR analysis
FT-IR analysis of freeze dried (using a Christ “alpha1-2” freeze dryer
overnight) and purified samples was carried out with a BIO-RAD FTS6000 FT199
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IR (BIO-RAD, Cambridge, MA, USA) instrument by accumulating 32 scans
per spectrum at a data point resolution of 2 cm-1. Solid state spectra of
lyophilized samples were acquired using KBr pellets.

2.6. Dynamic light scattering
DLS measurements were done using a Malvern CGS-3 multi angle
goniometer (Malvern Ltd., Malvern, U.K.) with a JDS Uniphase 22mW He-Ne
laser operating at 632.8 nm, an optical fiber-based detector, a digital LV/LSE5003 correlator, and a temperature controller. Time-correlation functions were
analyzed using the ALV-60 x 0 Software V.3.X provided by Malvern.
Autocorrelation functions were analyzed by the cumulants method (fitting a
single exponential to the correlation function to obtain the mean size and the
PDI) and the CONTIN routine (fitting a multiple exponential to the correlation
function to obtain the distribution of particle sizes). The diffusion coefficients
calculated from the measured autocorrelation functions were related to the
hydrodynamic radius of the particles via the Stokes-Einstein equation, Rh =
kT/6ʌȘD, where Rh is the hydrodynamic radius of the particles, k the
Boltzmann constant, T the absolute temperature and Ș the viscosity of the
solvent. All measurements were performed at a 90o angle. For samples
consisting of one part THF and nine parts buffer the viscosity was corrected
accordingly.

2.7. Transmission Electron Microscopy (TEM)
Transmission electron microscopy was performed on the SPION-loaded
micelles suspensions prepared using the rapid heating procedure as described in
section 2.3, containing 1 mg/mL SPIONs and 0.9 or 9 mg/mL polymer.
Negative uranyl acetate staining was used to visualize the core of the particles
(details of the procedure can be found in the supporting information, appendix
B).

2.8. MRI relaxivity measurements
SPION-loaded micelles (containing 1 mg/mL SPIONs and 9 mg/mL
polymer) were prepared using the rapid heating procedure as described in
section 2.3. Then, the suspension was diluted with ammonium acetate buffer
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120 mM to yield dispersions with iron concentrations ranging from 0.008 to 3.5
mM. MR imaging was performed using a 1.5 T clinical MR scanner (Intera,
Philips Medical Systems, Best, the Netherlands). Samples as well as buffer
(negative control) were then positioned co-axially and measured parallel to the
external magnetic field to determine both r2 and r2* relaxivities (in mM-1s-1),
which represent the MR sensitivity of the SPION-loaded micelles. The
paramagnetic nature of the iron oxide locally induces a magnetic field
inhomogeneity, leading to an enhanced MR signal decay in gradient echo
images. To determine the r2* relaxivity, transverse images were made using a
2D multiple gradient echo MR sequence with 15 echoes, a first echo time of 1.9
ms and an echo spacing of 1.6 ms. The imaging parameters used were 1000 ms
repetition time with a 128 mm field of view, 5 mm slice thickness, 128x128
imaging matrix, two signal averages and a 90º flip angle. To determine the r2
relaxivity, transverse images were made using a 2D multiple echo spin echo
(MESE) MR sequence with 8 echoes and an echo time of 10 ms. The imaging
parameters used were 2000 ms repetition time with a 128 mm field of view, 10
mm slice thickness, 128x128 imaging matrix, two signal averages and a 90º flip
angle. During evaluation of the MR data, monoexponential signal behaviour
was assumed. Finally, the r2 and r2* relaxivity values of the SPION-loaded
micelles (expressed in s-1 mM-1) were calculated through the slope of the curve
of the R2 (1/T2) and R2* (1/T2*) relaxation rates (expressed in s-1)
respectively, as a function of the iron concentration in mM.

2.9. Stability of SPION-loaded micelles
The stability of the loaded micelles was studied using buffers pH 5.0
(ammonium acetate, 120 mM), 7.4 (HEPES, 300 mM), and 9.0 (sodium
carbonate, 300 mM), as well as in foetal bovine serum (FBS). For pH 7.4, the
micelles were prepared as described in section 2.3, but instead of ammonium
acetate pH 5.0, 300 mM HEPES buffer pH 7.4 was used. For pH 9.0
(accelerated degradation), 1 mL of micellar dispersion prepared in 120 mM
ammonium acetate buffer pH 5.0 was diluted 10-fold with 300 mM sodium
carbonate buffer pH 9.0. The stability of the micelles in the presence of proteins
was assessed as follows. SPION-loaded micelles were prepared in HEPES
buffer pH 7.4 (300 mM), as described in section 2.3. Then, to 0.5 mL of this
suspension, 0.5 mL of 40% FBS was added (resulting in final FBS
concentration 20%). The size and scattering intensity of the resulting suspension
was measured at 37 oC in time as described in section 2.6.
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3. Results and discussion
3.1. Loading of SPIONs in mPEG-b-pHPMAmLac2 micelles
When a dispersion of SPIONs in THF was added to either buffer or to a
PEG5000 solution, rapid and quantitative precipitation of the hydrophobic
particles was observed (visual observation; Figure 1A), and no iron was
detected in the filtrate after filtration. On the other hand, when the SPIONs
dispersion in THF was added to a cold (0 oC) aqueous solution of mPEG-bpHPMAmLac2, and subsequently heated and cooled to room temperature
(‘rapid heating’ procedure), a clear orange dispersion was obtained (figure 1BD), demonstrating that the SPIONs were solubilized by the polymer.

A

B

C

D

Figure 1. SPIONs (dissolved in THF) added to buffer (A) or to 1.8 mg/mL
mPEG-b-pHPMAmLac2 solutions (B, C and D; containing increasing SPIONs
concentrations of 0.1, 0.6 and 1.5 mg/mL, respectively).
Interestingly, when a dispersion of SPIONs in THF was added to a
preformed micellar solution (‘post-loading’ procedure), a clear orange and
stable dispersion was also obtained, demonstrating that hydrophobic SPIONs
were solubilized using this procedure as well. It is well known that micellar
systems are dynamic, always containing micelles and unimers in equilibrium
with each other 26. It can be assumed that when SPIONs were added to the
micellar dispersion, the –OH end groups of the free polymer chains interacted
with the magnetite surface forming ‘micellar’ structures, thus shifting the
equilibrium towards the free unimers, which in their turn also interacted with
the magnetite (scheme 2). The encapsulation of SPIONs after incubation with
preformed micelles might indicate that the SPIONs are incorporated in the
micelles not only through hydrophobic, but also through chemical interactions.
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Chemical interactions of this kind have also been observed for alginate coated
SPIONs 27 (the COO- terminal of alginate coordinating to the magnetite
surface). Nevertheless, the results reported hereafter are those of the loaded
micelles made using the ‘rapid heating’ procedure, as the micelles made using
the ‘post loading’ had similar characteristics (in terms of size, morphology etc).

Scheme 2. Shifting of the equilibrium between micelles and unimers to the
right, due to the interactions of the magnetite surface with the -OH groups along
the polymer chains.
Dynamic light scattering revealed that the dispersions contained particles
with an average diameter of 150-300 nm (depending on the formulation; see
section 3.2) and a polydispersity index (PDI) of 0.2. CONTIN analysis showed
that two populations of particles were present in the dispersions, one with size
range of 200-300 nm and one of 55-60 nm (figures 2a and b). The observed
bimodal distribution might be due to the presence of unloaded micelles (which
have a size distribution centered around 60 nm 24, figure 2c) and to SPIONloaded micelles with a size of 200-300 nm. This is substantiated by the
observation that in dispersions prepared using an excess of polymer (figure 2a),
the 60 nm particle population was more significant compared to the dispersions
prepared using almost equal amounts of mPEG-b-pHPMAmLac2 and SPIONs
(figure 2b). This indicates that, when an excess of polymer was added, the
resulting formulations contained a greater amount of unloaded micelles, likely
formed by the polymer that did not take part in the encapsulation. To validate
the hypothesis that the dispersions contain both unloaded and SPION-loaded
micelles, the formulations were further investigated for loading capacity and
encapsulation efficiency (section 3.2), and were visualized using TEM analysis
(section 3.3).
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Figure 2. DLS size distributions of SPION-loaded micelles containing 1
mg/mL SPIONs and a) 9 mg/mL, or b) 0.9 mg/mL mPEG-b-pHPMAmLac2.
Figure c shows the size distribution of unloaded micelles.

3.2. Loading capacity and encapsulation efficiency
In figure 3a, the encapsulation efficiency (EE %) and the loading capacity
(LC %) of SPION-loaded micelles containing 0.1-2 mg/mL SPIONs and 1.8
mg/mL mPEG-b-pHPMAmLac2 are plotted against the SPIONs concentration.
The iron concentration was routinely determined using the phenanthroline
method (section 2.4), while for some formulations the loading was additionally
determined by thermogravimetric analysis (TGA, see supporting information,
appendix B). It was observed (figure 3a) that when a low amount of SPIONs
was added (0.1 or 0.2 mg/mL), almost quantitative encapsulation was obtained
(80-85%). However, with increasing the SPIONs concentration (up to 2
mg/mL), the EE decreased to 25%, likely due to the fact that not enough
polymer was present to solubilize this high amount of SPIONs, resulting in the
formation of SPIONs precipitates which were subsequently removed by
filtration. Figure 3a also shows that the LC increased from 5% (for SPIONs
concentration 0.1 mg/mL) to around 20% (for SPIONs concentration 1 mg/mL;
corresponding with a concentration of solubilized SPIONs of 0.5 mg/mL) and
then leveled off, which suggested that saturation of the micelles with SPIONs
occurred, a behavior that has previously been observed for paclitaxel-loaded
micelles 18. Figure 3b shows that with increasing initial SPIONs concentration,
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the average size of the formed micelles increases from 150 to 300 nm. As
mentioned in section 3.1, DLS analysis showed that the dispersions had a
bimodal size distribution; one with an average size of 60 nm (unloaded
micelles) and one with an average size of 200-300 nm (loaded micelles). It was
found that the relative diameter of the biggest particles increases as the initial
SPIONs concentration increased (figure S3 in supporting information, appendix
B). This, together with the fact that unloaded micelles have a size of 60 nm,
indicates that when more SPIONs are added to the system, more are
encapsulated in the micelles (indicated by the increasing LC), resulting in
loaded micelles containing more SPIONs per micelle.
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Figure 3. a) Encapsulation efficiency (left axis, Ƒ) and loading capacity (right
axis, ƒ) and b) average diameter (Ƒ) of SPION-loaded micelles containing 0.1-2
mg/mL SPIONs and 1.8 mg/mL mPEG-b-pHPMAmLac2, as a function of
SPIONs concentration. Results represent mean ± standard deviation of three
independent experiments.
When a higher copolymer concentration (3.6 mg/mL instead of 1.8 mg/mL)
was used for the preparation of SPION-loaded micelles, the same trend was
observed for the LC and the EE (LC increased and leveled off, while EE
decreased). However, the LC obtained was lower, leveling off at ~13% (but
again corresponding to 0.5 mg/mL solubilized SPIONs). To further investigate
the observed lower LC at this higher polymer concentration, SPION-loaded
micelles containing 1 mg/mL SPIONs and increasing concentrations of mPEGb-pHPMAmLac2 (1-9 mg/mL) were prepared and measured (figure 4). Figure 4
shows that at this fixed SPIONs concentration (1 mg/mL), higher amounts of
added polymer resulted in a constant EE (~50%) and consequently a decreasing
LC (from 40 to 5%). This demonstrates that independent of the polymer
concentration, the concentration of encapsulated SPIONs was constantly 0.5
mg/mL. This is rather surprising since it might be expected that when at a
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certain polymer concentration the EE was 50%, this value (and thus the
concentration of solubilized SPIONs) would increase when the polymer
concentration increased. Likely, when the initial SPIONs concentration was <
0.5 mg/mL, they were quantitatively solubilized by the polymer, whereas at
higher concentration the rest rapidly precipitated before it was solubilized by
the micelles, regardless of the amount of polymer added. This is probably due to
the inevitable time span present between mixing and micelle formation by
heating. The excess of polymer likely formed unloaded micelles, as was
demonstrated by DLS (section 3.1, figure 2), and TEM analysis (section 3.3,
figure 5).
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Figure 4. Encapsulation efficiency (left axis, Ƒ) and loading capacity (right
axis, ƒ) of SPION-loaded micelles containing 1 mg/mL SPIONs and 0.9-9
mg/mL polymer, as a function of polymer concentration. Results represent
mean ± standard deviation of three independent experiments.

To increase the iron concentration in the formulation, the formulations were
concentrated using a magnet. After re-dispersion in a 10 times smaller volume
of buffer, a final SPIONs concentration of around 5 mg/mL was obtained. DLS
analysis showed the same particle size as for the initial dispersion, indicating
that the concentration did not result in aggregation or destabilization of the
SPION-loaded micelles (results not shown).

3.3. TEM analysis
Transmission electron microscopy was performed to investigate the
morphology and size distribution of unloaded and SPION-loaded micelles. In
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figure 5a, TEM pictures of unloaded micelles of mPEG-b-pHPMAmLac2 are
shown. Spherical and monodisperse micellar structures are visible in this
dispersion, having a size of 60 nm, which is in good agreement with our DLS
data (figure 2c) and previous reports 19, 24. Figures 5b-5e show that spherical
structures with diameters around 200 nm were present in the dispersions
containing either equal amounts of SPIONs and mPEG-b-pHPMAmLac2, or
SPIONs and an excess of mPEG-b-pHPMAmLac2 (figures 5b, c and 5d, e
respectively). The EE of these micelles was 50% and their LC was 40 and 5%
respectively (section 3.2).

Figure 5. TEM images of unloaded micelles consisting of 1 mg/mL mPEG-bpHPMAmLac2 (a), SPION-loaded micelles containing 1 mg/mL SPIONs and
0.9 mg/mL mPEG-b-pHPMAmLac2 at low (b), and high magnification (c) and
SPION-loaded micelles containing 1 mg/mL SPIONs and 9 mg/mL polymer
(polymer excess) at low (d) and high magnification (e).

Pictures taken in higher magnification (figures 5c and 5e) clearly show the
5-10 nm SPIONs entrapped in the ~200 nm particles. Figures 5b and d also
show that in the dispersions smaller spherical structures with a size around 60
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nm were present as well. These 60 nm particles do not contain SPIONs and are
therefore most likely unloaded micelles, as in figure 5a. When an excess of
mPEG-b-pHPMAmLac2 was used (figure 5d), unloaded micelles were present
at a much higher number than in the formulation containing equal amounts of
the two components (figure 5b). This is in line with the DLS data (section 3.1,
figure 2) which showed that with increasing the mPEG-b-pHPMAmLac2
excess, the small size fraction (60 nm, corresponding to unloaded micelles)
becomes more significant. It is also in line with the results of section 3.2, where
it was found that when a high amount of SPIONs was added to an aqueous
solution of mPEG-b-pHPMAmLac2, the concentration of dispersed SPIONs in
the formulations could not exceed 0.5 mg/mL. Consequently, the excess of
polymer formed unloaded micelles.

3.4. FT-IR analysis
FTIR spectroscopy was performed on lyophilized samples of SPIONs
(figure 6a), mPEG-b-pHPMAmLac2 (figure 6b), and SPION-loaded micelles
containing 1 mg/mL SPIONs and 0.9 mg/mL (figure 6c), or 9 mg/mL (figure
6d) polymer.
FTIR analysis showed that SPIONs had the characteristic bands of magnetite
at 590 and 635 cm-1 (Fe-O stretching 28) (figure 6a). Also absorption bands at
1434 and 1521 cm-1 were observed, which were ascribed to COO- asymmetric
and symmetric stretch vibrations of the oleic acid coating, respectively 29.
Previously, it has been demonstrated that a wavenumber separation (ǻ) between
the vas(COO-) and the vs(COO-) IR bands smaller than 110 cm-1 points to a
chelating bidentate, where the carboxylate ion is coordinated to the iron atom as
a chelating ligand 12, 30. The observed ǻ of 87 cm-1 (=1521-1434 cm-1) indicated
that the oleic acid is bound to the surface of the iron oxide nanoparticles in a
chelating bidentate structure. The weak peak observed at 1710 cm-1, assigned to
carboxylate 31 (C=O stretch), indicated that also unbound oleic acid is present 3234
. The bands around 3000 cm-1 are characteristic of CH2 vibrations belonging to
oleic acid.
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Figure 6. FTIR spectra of: a) SPIONs, b) mPEG-b-pHPMAmLac2 block
copolymer, c) SPION-loaded micelles containing equal amounts of polymer and
SPIONs (0.9 mg/mL and 1 mg/mL, respectively), and d) SPION-loaded
micelles containing a 9-fold excess of polymer (9 mg/mL polymer and 1
mg/mL SPIONs).

The spectra of the SPION-loaded micelles (figures 6c and 6d), contained a
combination of the typical bands of the SPIONs (figure 6a) and the polymer
(figure 6b). In the case of loaded micelles containing an excess of polymer (9
mg/mL, LC 5%, figure 6d), the characteristic bands of magnetite (Fe-O
stretching around 600 cm-1) were almost not visible in their FTIR spectrum and
probably covered by the polymer bands, which is expected due to the large
amount of polymer present. However, when the loaded micelles contained 10
times less polymer (0.9 mg/mL, LC 40%, figure 6c) the magnetite peaks, as
well as the ones around 3000 cm-1 (of the CH2 groups of the polymer but also of
the oleic acid), were much stronger compared to the ones of micelles containing
an excess of polymer (figure 6c).
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3.5. MRI relaxivity measurements
Figure 7A shows the R2 (1/relaxation time) weighed images of SPIONloaded micelles (prepared using the rapid heating procedure as described in
section 2.3), that were diluted with ammonium acetate buffer to yield
dispersions containing iron in concentrations ranging from 0.11 to 3.1 mM. It
was observed that the R2 weighed images of the samples were darker than those
of the controls (unloaded micelles and buffer), which showed that the
superparamagnetic properties of the SPIONs in the micelles were retained.
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Figure 7. A) R2 weighed images of SPION-loaded mPEG-b-pHPMAmLac2
micelles as a function of iron concentration in mM (1.5 T, spin-echo sequence:
repetition time TR=1000 ms, echo time 10 ms). Unloaded micelles as well as
buffer were used as control samples. B) R2 (squares) and R2* (triangles) rates
(1/T2, s-1), as a function of iron concentration in mM of SPION-loaded micelles.

Quantitative analysis showed that both R2 and R2* linearly increase with
iron concentration (figure 7B). From the slopes of these curves, the r2 and r2*
values were calculated to be 54±1.0 and 119±5 mM-1s-1, respectively. It has
been reported that the ratio of R2* to R2 increases dramatically when iron oxide
nanoparticles are compartmentalized (e.g. in cells), compared to that observed
for free SPIONs homogeneously suspended in gels, in which R2 and R2* (and
subsequently r2 and r2*) are more or less equal 35, 36. For example Bowen et al. 35
observed r2* values nearly 2 orders of magnitude greater that r2 for
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compartmentalized SPIONs, while for uniformly distributed SPIONs, r2 and r2*
were of the same order. When SPIONs are compartmentalized, a larger
magnetic field inhomogeneity is created, causing increased phase dispersion of
proton spins and therefore enhanced signal decay in gradient echo images (R2*
increases), an effect which is theoretically addressed by the static dephasing
regime theory 35, 37. The 2-fold higher r2* than r2 obtained in our experiments is
therefore likely ascribed to the observation that in the polymeric micelles,
clusters of SPIONs are present (TEM analysis, section 3.3).
Interestingly, when the R2* values were plotted against a lower range of iron
concentration (0.008 to 0.2 mM, inset of figure 7B), the slope of the R2* curve
was 3 times greater, resulting in r2* of 363 ± 48 mM-1s-1, while the r2 remained
almost the same (69 ± 9 mM-1s-1). As explained above, R2*-weighed
acquisitions are the most sensitive to the presence of clustered SPIONs. In high
dilutions (low concentrations), the distance between the SPIONs clusters
(SPION-loaded micelles) becomes larger, possibly resulting in an enhanced r2*
relaxivity.
The r2 relaxivity of SPION-loaded micelles was found to be substantially
greater than that of paramagnetic molecules such as Gd-DTPA (r2=6 mM-1s-1)1.
In addition, compared to the r2 relaxivities of hydrophilic SPIONs coated with
dextran (30-50 mM-1s-1)3, the r2 relaxivities obtained with our particles (50-70
mM-1s-1) were higher. Last but not least, the SPION-loaded micelles showed a
high r2* relaxivity (so enhanced MRI contrast and sensitivity), especially in the
lowest concentration range that is relevant for in vivo application.

3.6. Stability of SPION-loaded polymeric micelles
SPION-loaded micelles, either made using the rapid heating or the postloading procedure, were stable for at least 10 days once incubated at 37 oC and
pH 5 (see figure S1 in supporting information, appendix B). This indicated that
the loaded micelles have an excellent colloidal stability under conditions where
hydrolysis of the lactic acid side groups is minimized 38, regardless of the
loading method.
As reported previously 24, once the unloaded micelles were incubated at 37
o
C and pH 9, after 1.5 hours they started to gradually swell (indicated by the
increase in size and scattering intensity: figure 8, empty squares and circles).
This was followed by a rapid and complete dissolution after 5 hours, indicated
by the decrease in scattering intensity to almost zero. This behavior has been
attributed to the conversion of the hydrophobic pHPMAmLac2 core to the more
hydrophilic pHPMAmLac1 and finally to water soluble pHPMAm, due to the
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hydroxyl ion-driven hydrolysis of the lactic acid side groups 20, yielding water
soluble mPEG-b-pHPMAm block copolymer chains 38. However, once the
SPION-loaded micelles were incubated at 37 oC and pH 9, they started to swell
after approximately 3.5 hours (steep increase in the size and scattering intensity
of the particles; figure 8, filled squares and circles). Thereafter a decrease in
intensity took place, indicating the dissociation of the loaded micelles. At this
time point large aggregates (800 nm) were detected by DLS and orange
precipitates were visually observed, showing that the hydrophobic SPIONs
were released and precipitated, explaining the decreased intensity due to the
decrease in the number of particles.
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Figure 8. Stability of unloaded (empty squares and circles) and SPION-loaded
mPEG-b-pHPMAmLac2 micelles (filled squares and circles) at pH 9 (sodium
carbonate buffer, 300 mM) and 37 oC, expressed by the average diameter (Zave,
circles, left axis) and the scattering intensity (squares, right axis).

It is noteworthy that the swelling of the unloaded micelles started after 1.5
hours incubation at pH 9, while the loaded micelles started to swell after 3.5
hours at the same conditions (figure 8). The delay in degradation of SPIONloaded compared to unloaded micelles indicates that the iron oxides stabilize the
hydrophobic core of the micelles. It is known that the surface of iron oxide
particles in aqueous systems is covered with Fe-OH groups which can react
with H+ or OH- ions, depending on the pH of the medium 28, 39. At pH 9, the FeOH groups of the surface of the SPIONs react with the OH- groups, which
subsequently makes the pH of the surface lower than that of the bulk pH, thus
reducing the degradation rate of the lactic acid side groups (as mentioned above,
the degradation slows down at lower pH), explaining the delay in the
dissociation of SPION-loaded micelles. Alternatively, the core is held together
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through hydrophobic interactions of the partly hydrolyzed pHPMAmLac2 and
the SPIONs, resulting in the delay of dissociation compared to unloaded
micelles, as was also observed for paclitaxel-loaded micelles 18.
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Figure 9. Stability (Zave diameter) of SPION-loaded mPEG-b-pHPMAmLac2
micelles in HEPES buffer pH 7.4 (open circles) and in HEPES buffer pH 7.4
containing 20% fetal bovine serum (closed circles), at 37oC.

Figure 9 shows the stability of SPION-loaded micelles incubated with
HEPES buffer pH 7.4 (empty circles), or fetal bovine serum 20% (filled
circles), at 37 oC. It was observed that the formulations in buffer pH 7.4 were
stable for 140 hours. After that, a rapid increase in size occurred, indicating that
the micellar dissociation started. Previously, it has been shown that the lactic
acid side group hydrolysis is a first order reaction in hydroxyl ion
concentration38. This means that 140 hours at pH 7.4 corresponds to 140/109-7.4
= 3.5 hours at pH 9, which is in excellent agreement with the obtained results
described above. On the contrary, in serum containing medium, even after 500
hours incubation at 37 oC, the particle size and scattering intensity remained
constant (figure 9, filled circles). In order to clarify this behavior, control
experiments were performed. When one volume of SPIONs dispersion in THF
was added to nine volumes of fetal bovine serum 20%, iron quantification
revealed that almost 10% of SPIONs remained in the aqueous phase after
filtration. DLS measurements confirmed the presence of particles having a size
of 200 nm and a PDI of 0.2, while the background scattering of FBS alone was
measured and considered insignificant. The same experiment in bovine serum
albumin provided similar results. In section 3.1, it was mentioned that when the
SPIONs were mixed with buffer only, after filtration no iron was detected in the
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filtrate and DLS gave almost zero scattering. Bovine serum albumin is an
amphiphilic protein which has been reported to adsorb onto the surface of
magnetic nanoparticles 40, 41. In addition, albumin has previously been used as a
stabilizer for iron oxide nanoparticles42. Most probably, when the nanoparticles
were incubated in FBS, the polymer was degraded after 140 hours (as observed
in buffer pH 7.4), but the SPIONs remained in solution due to adsorption by
serum components, such as albumin.
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Conclusions
Hydrophobic SPIONs were successfully encapsulated in mPEG-bpHPMAmLac2 based polymeric micelles. Their size was 150-300 nm (PDI=0.2)
as confirmed by DLS and TEM analysis, which is small enough for tumor
penetration which enables tumor imaging. A loading capacity up to 40% was
obtained, while the highest concentration of solubilized SPIONs obtained was
0.5 mg/mL, which was further increased by means of magnetic concentration up
to 5 mg/mL. The encapsulation was confirmed by TEM and FT-IR analysis.
The SPION-loaded micelles produced enhanced R2 and R2* effects even at
very low concentrations, which demonstrates that they can very well be used as
R2 or R2* contrast agents. Last but not least, they showed excellent stability in
the presence of serum. Overall, their high magnetite loading, their
biodegradability, their enhanced MRI contrast and their serum stability
encourage further in vivo studies. Lastly, preliminary experiments showed that a
hydrophobic drug can be co-encapsulated in the SPION-loaded micelles. These
experiments stimulate our efforts to further develop the presented system for
application in image-guided drug delivery.
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1. Summary
Polymeric micelles are colloidal nano-assemblies which are spontaneously
formed from amphiphilic block or graft copolymers when dissolved in selective
solvents above a certain concentration (CMC, critical micelle concentration) 1.
The formation of polymeric micelles in selective solvents was first observed by
Merret in 1954, for natural rubber grafted with poly(methyl methacrylate) 2.
Later, Molau studied the colloidal behavior of micelles formed from block
copolymers 3. The fundamental background as well as a broad variety of
applications of polymeric micelles have since then been extensively described
in literature 4-6. Especially in the biomedical field, polymeric micelles consisting
of a hydrophobic core and a hydrophilic corona have been recognized as an
important and attractive class of drug carriers, especially for the intravenous
administration of hydrophobic drugs, and several formulations based on
micelles are presently under clinical evaluation in trials 7.
Chapter 1 of this thesis provides a general introduction to polymeric
micelles and their applications for drug delivery in cancer therapy, and gives a
general overview of the issues investigated in this thesis. To this end, stimuli
(thermo-) responsiveness, covalent coupling of the drug in the micellar core,
active targeting, as well as the potential application of polymeric micelles as
imaging agents is discussed. Finally, the aims of this thesis are outlined.
Poly [N-(2-hydroxypropyl)methacrylamide] (pHPMAm) is a hydrophilic,
non-immunogenic and biocompatible polymer and it is one of the most
intensively studied polymeric drug carriers, especially in the field of anticancer
drug-polymer conjugates, in which some HPMAm formulations have been
clinically evaluated. pHPMAm has also been investigated as a building block of
polymeric micelles, and in chapter 2, micellar systems based on pHPMAm are
described and discussed, and the most promising in vitro and in vivo results are
given. pHPMAm can either be combined with a hydrophobic block and then
act as the hydrophilic shell of polymeric micelles or, upon hydrophobization by
derivatization and combination with a hydrophilic block it can form the micellar
core.
For polymeric micelles to be successful in the field of drug delivery, they
need to be stable in the circulation and accumulate selectively in the diseased
area through the EPR effect, where they should release the encapsulated depot
in a controlled manner. This can be achieved by using stimulus responsive
systems, which can induce release via endogenous or exogenous triggers. One
of the most important triggers investigated in literature is temperature, and
temperature responsive systems have been developed using thermosensitive
polymers, the aqueous solution properties of which depend on temperature.
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Below their lower critical solution temperature (LCST), thermosensitive
polymers are in an expanded state and fully dissolved, while when brought
above the LCST they are dehydrated and insoluble. Therefore, polymeric
micelles based on thermosensitive polymers have been developed, which can be
formed or destabilized depending on the temperature of the environment. The
hydrophobic core of such micelles can be loaded with hydrophobic drugs which
can be released by changing the temperature. Chapter 3 gives an overview of
the most important recent developments regarding the design and synthesis of
micelles based on thermosensitive polymers for drug delivery applications.
Systems of conventional as well as chemically crosslinked thermosensitive
polymeric micelles are reviewed and their physicochemical properties are
discussed. Among the thermosensitive polymers for the design of micelles that
have been described in literature, poly(N-isopropylacrylamide) (pNIPAAm),
pluronics (triblock copolymers of polypropylene oxide middle block flanked by
two polyethylene oxide blocks) and poly(N-(2-hydroxypropyl)methacrylamidelactate) (pHPMAmLacn) are the most frequently studied, and therefore systems
based on these polymers are described in more detail. Finally, the in vitro and in
vivo results of the most promising drug loaded thermosensitive micelles are
discussed.
Biodegradable thermosensitive polymeric micelles based on poly(ethylene
glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-lactate]
(mPEG-bpHPMAmLacn) have been extensively studied by our group as a versatile drug
delivery system. The mPEG block is permanently hydrophilic, while the
pHPMAmLacn block is thermosensitive, and therefore when an aqueous
solution of this polymer is heated from 0 oC to above the LCST of the
thermosensitive block, micelles are formed (with an average diameter of 60
nm), consisting of a mPEG corona and a pHPMAmLacn core. These micelles
have been successfully used to solubilize the cytostatic drug paclitaxel and the
photosensitizer Si(sol)2Pc. Their tunable biodegradability, that results from
hydrolysis of the lactic acid side chains under physiological conditions that
leads to micelle disintegration, as well as their size (60-80 nm), that is suitable
for tumor accumulation after i.v. administration through the enhanced
permeation and retention (EPR) effect, make them highly promising systems for
drug delivery. When the lactate groups of the polymer were methacrylated to
allow core crosslinking of the micelles, they showed remarkable circulation
kinetics and enhanced accumulation in the tumor tissue. But unfortunately, 95%
of the loaded drug (paclitaxel) was rapidly eliminated from the blood stream
within thirty minutes after administration, probably due to premature
release/extraction from the micelles. Therefore in chapter 4, the covalent
entrapment of a methacrylamide doxorubicin derivative bearing a pH-sensitive
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hydrazone linker (DOX-MA) in the core of the micelles was investigated. The
hydrazone linker has been developed and extensively studied in the past by
Ulbrich et al. and was shown to be cleaved selectively in acidic conditions
(mimicking the environment in the tumor and in the intracellular organelles) but
to be stable at neutral environment (mimicking the pH of the circulation) 8.
Therefore micelles with covalently bound DOX-MA were prepared, that were
expected to be stable at neutral pH (i.e. the pH of the circulation), but release
the drug in acidic conditions (in either the intratumoral environment and/or the
endosomal vesicles of tumor cells). 30-40% w/w of the added drug was
covalently entrapped, and the micelles formed had an average diameter of 80
nm. The entire drug payload was released within 24 hours incubation at pH 5
and 37 oC, whereas only around 5% release was observed at pH 7.4. DOX-MA
micelles showed higher cytotoxicity against B16F10 and OVCAR-3 cells
compared to DOX-MA, likely due to cellular uptake of the micelles via
endocytosis and intracellular drug release in the acidic organelles. Importantly,
the micelles showed better antitumor activity than free DOX in mice bearing
B16F10 melanoma.
The therapeutic activity of the drug loaded micelles described in chapter 4 is
based merely on their passive accumulation in diseased tissues through the
enhanced permeation and retention (EPR) effect. It is expected that the activity
of these nanoparticles would be further enhanced by the attachment of a cancer
cell selective targeting moiety to their surface, to introduce active targeting
properties. One target that is commonly used for active targeting is the
epidermal growth factor receptor (EGFR), which is over-expressed in many
tumors. Very recently, small functional antibodies (15 kDa, called nanobodies)
have been developed and the EGa1 nanobody demonstrated EGFR-antagonism
and specific binding to the receptor 9. Consequently, in chapter 5, the surface
functionalization of mPEG-b-pHPMAmLacn micelles with N-succinimidyl 3(2-pyridyldithio)-propionate (SPDP) and the coupling of the EGFR targeted
nanobody EGa1 to their surface is described, in order to improve their
therapeutic efficacy. A novel PDP-modified polymer was synthesized and small
(60 nm) PDP micelles were formed. After identifying the optimal conjugation
conditions using lysozyme, SATA-modified nanobody was coupled to the PDP
micelle surface with high efficiency. EGa1 micelles demonstrated increased
cellular binding and uptake by EGFR over-expressing cells compared to
untargeted micelles, but no binding to EGFR negative cells.
As a follow up on the studies described in chapters 4 and 5, and to further
increase the therapeutic efficacy of mPEG-b-pHPMAmLacn polymeric
micelles, the two systems described in chapters 4 and 5 were combined and the
results are given in chapter 6. Therefore, PDP-functionalized micelles with
225

Chapter 9

covalently entrapped doxorubicin in their core through a hydrazone linker were
prepared, and the EGa1 nanobody was coupled to their surface. Targeted and
non-targeted micelles displayed similar size and DOX release characteristics. In
vitro cytotoxicity experiments with 14C cells showed that the coupling of the
nanobody to the surface of the DOX-MA micelles resulted in increased
cytostatic activity against EGFR over-expressing 14C cells. Importantly, EGa1
DOX-MA micelles also showed antitumor activity and enhanced survival of
14C tumor-bearing mice in vivo compared to non targeted micelles.
Additionally, empty EGa1 micelles showed (less) antitumor activity, which
most probably resulted from EGFR downregulation and/or binding competition
with EGF. The increased antitumor efficacy of EGa1 DOX-MA micelles was
attributed to the increased binding and uptake of the nanobody micelles by the
tumor cells demonstrated in vitro in chapter 5, as well as to the synergistic
effect of the DOX activity with the antitumor efficacy of the nanobody bound
on the micellar surface (as also observed for empty EGa1 micelles).
Prodrugs without antitumor activity which are converted into the active drug
by enzymes overexpressed in tumor tissues have been extensively described in
literature. As one example, Haisma et al. have developed a doxorubicin
glucuronide prodrug that was shown to release doxorubicin enzymatically,
through a linker that is cleaved by ȕ-glucuronidase, an enzyme known to be
present in necrotic tumor areas, and these prodrugs have shown very promising
in vitro and in vivo results 10. Therefore in chapter 7, the coupling through click
chemistry of an alkyne-modified doxorubicin prodrug containing a glucuronide
linker (DOX-propGA3) to a mPEG-b-pHPMAmLac2 polymer with azide
functionality is investigated. DOX-propGA3 was coupled on the polymer with a
high coupling efficiency, and micelles formed by this polymer were small (50
nm) and monodisperse. In vitro cytotoxicity experiments demonstrated that
DOX-propGA3 micelles incubated with 14C cells in the presence of serum and
ȕ-glucuronidase demonstrated the same cytotoxicity as free DOX, while in the
absence of ȕ-glucuronidase, very limited cytotoxicity was observed. These
results indicated that in the presence of ȕ-glucuronidase the entire doxorubicin
payload was released from the micelles resulting in high cytostatic activity.
Besides for drug targeting purposes, the ability of nanosized polymeric
micelles to accumulate in tumor areas through the EPR effect makes them also
highly attractive for the delivery of imaging agents. Therefore, micelles can also
be used for diagnostic purposes, or if the imaging agent is combined with a coencapsulated therapeutic, for image guided drug delivery in order to follow the
fate of the drug loaded carrier in a real time manner. One of the most sensitive
and commonly used imaging techniques is magnetic resonance imaging (MRI).
Superparamagnetic iron oxide nanoparticles (SPIONs) are among the most
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important MRI contrast agents because of their slow kidney clearance and high
relaxation values. However, their intravenous administration still remains a
challenge and a coating is always necessary to avoid agglomeration and rapid
elimination. Therefore, in chapter 8, the ability of biodegradable
thermosensitive mPEG-b-pHPMAmLacn polymeric micelles to stably
encapsulate hydrophobic oleic acid-coated SPIONs (diameter 5-10 nm) is
investigated, to result in a system fulfilling the requirements for systemic
administration. SPIONs were loaded in mPEG-b-pHPMAmLacn micelles with a
40% encapsulation efficiency, and 200 nm particles (PDI=0.2) were formed.
TEM analysis demonstrated that clusters of SPIONs were present in the core of
the micelles. The particles showed excellent stability under physiological
conditions for 7 days, even in the presence of foetal bovine serum. Importantly,
MRI scanning of the SPION loaded micelles demonstrated high r2 and r2*
relaxivities, indicating that these micelles can very well be used as MRI contrast
agents.
Finally, the current chapter 9 summarizes the results shown in this thesis,
and gives the future perspectives of this system.
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2. Future perspectives
Thermosensitive and biodegradable polymeric micelles based on mPEG-bpHPMAmLacn have shown very promising results during the past years.
However, the improved efficacy of this type of formulation still had to be fully
demonstrated. The results presented in this thesis illustrate the high potential of
thermosensitive and biodegradable mPEG-b-pHPMAmLacn polymeric micelles
for anticancer therapy and imaging and fully justify further pharmaceutical
development to reach clinical trials:
9 For the first time for this system, improved in vivo therapeutic efficacy was
shown in tumor-bearing mice. This was achieved by:
x Covalent instead of physical entrapment of the anticancer drug in the
micellar core, though a pH-sensitive hydrazone linker, designed to stably
retain the drug linked on the polymer at the neutral pH of the circulation, but
release it in the acidic environment of the tumor, as well as in the acidic
organelles upon cellular uptake.
x Conjugation of an active targeting anti-EGFR nanobody to the
micellar surface, which resulted in enhanced binding and uptake by cancer
cells. When the nanobody-modified micelles were combined with covalently
entrapped doxorubicin, significantly increased therapeutic effect in tumorbearing mice was observed compared to the free drug and to non targeted
micelles.
9 An alternative covalent linking strategy was developed, in which the drug
was conjugated to the polymer through an enzymatically cleavable linker
using click chemistry, followed by micelle formation, and demonstrated
very promising in vitro results.
9 An MRI contrast agent was successfully encapsulated, giving rise to
further research on micelles as image guided drug delivery systems
(‘theranostic system’).
Before clinical application, a detailed pharmacokinetic and biodistribution
study needs to be performed, and the full mechanism responsible for the
increased anticancer efficacy observed needs to be explored. Additionally, the
therapeutic antitumor activity of the system developed with the enzymatically
cleavable linker needs to be evaluated in vivo, and then a comparison of pH and
enzyme sensitivity can be made. Furthermore, the co-encapsulation of an MRI
contrast agent in the drug loaded micelles can result in a system suitable not
only for therapy, but also for simultaneous imaging, to follow the fate of the
drug in a real time and non invasive manner. Last but not least, for clinical
applications, improved and more sophisticated polymerization techniques need
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to be applied for the polymer synthesis, to result in well defined monodisperse
polymers.

2.1. Pharmacokinetic profile and therapeutic efficacy correlation of
mPEG-b-pHPMAmLacn micelles with covalently entrapped drug
As described in chapters 3 and 5, mPEG-b-pHPMAmLacn micelles with
covalent bound DOX through a hydrazone linker displayed increased
therapeutic efficacy in vivo after i.v. administration to tumor-bearing mice, as
compared to untreated and free drug treated mice. Core-crosslinked empty
micelles have previously shown prolonged circulation and enhanced tumor
accumulation in vivo 11. Therefore, the mechanism proposed for this increased
antitumor effect is that the drug circulated long in the blood stream because it
was stably retained in the micellar core (due to the stability of the hydrazone
linker in neutral environments), but upon arrival to the tumor tissue through the
EPR effect it was released due to the acidic environment of the tumor, as well
as in the acidic organelles upon cellular uptake. Nevertheless, this concept still
needs to be fully proven through a detailed pharmacokinetic study, in which the
concentration of the micelles as well as the drug will be determined in blood
and in tissues in time upon i.v. administration. Subsequently, this will give solid
proof that the drug is indeed stably retained in the micelles during circulation,
and therefore it displayed the remarkable circulation kinetics and enhanced
tumor accumulation that has been observed in earlier studies for empty CCL
micelles (50% of the injected dose was in the blood 6 hours after injection, and
6% of the administered dose per gram of tumor tissue after 48 hours)11.
In chapter 6 an introductory pharmacokinetic study is described, in which it
was demonstrated that DOX-MA micelles circulated longer in the blood stream
than the free drug. In addition, more than 90% of the drug measured in the
blood was in the form of polymer-bound drug, which showed that the
hydrazone linker remained intact in the circulation. However, if this result is
translated to percentage of injected dose, it is revealed that only 10% of the
injected drug was in the circulation 30 minutes after administration. This
pharmacokinetic profile is different from the one of empty CCL micelles that
has been published in the study of Rijcken et al, and was quite unexpected as, if
the drug is indeed covalently entrapped in the core, it is expected that it will
follow the same circulation profile as the micelles. Nevertheless, it has to be
remarked that the determination of empty CCL micelles was performed in full
blood using a radio-labeled polymer, while in the study described in chapter 6
the drug concentration in blood plasma was measured with HPLC upon
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separation of plasma from full blood. This method was chosen due to the high
complexity of the synthesis of a radio-labeled doxorubicin derivative and
therefore an HPLC analytical method was developed with which the
concentration of DOX could only be determined in plasma, due to high
interference of other blood components with the detection. However, there is a
possibility that a (considerable) amount of micelles with covalently linked DOX
can be trapped in the cellular pellet during plasma separation with
centrifugation. Consequently, in order to have a full pharmacokinetic profile of
the drug in the micelles, these technical challenges need to be solved and a valid
determination method has to be developed. The preferred method is to radiolabel both the polymer and the drug derivative (each with a different label), and
to determine both components in full blood and tissue.
In chapter 7, a novel strategy of coupling doxorubicin in the micellar core
was presented; doxorubicin was coupled to the thermosensitive block of the
polymer through a linker that is selectively cleaved by the enzyme ȕglucuronidase, the levels of which were shown to be elevated in the
extracellular space of tumor tissues due to necrosis. This system showed very
promising in vitro results, i.e. the DOX micelles showed the same levels of
cytotoxicity as free DOX against 14C cells in the presence of the enzyme, but
no effect in the absence of the enzyme. This novel micellar system is expected
to show increased efficacy also in vivo, as the glucuronide prodrug has shown
an increased antitumor effect and a 60-fold higher maximum tolerated dose than
free doxorubicin when it was intravenously injected into OVCAR-3 tumorbearing nude mice. This result was attributed to the decreased systemic toxicity
of the prodrug and the increased drug concentration found in tumor tissue after
its administration compared to mice treated with the parent drug 10, 12.

2.2. Combination therapy
In chapter 6, the combination of DOX-MA micelles with an EGFR targeted
nanobody was reported, and an increased antitumor efficacy of these micelles
was demonstrated, as compared to micelles with only DOX or micelles with
only the nanobody. The novelty of this system was that the benefit from the
targeting moiety used was not only the enhancement of the cellular uptake of
the micelles, but also the intrinsic therapeutic activity that it demonstrated when
bound to empty micelles, through down-regulation of EGFR. Combining of two
therapeutic strategies in one system, i.e. the cytostatic activity of doxorubicin
with the EGFR down-regulation activity of the nanobody micelles is a novel
and highly promising strategy towards the development of an effective
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anticancer therapeutic. The exact mechanisms underlying this improved
efficacy still need in depth investigation, in terms of pharmacokinetic profiles
and EGFR tumor levels.

2.3. Image guided drug delivery - theranostics
In chapter 8, the encapsulation of superparamagnetic iron oxide
nanoparticles (SPIONs) in mPEG-b-pHPMAmLacn polymeric micelles was
demonstrated. In this chapter it was shown that 200 nm micelles loaded with
SPIONs in their core were formed, with good MRI properties. This indicates
that these micelles can very well be used as MRI contrast agents. Importantly, if
these micelles are combined with a co-encapsulated therapeutic agent, they
could then be applied for image guided drug delivery, which would allow
following the fate of the drug loaded carrier in a real time and non-invasive
manner. To this end, in a pilot study we investigated the encapsulation of
SPIONs in the polymeric micelles with covalently bound DOX through a
hydrazone linker described in chapter 4. SPIONs could be encapsulated in the
micelles with an efficiency of around 40% but however, upon magnetic
separation of the SPIONs micelles from the DOX-MA micelles, there was
indication that the micellar population consisted of two separate populations;
one of SPION loaded micelles, and one of DOX loaded micelles. This is an
important drawback since for a suitable theranostic system, both agents need to
co-circulate and co-accumulate in the tumor tissue, which is not certain if they
are encapsulated in different particles of different sizes. This behavior is most
probably due to the fact that in most cases an excess of polymer was used in
order to obtain high encapsulation efficiency, and this excess can result in the
encapsulation of the two components in two different particles. In order to
overcome this, not only the drug, but also the SPIONs can be covalently
entrapped in the micellar core or alternatively, a conjugate of SPIONs with the
therapeutic can be synthesized and subsequently be encapsulated in the
micelles. On the other hand, the polymer with covalently coupled doxorubicin
through click chemistry that was described in chapter 7 can be used to prepare
SPION-loaded micelles.
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2.4. Improvement of polymer quality by controlled radical
polymerization
In order to develop a system suitable for clinical evaluation, except from the
efficacy and safety issues that need to be resolved, the materials used need to be
well defined and pharmaceutically acceptable. The polymer used in this thesis,
mPEG-b-pHPMAmLacn, is synthesized by free radical polymerization. The
main disadvantage of this type of polymerization is the poor control on the
molecular weight and the broad molecular weight distributions. GPC analysis
showed that the mPEG-b-pHPMAmLacn block copolymers that are used in this
thesis contain small amounts of un-reacted PEG (resulting from the insufficient
reaction of the macroinitiator used), as well as likely homopolymers (resulting
from the presence of some mono-substituted macroinitiator and or chain
transfer reactions). In the field of controlled living radical polymerization,
ATRP (atom transfer radical polymerization) and RAFT (reversible addition–
fragmentation chain transfer) polymerizations are frequently used to synthesize
polymers with a tailored molecular weight and a low polydispersity 13-15.
Especially RAFT polymerization is highly attractive, as no metal ions or
catalysts are required (as for ATRP) and there is a broad variety of monomers
that can be polymerized 16. Preliminary experiments have shown that RAFT
polymerization of HPMAmLacn monomers is feasible and if a mPEG-chain
transfer agent is used, diblock copolymers can be synthesized. Therefore it is
expected that polymers synthesized by this method will be monodisperse, well
defined, which might even result in smaller and monodisperse polymeric
micelles.
To conclude, substantial progress on polymeric micelles for drug delivery
purposes is described in this thesis and this progress is a follow up of many
years of investigations prior to it. Starting from a novel block copolymer with
thermosensitive properties 7 years ago 17, its controlled biodegradability was
shown and its physicochemical properties were studied in detail 18. Later, the
self assembly of this polymer in micelles and the successful encapsulation of
hydrophobic drugs was demonstrated, and the circulation kinetics and the tumor
accumulation of the micelles were improved by core-crosslinking18, 19. In this
thesis, chemical modifications of this polymer and the investigation of
alternative, covalent entrapment of drugs through smart chemical linkers
resulted in the end goal, which was to demonstrate increased antitumor efficacy.
Overall, the first clinical testing of these micelles is anticipated soon.
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1. Effect of pH on the conjugation of lysozyme on PDPfunctionalized micelles
Figure S1 shows the SDS-PAGE gel of conjugates of non-crosslinked
mPEG/PDP-PEG micelles with lysozyme (1:1 SATA:lysozyme, 2:1
SATA:PDP) prepared in pH 5 (S1A) and pH 7.4 (S1B) buffer, of a mixture of
non-crosslinked mPEG micelles with deacetylated SATA-lysozyme (S1C), of
deacetylated SATA-lysozyme (1:1 SATA:LZM) mixed with a pH 5 (S1D) and
pH 7.4 (S1E) buffer, and of non-crosslinked mPEG/PDP-PEG micelles (S1F).

170 130 100 70 55 40 35 25 15 10 kDa

A

B

C

D

E

F

Figure S1. SDS-PAGE (non-reducing conditions) of SATA-lysozyme
conjugated to non-crosslinked mPEG/PDP-PEG micelles at pH 5 (A) and pH
7.4 (B), deacetylated SATA-lysozyme mixed with non-crosslinked mPEG
micelles (C), deacetylated SATA-lysozyme in buffer pH 5 (D) and pH 7.4 (E),
non-crosslinked mPEG/PDP-PEG micelles (F).

It was observed that the conjugation reactions had slightly higher yields
when performed at pH 5 (figure S1A) than at pH 7.4 (S1B), as evidenced from
the higher intensity of the bands at 25-40 kDa (equal amounts were applied). It
has been shown that conjugation of SH-oligopeptides with SPDP-modified
polymers is favored at acidic pH 1, as at low pH protonation of the pyridine
nitrogen of PDP renders it a better leaving group. Furthermore, a low pH
prevents the formation of thiolate anions (pKa 8.31), thus the formation of
protein dimers through disulfide bonding between thiolated lysozyme
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molecules. The later was also observed in samples of deacetylated lysozyme
(figures S1D and S1E), where bands were observed corresponding to 2 or 3
times the molecular weight of lysozyme (corresponding to di- and trimers),
being more pronounced when lysozyme was in a pH 7.4 buffer (figure S1E).
Similar findings were observed for SH-peptides, where HPLC analysis showed
significant amounts of dimers under alkaline conditions 1.

2. Conjugation of lysozyme on mPEG/PDP-PEG core-crosslinked
micelles
For conjugates of core-crosslinked mPEG/PDP-PEG micelles with SATAlysozyme, the same effect as with non-crosslinked micelles was observed, but
the intensity of the conjugate bands was less intense (data not shown). In
addition, a large amount of protein was detected in the slots of the gel, which
can be explained as follows: Core-crosslinked micelles are stable in the
presence of SDS 2, due to the chemical crosslinks that keep the core together.
Thus it is expected that, due to their big size, the core-crosslinked micelles will
not run through the gel. Therefore, the observation of protein in the slots of the
gel indicates that it was coupled to the micelles. Due to the stability of corecrosslinked micelles, it was anticipated that the uncoupled lysozyme could be
removed by means of ultrafiltration using vivaspin tubes with a cut-off of 100
kDa. After gel electrophoresis of the purified lysozyme core-crosslinked
micelles samples, protein was only observed in the slots of the gels (data not
shown) demonstrating that also for core-crosslinked micelles lysozyme was
successfully coupled to their surface and that uncoupled lysozyme was indeed
removed.

3. Analysis of lysozyme-micelle conjugates with GPC and UV
spectrometry
To confirm the electrophoresis results and to quantify lysozyme coupling to
non-crosslinked mPEG/PDP-PEG micelles, GPC analysis using a Superdex 200
10/300 GL column (GE Healthcare, Piscataway, USA).was also performed. The
eluent was a phosphate buffer (100 mM) pH 6.8 and the flow rate 0.5 mL/min.
Dual RI (specific for the polymer) and UV detection (280 nm, specific for
lysozyme) was used. Figure S2A shows that (mPEG/PDP-PEG)-bpHPMAmLacn eluted at 32.4 minutes (RI detection), while no signal was
observed at 280 nm. Lysozyme eluted at around 37 minutes (both RI and UV
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(280 nm) detection) (figure S2B). GPC analysis of the lysozyme-micelle
conjugates showed that part of the lysozyme eluted at 31.2 minutes (UV
detection), which is close to the retention time of the polymer (32.4 minutes,
figure S2C), again demonstrating that lysozyme was coupled to the polymer. It
should be stressed here that the GPC elution behavior of a macromolecule is
governed by its hydrodynamic volume and not by its absolute molecular weight.
It is known that water-soluble polymers of a certain molecular weight have a
much greater hydrodynamic volume than proteins of the same molecular
weight. The hydrodynamic radius of the conjugate is therefore mainly due to the
polymer (Mn ~25 kDa). From the area under the curve of the free and coupled
lysozyme peaks it was calculated that the coupling efficiency was around 50%.
When a physical mixture of mPEG micelles with lysozyme was injected, the
peak of the polymer at 32.4 min (RI detection) and of lysozyme at 37 min (UV
detection) was visible, but no shift was observed (figure S2D).
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Figure S2. Aqueous GPC with dual RI and UV (280 nm) detection of A) noncrosslinked mPEG/PDP-PEG micelles, B) deacetylated SATA-lysozyme, C)
conjugated SATA-lysozyme to non-crosslinked mPEG/PDP-PEG micelles and
D) physical mixture of non-crosslinked mPEG micelles and deacetylated
SATA-lysozyme.
The coupling was also quantified by measuring the concentration of pyridine
thione released during the conjugation. The concentration of formed pyridine
thione (scheme 2 main text chapter 5) was measured by UV spectrometry at 343
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nm (extinction coefficient 8080 M-1cm-13) before and after reaction of SATAlysozyme with mPEG/PDP-PEG micelles. Calibration was done by measuring
the concentration of pyridine thione formed after addition of DTT to PDP
micelles, and the percentage of coupling was calculated as the ratio of the
concentration of pyridine thione measured from the conjugates, to the
concentration of pyridine thione measured after addition of DTT to the samples.
Indeed, an increase in absorbance at 343 nm was observed upon incubation of
lysozyme with mPEG/PDP-PEG micelles, which was 50% of the increase
observed upon incubation with DTT, demonstrating a 50% coupling efficiency,
which is in agreement with the GPC analysis. No increase in absorbance was
measured for the mixture of SATA-lysozyme with mPEG micelles.

4. Cellular binding (14C cells) as a function of nanobody
concentration

Mean fluorescence intensity

The mean fluorescence intensity as measured by FACS analysis of 14C cells
after incubation for one hour at 4 oC with conjugates of the EGa1 nanobody
with core-crosslinked mPEG/PDP-PEG micelles is also plotted in the
concentration range of nanobody from 0.05 - 7 ȝM (figure S3). When
concentrations up to 0.8 ȝM of EGa1 were used the binding increased with
nanobody concentration. However, at higher concentrations a leveling off of the
cellular binding is observed, which is possibly due to the saturation of the EGF
receptors on the cell surface.
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Figure S3. Mean fluorescence intensity versus EGa1 nanobody concentration
of cells incubated with conjugates of EGa1 with mPEG/PDP-PEG rhodamine
micelles for one hour at 4 oC.
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5. Size distribution by intensity of lysozyme and nanobody micelle
conjugates measured by dynamic light scattering.
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Figure S4. Size distribution by intensity of conjugates of mPEG/PDP-PEG
micelles with lysozyme (A) and EGa1 nanobody (B).
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1. Experimental
1.1. Thermogravimetric analysis (TGA)
For TGA analysis nanoparticle suspensions were prepared and purified as
described in section 2.3. Subsequently, the samples were freeze dried (using a
Christ “alpha1-2” freeze dryer) overnight The freeze dried samples (2-5 mg)
were transferred into platinum sample pans and they were heated with a rate
5oC/min under a nitrogen flow, using a TGA Q50 Thermogravimetric Analyzer
from TA instruments.

1.2. Iron content determination of the particles
The iron concentration in the formulations was determined using the 1,10phenanthroline colorimetric method1. In detail, 40 ȝL of sample was transferred
into a vial, followed by the addition of 20 ȝL of concentrated hydrochloric acid.
The solution was incubated for 1h at room temperature to dissolve the SPIONs
and to yield ferrous and ferric chloride. Next, 100 ȝL of a hydroxylamine
hydrochloride solution 100 mg/mL was added, to reduce Fe (III) to Fe (II),
followed by the addition of 500 ȝL of 1,10 phenanthroline 3 mg/mL to form the
orange-red complex of tris(1,10-phenanthroline) iron(II). Finally, the samples
were diluted to 1800 ȝL using ammonium acetate 500 mM pH 4 buffer, which
was also used in the reagents’ solutions. The absorbance of the samples was
measured at 510 nm using a UV-vis spectrophotometer (Shimadzu UV/VIS
2450 spectrophotometer, Shimadzu Suzhou Instruments, Wfg. Co., Ltd, Kyoto,
Japan). The concentration of iron (II) was calculated using a calibration curve
obtained using Mohr’s salt solution in HCl 0.01 N in a concentration range of
0.5-8.0 ȝg/mL.

1.3. Transmission Electron Microscopy (TEM)
SPION-loaded micelles (SPIONs 1 mg/mL, polymer 0.9 or 9 mg/mL) were
prepared using the rapid heating procedure as described in section 2.3 and
transmission electron microscopy was performed on the nanoparticle
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suspensions. In order to be able to visualize the cores of the particles, negative
uranyl acetate staining was used. In detail, a droplet of dispersion (10 ȝl) was
put onto a piece of Parafilm. A Glow Discharged grid (copper 200 mesh grid
with a carbon coated thin polymer film, Formvar or Pioloform on top) with the
film side down was placed on this droplet for three minutes. The grid was taken
off and the excess liquid was removed using a filter paper. Immediately, the
grid with the film was put side down on a 5 ȝl droplet of uranyl acetate 2% for
30-60 seconds. Next, the grid was taken off and the excess uranyl acetate was
removed using filter paper. The grid was put on a filter paper or in a storage box
and left to dry completely. For analysis, the grid was loaded into a TEM-sample
holder. The transmission electron microscope used was a Philips Tecnai12
equipped with a Biotwin-lens and a LaB6 filament, operated at 120 kV
acceleration voltage. Images were captured with a SIS Megaview II CCDcamera and processed with AnalySIS software.

2. Results
2.1. Stability
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Figure S1. Stability of SPION-loaded mPEG-b-pHPMAmLac2 micelles using
a) the ‘rapid heating’ procedure and b) the ‘post loading’ procedure in
ammonium acetate buffer pH 5 120 mM. In both cases the particles were stable
for at least 10 days.

2.2. Thermogravimetric analysis
Figure S2 shows the thermal decompositions of the mPEG-b-pHPMAmLac2
copolymer, the SPIONs, and the SPION-loaded micelles. The polymer (figure
S2a) decomposed in 2 steps, having a first weight loss at 225 oC and a second at
400 oC, while at 500 oC a minimum amount (~0.05%) of residue was obtained.
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The SPIONs showed two weight losses (fig S2b), one at ~200 oC and one at
~320 oC. This two step decomposition process was explained previously by the
quasi-two-layers adsorbed model on the particle surface 2, 3. In this model, in
addition to a first, strongly bound layer, there are additional weakly bound
surfactant molecules in a second layer further away from the magnetite core.
This bonding is attributed to a combination of interchain van der Waals
interactions and hydrogen bonding between the head groups and the surface of
magnetite. Due to the OA adsorbance by two kinds of bonding energy, its
decomposition occurs in two steps; first of the weakly bound (200 oC) and then
of the strongly bound layer (320 oC) decomposed. As for the SPION-loaded
micelles (fig S2c), a combination of the above weight losses was observed.
With TGA it was once more demonstrated that the formulation contains
polymer (the two weight loses belonging to the polymer appear at the TGA of
the formulation), oleic acid (the weight loss at 333 oC) as well as iron oxide (the
residue remaining after heating at 500 oC), while the higher the loading the
higher the amount of remaining residue that was observed. In addition, in the
samples with high loading capacity a higher amount of residue remained after
heating to 500 oC compared with samples with a low loading, indicating that
this residue corresponds to non volatile iron oxide.

o

Temperature ( C)

Figure S2. TGA thermographs of a) mPEG-b-pHPMAmLac2 block copolymer,
b) SPIONs and c) SPION-loaded micelles.
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Polymeren micellen zijn colloïdale nano-assemblages bestaande uit een
hydrofobe kern en een hydrofiele mantel, die spontaan worden gevormd uit
amfifiele blok- of ent-copolymeren wanneer deze worden opgelost in een
selectief oplosmiddel boven een bepaalde concentratie (KMC, kritische
micelconcentratie). De vorming van polymeren micellen in een selectief
oplosmiddel werd voor het eerst waargenomen door Merret in 1954 bij
poly(methylmethacrylaat) geënt op natuurrubber. Later bestudeerde Molau het
colloïdale gedrag van micellen gevormd uit blok-copolymeren. Sindsdien zijn
de fundamentele achtergronden alsmede een grote variëteit aan toepassingen
uitvoerig beschreven in de literatuur. In het biomedisch veld zijn polymeren
micellen erkend als een belangrijke en aantrekkelijke klasse van
geneesmiddeldragers, met name voor het intraveneus toedienen van hydrofobe
geneesmiddelen. Een aantal formuleringen gebaseerd op micellen worden
momenteel geëvalueerd in klinische testen.
Hoofdstuk 1 van dit proefschrift geeft een algemene inleiding over
polymeren micellen en hun toepassing voor geneesmiddelafgifte bij de
behandeling van kanker, en geeft een overzicht van de onderwerpen die in dit
proefschrift zijn onderzocht. Het hoofdstuk bediscussieert stimuli-(thermo)responsieve micellen, het covalent binden van het geneesmiddel in de kern van
de micellen, actieve doelgerichtheid, alsmede potentiële toepassingen van
polymeren micellen in de medische beeldvorming. Tenslotte worden de
doelstellingen van dit proefschrift samengevat.
Poly[N-(2-hydroxypropyl)methacrylamide] (pHPMAm) is een hydrofiel,
niet-immunogeen en biocompatibel polymeer en is een van de meest intensief
onderzochte polymeren geneesmiddeldrager, met name in de vorm van
geneesmiddel-polymeer conjugaten waarvan sommigen reeds klinisch zijn
getest. pHPMAm is ook onderzocht als bouwsteen voor polymeren micellen. In
hoofdstuk 2 worden micellaire systemen op basis pHPMAm beschreven en
bediscussieerd, en de meest veelbelovende in vitro and in vivo resultaten
worden getoond. pHPMAm kan gecombineerd met een hydrofoob blok
fungeren als de hydrofiele mantel van polymeren micellen. Anderzijds kan het
de kern van de micellen vormen wanneer het wordt gederivatiseerd met
hydrofobe groepen en gecombineerd met een hydrofiel blok.
Voor een optimale geneesmiddelafgifte is het noodzakelijk dat polymeren
micellen stabiel zijn in de bloedcirculatie en door middel van het “EPR effect”
selectief ophopen in het zieke weefsel, alwaar vervolgens het ingesloten
geneesmiddel op een gereguleerde manier dient te worden vrijgegeven. Dit kan
worden bewerkstelligd door gebruik te maken van stimulusresponsieve
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systemen waarmee vrijgifte kan worden geïnduceerd via een endogene of
exogene trigger. Een van de belangrijkste onderzochte triggers is temperatuur.
Thermoresponsieve
systemen
zijn
ontwikkeld
op
basis
van
temperatuurgevoelige polymeren, waarvan de oplosbaarheid in water afhangt
van de temperatuur. Beneden de lower critical solution temperature (LCST)
zijn temperatuurgevoelige polymeren in een geëxpandeerde toestand en
volledig opgelost, terwijl deze boven de LCST gedehydrateerd en onoplosbaar
zijn. Op basis van dit principe zijn polymeren micellen ontwikkeld die kunnen
worden gevormd of gedestabiliseerd afhankelijk van de temperatuur van hun
omgeving. De hydrofobe kernen van dergelijke micellen kunnen worden
beladen met hydrofobe geneesmiddelen, die vervolgens kunnen worden
vrijgegeven door middel van temperatuurverandering. Hoofdstuk 3 geeft een
overzicht van de belangrijkste recente ontwikkelingen met betrekking tot het
ontwerp en de synthese van micellen gebaseerd op temperatuurgevoelige
polymeren voor toepassing in geneesmiddelafgifte. Conventionele en chemisch
verknoopte temperatuurgevoelige polymeren micellen worden beschreven en
hun fysisch-chemische eigenschappen bediscussieerd. De meest frequent
bestudeerde temperatuurgevoelige polymeren micellen zijn gebaseerd op
poly(N-isopropylacrylamide) (pNIPAAm), pluronics (dat zijn blokcopolymeren
van polypropyleenoxide geflankeerd door twee polyethyleenoxide blokken), of
poly(N-(2-hydroxypropyl)methacrylamide-lactaat) (pHPMAmLacn), en daarom
worden deze in meer detail beschreven. Tenslotte worden de in vitro en in vivo
resultaten van de meest veelbelovende geneesmiddelbeladen micellen
bediscussieerd.
Biologisch afbreekbare temperatuurgevoelige polymeren micellen gebaseerd
op poly(ethyleenglycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-lactaat]
(mPEG-b-pHPMAmLacn) zijn ontwikkeld in onze groep en naar voren
gekomen als een veelzijdig geneesmiddelafgiftesysteem. Het mPEG blok is
permanent hydrofiel, terwijl het pHPMAmLacn blok temperatuurgevoelig is.
Dientengevolge worden micellen gevormd wanneer een waterige oplossing van
dit polymeer wordt verwarmd van 0 oC tot boven de LSCT van het
temperatuurgevoelige blok of the thermosensitive Block. Deze micellen,
bestaande uit een mantel van mPEG en een kern van pHPMAmLacn, zijn
succesvol toegepast om het cytostatisch geneesmiddel paclitaxel en de
fotosensibilisator Si(sol)2Pc te solubiliseren. Het zijn zeer veelbelovende
systemen
voor
geneesmiddelafgifte
vanwege
de
instelbare
biodegradeerbaarheid en desintegratie van de micellen, voortkomende uit de
hydrolyse van de melkzuurzijgroepen onder fysiologische condities, en hun
grootte (60-80 nm) wat hen na i.v. toediening in staat stelt tot ophoping in de
tumor als gevolg van het enhanced permeation and retention (EPR) effect.
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Micellen waarvan de lactaatgroepen van de polymeren werden gemethacryleerd
om vervolgens de kernen te verknopen, vertoonden opmerkelijk lange
circulatietijden en verhoogde ophoping in tumorweefsel. Helaas werd 95% van
het beladen geneesmiddel (paclitaxel) binnen 30 minuten na toediening
geëlimineerd uit de bloedbaan, waarschijnlijk ten gevolge van vroegtijdige
vrijgifte/extractie uit de micellen. Daarom werd in hoofdstuk 4 de covalente
insluiting onderzocht van gemethacryleerd doxorubicine (DOX-MA), dat via
een pH-gevoelige hydrazon verbinding in de kern van de micellen werd
vastgezet. Deze verbinding, ontwikkeld en intensief onderzocht door Ulbrich et
al., wordt selectief gesplitst onder zure omstandigheden. Daarom werden de
micellen met covalent gebonden DOX-MA verondersteld stabiel te zijn bij
neutrale pH (d.w.z. de pH in de bloedcirculatie) en het geneesmiddel DOX vrij
te geven onder de relatief zure omstandigheden in tumorweefsel en/of in de
endosomen van de tumorcellen. 30-40 gewichtsprocent van het toegevoegde
DOX-MA werd covalent ingesloten en de gevormde micellen hadden een
gemiddelde diameter van 80 nm. De volledige inhoud van de micellen werd
binnen 24 uur vrijgegeven tijdens incubatie bij pH 5 en 37 oC, terwijl slechts
ongeveer 5% vrijgifte werd waargenomen bij pH 7,4. Deze DOX-micellen
vertoonden een hogere cytotoxiciteit tegen B16F10 en OVCAR-3 cellen
vergeleken met het vrije DOX-MA, waarschijnlijk als gevolg van cellulaire
opname van de micellen via endocytose en vervolgens intracellulaire
geneesmiddelvrijgifte in de zure organellen. Nog belangrijker is dat deze
micellen hogere antitumoractiviteit vertoonden dan vrij DOX in muizen met
B16F10 melanoma carcinoma.
De therapeutische activiteit van de geneesmiddelbeladen micellen beschreven
in hoofdstuk 3 is voornamelijk gebaseerd op hun passieve ophoping in aangetast
weefsel middels het eerder genoemde EPR-effect. Er werd verondersteld dat de
activiteit van deze nanodeeltjes verbeterd zou kunnen worden door
kankercelselectieve stoffen aan het oppervlak te hechten, om daarmee actieve
doelgerichtheid tot stand te brengen. Een van de doelen die dikwijls wordt
gebruikt voor actieve doelgerichtheid is de epidermale groeifactorreceptor
(EGFR), welke in veel tumoren overmatig tot expressie komt. Zeer recent zijn
kleine functionele antilichamen ontwikkeld (15 kDa groot, genaamd
nanobodies), waarvan de EGa1-nanobody EGFR-antagonisme en specifieke
binding aan de receptor liet zien. In hoofdstuk 5 wordt de
oppervlaktefunctionalisatie beschreven van mPEG-b-pHPMAmLacn micellen
met N-succinimidyl-3-(2-pyridyldithio)-propionaat (SPDP), en vervolgens de
koppeling van het EGFR-gerichte nanobody EGa1 aan het gemodificeerde
oppervlak, om de doelgerichtheid van de micellen te verbeteren. Om dit te
bereiken werden PDP-gemodificeerde polymeren gesynthetiseerd waarmee
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kleine (60 nm) micellen werden gevormd. Na het vinden van de optimale
conjugatiecondities met behulp van lysozym, kon SATA-gemodificeerd
nanobody zeer efficient worden gekoppeld aan het oppervlak van de PDPmicellen. De gevormde EGa1-micellen lieten, ten opzichte van
ongemodificeerde micellen, verhoogde binding en opname zien door cellen met
overmatige expressie van EGFR en geen binding aan EGFR-negatieve cellen.
Vervolgens konden de bevindingen uit hoofdstuk 5 toegepast worden om de
therapeutische effectiviteit van de geneesmiddelbeladen micellen beschreven in
hoofdstuk 4 te verbeteren. De resultaten hiervan worden beschreven in
hoofdstuk 6. Daartoe werden PDP-gefunctionaliseerde micellen bereid met in
de kern doxorubicine dat covalent ingesloten werd via een hydrazonverbinding,
en het EGa1 nanobody werd vervolgens op het oppervlak vastgezet. Deze
doelgerichte micellen vertoonden gelijke grootte en DOX vrijgifte als de nietdoelgerichte micellen. In vitro cytotoxiciteit experimenten lieten zien dat de
koppeling van het nanobody aan het oppervlak van de DOX-micellen
resulteerde in toegenomen cytostatische activiteit tegen 14C cellen met
overmatige EGFR-expressie. Nog belangrijker, EGa1-DOX-micellen
vertoonden in vivo antitumoractiviteit en verbeterde overleving van 14Ctumordragende muizen ten opzichte van niet-doelgerichte micellen. Daarnaast
lieten lege EGa1-micellen ook (weliswaar iets minder) antitumoractiviteit zien,
wat zeer waarschijnlijk een gevolg is van downregulatie van EGFR en/of
bindingscompetitie met EGF. De toegenomen antitumoractiviteit van EGa1DOX-micellen wordt toegeschreven aan de verbeterde binding en opname van
de nanobody-micellen door de tumorcellen (zoals in vitro werd aangetoond in
hoofdstuk 5), alsmede aan het synergistisch effect van het vrijgekomen
geneesmiddel met de antitumoreigenschappen van de nanobody (zoals
waargenomen voor de lege EGa1-micellen).
Prodrugs zonder antitumoractiviteit, welke worden omgezet in het actieve
geneesmiddel door enzymen die overmatig tot expressie komen in
tumorweefsel, zijn uitgebreid beschreven in de literatuur. Haisma et al. hebben
een doxorubicine-glucuronide prodrug ontwikkeld, waaruit het actieve
geneesmiddel wordt vrijgegeven door ȕ-glucuronidase, een enzym waarvan
bekend is dat het in necrotisch tumorweefsel voorkomt. Deze prodrug liet zeer
veelbelovende in vitro en in vivo resultaten zien. In hoofdstuk 7 wordt de
koppeling beschreven van een alkyn-gemodificeerde doxorubicine prodrug met
een enzymgevoelige verbinding (DOX-propGA3) aan een mPEG-bpHPMAmLac2 polymeer met azide-functionaliteiten (middels ‘click’-chemie).
DOX-propGA3 werd efficiënt gekoppeld aan het polymeer en vervolgens
werden kleine (50 nm) micellen gevormd. In vitro experimenten met 14C cellen
toonden aan dat, in aanwezigheid van serum en ȕ-glucuronidase, de DOX250
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propGA3 micellen vergelijkbare cytotoxiciteit bezaten als vrij DOX, terwijl in
afwezigheid van ȕ-glucuronidase erg lage cytotoxiciteit werd waargenomen.
Deze resultaten gaven aanwijzingen dat de gehele doxorubicineinhoud van de
micellen werd vrijgegeven in de aanwezigheid van ȕ-glucuronidase, resulterend
in een hoge cytostatische activiteit.
De eigenschap van polymeren micellen om op te hopen in tumorweefsel ten
gevolge van het EPR effect maakt hen, naast geneesmiddelsturing, ook zeer
aantrekkelijk voor de afgifte van contrastmiddelen voor medische
beeldvorming. Op deze manier kunnen micellen ook worden toegepast voor
diagnostische doeleinden, of, wanneer het contrastmiddel wordt gecombineerd
met een eveneens ingesloten therapeutisch middel, voor beeldgestuurde
geneesmiddelafgifte, teneinde het lot van de geneesmiddelbeladen drager in
real time te volgen. Een van de meest gevoelige en veelgebruikte
beeldvormingstechnieken is magnetische resonantie imaging (MRI).
Superparamagnetische ijzeroxide nanodeeltjes (SPIONs) behoren tot de
belangrijkste MRI contrastmiddelen vanwege hun trage klaring door de nieren
en hoge relaxatiewaarden. De intraveneuze toediening ervan is echter nog altijd
een uitdaging, en een coating is altijd noodzakelijk om agglomeratie en snelle
eliminatie te voorkomen. Daarom wordt in hoofdstuk 8 de mogelijkheid
onderzocht om hydrofobe oliezuur-gecoate SPIONs (diameter 5-10 nm) stabiel
in te sluiten in biodegradeerbare temperatuurgevoelige mPEG-b-pHPMAmLacn
polymeren micellen, met het oog op een systeem dat voldoet aan de eisen voor
systemische toediening. SPIONs werden beladen in mPEG-b-pHPMAmLacn
micellen met een insluitingsefficiëntie van 40%, resulterend in deeltjes met een
grootte van 200 nm (PDI=0.2). TEM analyse toonde aan dat clusters van
SPIONs aanwezig waren in de kernen van de micellen. De deeltjes waren zeer
stabiel gedurende 7 dagen onder fysiologische omstandigheden, zelfs in
aanwezigheid van runderserum. Meest belangrijk was dat MRI-scans van de
SPION-beladen micellen hoge r2 and r2* relaxiviteiten lieten zien, een
aanwijzing dat deze micellen zeer goed bruikbaar zijn als MRI
contrastmiddelen.
Tenslotte gaf hoofdstuk 9 een samenvatting van de resultaten uit dit
proefschrift, en gaf de toekomstperspectieven weer van de onderzochte
systemen.
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ABC
ACN
ATRP
AzEMA
BSA
CCL
CMC
CMT
CP
DCC
DCM
DLS
DMAP
DMEM
DMF
DMSO
DOX
DOX-GA3
DOX-MA
DOX-mGA3
DOX-propGA3
DPTS
DTT
EC50
EDTA
EE
EGF
EGFR
EPR
FACS
FBS
FDA
FT-IR
GPC
HEMA

accelerated blood clearance
acetonitrile
atom transfer radical polymerization
2-azidoethyl methacrylate
bovine serum albumin
core crosslinked
critical micelle concentration
critical micelle temperature
cloud point
N,N-dicyclohexyl carbodiimide
dichloromethane
dynamic light scattering
4-(N,N-dimethylamino)pyridine
dulbecco's modified eagle's medium
dimethylformamide
dimethyl sulfoxide
doxorubicin
N-[4-doxorubicin-N-carbonyloxymethyl)phenyl]-O-ȕglucuronyl carbamate
6-methacrylamidohexanohydrazide-DOX
N-[4-doxorubicin-N-carbonyloxymethyl)phenyl]-O(methyl-O-ȕ-glucuronyl) carbamate
N-[4-doxorubicin-N-carbonyloxymethyl)phenyl]-O(propargyl-O-ȕ-glucuronyl) carbamate
4-(dimethylamino)pyridinium-4-toluene sulfonate
dithiothreitol
half maximal effective concentration
ethylenediaminetetraacetic acid
encapsulation efficiency
epidermal growth factor
epidermal growth factor receptor
enhanced permeation and retention
fluorescence-activated cell sorting
fetal bovine Serum
food and drug administration
fourier transform infrared
gel permeation chromatography
(2-hydroxyethyl)methacrylate
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HEMAm
HEMAm-Lacn
HEPES
HIFU
HNSCC
HPLC
HPMA
HPMAm
HPMAmLacn
i.v.
IU
kDa
KPS
LC
LCST
LZM
Mn
mPEG
MRI
MTD
Mw
NCL
NIPAAm
NMR
NTA
OVCAR
PBS
PDI
PDP
PEG
PEO
PIC
PLA
PM
PPO
PTX
PVP
RAFT
RES
Rho
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N-(2-hydroxyethyl)methacrylamide
N-(2-hydroxyethyl)methacrylamide lactate
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
high intensity focused ultrasound
human head and neck squamous carcinoma
high performance liquid chromatography
(2-hydroxypropyl)methacrylate
N-(2-hydroxypropyl)methacrylamide
N-(2-hydroxypropyl)methacrylamide lactate
intravenous
international unit
kilo dalton
potassium persulfate
loading capacity
lower critical solution temperature
lysozyme
number average molecular weight
methoxy poly(ethylene glycol)
magnetic resonance imaging
maximum tolerated dose
weight average molecular weight
non crosslinked
N-isopropylacrylamide
nuclear magnetic resonance
nanoparticle tracking analysis
ovarian carcinoma
phosphate buffered saline
polydispersity index
pyridyldithio propionate
poly(ethylene glycol)
poly(ethylene oxide)
polyion complex
poly(lactic acid)
polymeric micelle
poly(propylene oxide)
paclitaxel
poly(N-vinyl-2-pyrrolidone)
reversible addition–fragmentation chain transfer
reticulo-endothelial system
rhodamine

List of abbreviations

RhoMA
RI
RT
SATA
SCL
SDS
SDS-PAGE
SPDP
SPION
TAIc
TBST
TEM
TEMED
TFA
TGA
THF
TNBSA
UM-SCC
UV
Zave

rhodamine methacrylate
refractive index
room temperature
N-succinimidyl-S-acetylthioacetate
shell crosslinking
sodium dodecyl sulfate
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis
N-succinimidyl-3-(2-pyridyldithio)-propionate
superparamagnetic iron oxide nanoparticle
trichloroacetyl isocyanate
tris-buffered saline/tween-20
transmission electron microscopy
tetramethylethylenediamine
trifluoroacetic acid
thermogravimetric analysis
tetrahydrofuran
2,4,6-trinitrobenzene sulfonic acid
human mouth squamous cell carcinoma
ultraviolet
average diameter
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