Biod&giada% Polymersomes
for Drug Delivery

Circulation Kinetics and Biodistribution,
Modulatede[ug Delivery and Cellular Uptake

Jung:Seok Lee
AN TN

S R



BIODEGRADABLE POLYMERSOMES FOR DRUG DELIVERY

CIRCULATION KINETICS AND BIODISTRIBUTION, MODULATED DRUG
DELIVERY AND CELLULAR UPTAKE

Jung Seok Lee



The research described in this thesis was financially supported by the portfolio program 2004 of

the University of Twente.

Biodegradable Polymersomes for Drug Delivery

Circulation Kinetics and Biodistribution, Modulated Drug Delivery and Cellular Uptake

Jung Seok Lee

PhD Thesis, with references; with summary in English and in Dutch
University of Twente, Enschede, The Netherlands

May 2011

ISBN 978-90-365-3188-7

Copyright © 2011 by Jung Seok Lee. All rights reserved.

Cover pages were designed by Jung Seok Lee. The background for the cover pages was created

by Peter Allen, UC Santa Barbara: convergence.ucsb.edu.

Printed by Wohrmann Print Service, Zutphen, The Netherlands

The printing of this thesis was sponsored by the Dutch Society for Biomaterials and Tissue

Engineering (NBTE).



BIODEGRADABLE POLYMERSOMES FOR DRUG DELIVERY

CIRCULATION KINETICS AND BIODISTRIBUTION, MODULATED DRUG
DELIVERY AND CELLULAR UPTAKE

DISSERTATION

to obtain
the degree of doctor at the University of Twente,
on the authority of the rector magnificus,
prof. dr. H. Brinksma,
on account of the decision of the graduation committee,
to be publicly defended
on Friday the 20™ of May 2011 at 16:45

by

Jung Seok Lee

born on the 12™ of December 1978
in Mokpo, South Korea



This dissertation has been approved by:

Promotor: Prof. Dr. J. Feijen



Table of Contents

Chapter 1. General introduction

Chapter 2. Formation, Characterization and Design of Polymersomes for
Drug Delivery

Chapter 3. Biodegradable Polymersomes as Carriers and Release Systems
for Paclitaxel Using Oregon Green® 488 Labeled Paclitaxel as a
Model Compound

Chapter 4. Thermosensitive Hydrogel-containing Polymersomes for
Controlled Drug Delivery

Chapter 5. Time-Resolved Fluorescence and Fluorescence Anisotropy of
Fluorescein Labeled Poly (N-isopropylacrylamide) incorporated
in Polymersomes

Chapter 6. Lysosomally Cleavable Peptide-containing Polymersomes
Modified with anti-EGFR Antibody for Systemic Cancer
Chemotherapy

Chapter 7. Circulation Kinetics and Biodistribution of Dual-Labeled
Polymersomes with Modulated Surface Charge in Tumor-
Bearing Mice: Comparison with Stealth Liposomes

Conclusions and Future Perspectives

Summary
Samenvatting
Acknowledgements

Curriculum Vitae

11

45

69

93

109

135

155

157

160

163

166






Chapter 1

General introduction

A well designed drug delivery system (DDS) is as important as the pharmacological activity
of a drug since the therapeutic efficacy of many drugs is often limited in the administration by
their bioavailability, solubility, stability and safety [1]. After administration of a drug only a very
small fraction of the dose actually arrives at the target receptors or sites of action and usually
most of the dose is wasted either by being taken up by other tissues or by decomposition before
arrival [2]. DDS is used to administer a pharmaceutical compound to achieve an optimal
therapeutic effect. This technology may involve control of drug release rate, improvement of
therapeutic index, minimization of drug degradation and reduction of drug toxicity in the body
offering means of optimizing therapy with established drugs [3]. In recent years, drug delivery is
becoming a further demanding science because of the substantial decline in the rate of
appearance of new drug entities [4]. For the development of new DDSs, strategies to improve
patient acceptance or compliance have to be considered [5]. Common routes of DDSs include
intravenous/muscular (injection), non-invasive peroral (through the mouth), topical (skin),
transmucosal (nasal, buccal/sublingual, vaginal, ocular and rectal) and inhalation administration

as shown in Fig. 1.1.

Figure 1.1. Examples of drug delivery systems
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Polymers have gained a worldwide interest in DDS applications as the most versatile class of
materials. Classically, they have mainly performed a valuable function as excipients in tablet and
capsule formations [6]. However, the possibilities for polymers in the biomedical field changed
drastically with the rapid development of polymer science, modern biochemistry and
biomedicine after the 1950s [7]. The evolution moved the paradigm of polymers from synthetic
plastic materials to pharmacologically active systems. Polymers are now capable of offering
advanced and sophisticated functions, for instance, long circulation times in blood, local drug
delivery, specific recognition and controlled cellular uptake of medicines [8]. Numerous types
and structures of polymers can basically be synthesized providing a variety in design and
development of advanced DDS. Functional multiblock copolymers, highly branched
macromolecules, dendrimers with a wide variation of surface characteristics, biodegradable or
stimuli-responsive systems have opened new possibilities [6, 8, 9]. So far, a large number of
various polymers have been used to develop drug delivery devices such as patches, scaffolds,
hydrogels, micro- or nanoparticulates, polymer-drug conjugates and micelles [10-17].

As a new generation of the polymer-based colloidal carriers, polymersomes (Ps) have
attracted rapidly growing interest [18, 19]. Ps are artificial vesicles that contain an aqueous
solution in the core surrounded by a bi-layer membrane. The bi-layer membrane is composed of
hydrated hydrophilic coronas (e.g. poly(ethylene glycol (PEG)) both at the inside and outside of
hydrophobic middle part of the membrane (Fig. 1.2). The aqueous core can be utilized for the
encapsulation of therapeutic hydrophilic molecules and the membrane can integrate hydrophobic
drugs within its hydrophobic part [20]. Due to the relatively thick membranes, Ps can be rather
stable [21]. The presence of a hydrophilic PEG brush on the surface will reduce the protein
adsorption onto the Ps during the blood circulation [22, 23]. Permeability, rate of degradation
and stimuli-sensitivity of the membranes can be varied by using various biodegradable and/or
stimuli-responsive block copolymers to modulate the release of the encapsulated drugs [24]. End
groups of the PEG can be used to immobilize homing moieties like antibodies or RGD-

containing peptides, which are able to recognize target cells or tissues [25, 26].
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Figure 1.2. 2D cross-sectional schematic representation of a biodegradable polymersome
modified by homing devices (antibody) and containing hydrophilic and/or hydrophobic drugs.
The polymersome is composed of a bi-layer membrane surrounding an aqueous core. The bi-
layer membrane has hydrated hydrophilic layers (PEG) both at the in- and outside of the
biodegradable hydrophobic inner layer (in blue). Hydrophilic and hydrophobic compounds can
be loaded in the aqueous core and in the membrane, respectively.

Aim of the thesis

The aims of work described in this thesis are:

- to modulate the release of drugs from biodegradable polymersomes by varying the
membrane composition or by introducing thermo-sensitive hydrogels

- to evaluate the circulation kinetics, organ distribution and tumor accumulation of
polymersomes as a function of the surface charge in comparison with stealth liposomes

- to design, prepare and characterize lysosomally destabilizable polymersomes that
contain a cleavable peptide sequence within the membrane and to immobilize targeting

molecules (e.g. antibody) on the surface of the polymersomes.
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Structure of the thesis

In this thesis, the development and characterization of new polymersomes systems are
described. To explore their feasibility as drug delivery systems, these polymersomes were used
for the release of model drugs, in vitro cell experiments as well as in vivo animal studies.

A general introduction is presented in Chapter 1, providing the aim and general background
of the work, and the structure of the thesis. In Chapter 2, criteria for the formation of
polymersomes, their characterization as well as an overview of previously studied polymersomes
is given. Also various block copolymers that are responsive to pH, temperature, redox conditions,
light, magnetic field, ionic strength and the concentration of glucose and that are used to prepare
biodegradable and/or stimuli-responsive polymersomes are discussed in this chapter.

In Chapters 3 and 4, strategies to modulate the release of drugs from polymersomes by
modification of the membrane permeability and the formation of a hydrogel inside the
polymersomes are described. Two biodegradable block copolymers, methoxy PEG-b-poly(D,L-
lactide) (mPEG-PDLLA) and mPEG-b-poly(ge-caprolactone) (mPEG-PCL), were used to prepare
three types of polymersomes to investigate the loading and release of fluorescent labeled
paclitaxel (Chapter 3). A thermosensitive hydrogel based on poly(N-isopropylacrylamide)
(PNIPAAm) was introduced into polymersomes to modify the interior properties and the
membrane permeability (Chapter 4). The effect of the hydrogel on the release of the model
compound, fluorescein isothiocyanate labeled dextran (MW 4000 g/mol, FD4) from the gel-
containing polymersomes (hydrosomes) was studied and presented in the chapter. In order to
characterize the temperature dependent formation of a PNIPAAm hydrogel inside polymersomes,
the photo-physical properties of fluorescein isothiocyanate (FITC) covalently bound to
PNIPAAm and located in the polymersomes was monitored in time by using time-resolved
fluorescence techniques. The results of this study are presented in Chapter 5.

In Chapter 6, novel polymersomes based on a block copolymer of mPEG and PDLLA in
which a peptide sequence, Phe-Gly-Leu-Phe-Gly (FGLFG), was introduced in between the two
blocks (mPEG-pep-PDLLA) are presented. The peptide sequence is cleavable by lysosomal
enzymes either present in extracellular tumor tissue or in the lysosomal compartments of tumor
cells. Anti-epidermal growth factor receptor antibody (abEGFR) was coupled onto
polymersomes prepared by using mPEG-pep-PDLLA to enhance the endocytic uptake into
SKBR3 breast cancer cells. FD with a molecular weight of 40,000 g/mol (FD40) was
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encapsulated into the polymersomes and the intracellular release was investigated by using
confocal laser scanning microscopy.

In Chapter 7, the circulation kinetics and biodistribution of polymersomes with modulated
surface charge in tumor-bearing mice are reported. For the study, dual labeled polymersomes
were prepared by encapsulating *H-dextran (70,000 g/mol) in the aqueous core and by post-
coupling of '*C-thioglycolic acid onto acrylamide PEG chains of the polymersomes. The surface
charge of the polymersomes was modulated by coupling of thioglycolic acid onto polymersomes
containing different molar ratios of acrylamide PEG. Dipalmitoyl phosphatidylcholine
(DPPC)/cholesterol  based stealth liposomes with 7.5 % of PEG distearoyl
phosphatidylethanolamine (PEG-DSPE) were also included in the study as a reference. The work
described in this thesis has either been published or has been submitted or to be submitted for

publication [27-31].
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Chapter 2

Formation, Characterization and Design of Polymersomes for Drug

Delivery

Introduction

Polymersomes (Ps) are a class of artificial vesicles made from synthetic amphiphilic block
copolymers [1-3]. Typical Ps are hollow spheres that contain an aqueous solution in the core
surrounded by a bi-layer membrane. The bi-layer membrane is composed of hydrated
hydrophilic coronas both at the inside and outside of the hydrophobic middle part of the
membrane separating and protecting the fluidic core from the outside medium (Fig. 2.1). The
aqueous core can be utilized for the encapsulation of therapeutic molecules such as drugs,
enzymes, other proteins and peptides, and DNA and RNA fragments [4-9]. The membrane can
integrate hydrophobic drugs within its hydrophobic core [10-12]. The possibility to load drugs
into Ps has been highlighted for a number of applications in medicine, pharmacy, and
biotechnology.

It is well known that Ps are rather stable and that they may have rather long blood circulation
times [13-15]. In general, synthetic block copolymers have been used for the preparation of Ps
[16, 17]. The composition and molecular weight of these polymers can be varied, which allows
not only the preparation of Ps with different properties and responsiveness to stimuli but also Ps
with different membrane thicknesses and permeabilities [18-20]. Usually, Ps have relatively
thick and robust membranes (2-50 nm) formed by amphiphilic block copolymers with a
relatively high molecular weight [3, 21-24]. Relatively long blood circulation times of Ps can be
accomplished by the introduction of a hydrophilic surface layer for instance by poly(ethylene
glycol) (PEG) blocks [14, 25, 26]. Carriers with a PEG brush on the surface are generally
considered to have “stealth character” due to minimization of the interfacial free energy and the

steric repulsion provided by the PEG molecules [27-29].
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Based on their multi drug loading capacity, membrane robustness and stealth properties Ps
are highly interesting for drug delivery applications. A lot of work has been directed to develop
Ps for targeted drug delivery [30-34]. In particular, the development of stimuli-responsive Ps to
further control the release of drugs by switching the stability and permeability of the membrane
has attracted a lot of interest. Up to now, various block copolymers that are responsive to pH,
temperature, redox conditions, light, magnetic field, ionic strength and concentration of glucose
have been synthesized and used to prepare biodegradable and/or stimuli-responsive Ps. For site-
specific drug delivery, it is also important to guide Ps to the specific target area and to enhance
their interaction with specific cells in this area [35-38]. This can be achieved by introducing
targeting moieties, for example, antibodies, antibody fragments, or RGD-containing peptides on
the surface of the Ps [30, 39-41]. These Ps can release drugs by external stimuli after arrival at
the target site enhancing the therapeutic efficacy and minimizing possible side effects. In order to
design such Ps, it is necessary to understand the requirements for the polymers to be used and the
techniques for the formation of Ps. In this chapter, criteria for the formation of Ps, their
characterization as well as an overview of Ps that have been previously studied as drug delivery

systems will be given.

Figure 2.1. Schematic illustration of a 3D cross-section of a polymersome with a bi-layer
membrane based on block copolymers. The membrane is composed of hydrated hydrophilic
coronas (in blue) both at the in- and outside of the hydrophobic polymer core of the membrane
(in red), which separates and protects the aqueous core from the surrounding environment.

12
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Preparation methods for polymersomes

Many techniques can be used to prepare Ps by self-assembly of amphiphilic block
copolymers. The most important preparation methods are generally classified into two groups:
solvent-switching techniques and polymer rehydration techniques [2, 3, 42-44]. Using the
solvent-switch techniques, Ps are formed by first dissolving block copolymers in an organic
solvent, which is a good solvent for all the blocks present, followed by hydration of the solution.
The hydration can be done by either slowly adding water to the organic polymer solution or by
injecting the organic solution into water. This procedure renders the hydrophobic blocks
insoluble, triggering copolymer self-assembly into Ps as a result of increasing interfacial tension
between the hydrophobic blocks and water [45-47]. Therefore, this technique is also called as
‘phase inversion’. The size and size distribution of the vesicles can be varied by selecting
different organic solvents [48].

Polymer rehydration techniques are based on the hydration of amphiphilic block copolymer
films to induce self-assembly. Polymers are first dissolved in an organic solvent and then a thin
film is prepared by evaporation of the organic solvent. Subsequently, the film is hydrated by the
addition of water. The steps in the formation of Ps by the hydration procedure are water
permeation through defects in the polymer layers driven by hydration forces, inflation of
polymer layers and formation of bulges, which finally yield vesicles upon separation from the
surface [42, 43]. Typically, this method produces Ps with a broad size distribution and therefore
the Ps obtained are subsequently sized by sequential extrusion through filters with different pore
sizes using a high pressure [44, 49]. To produce Ps with a relatively narrow size distribution, an
electrical field (AC) has been applied [50-52]. The rate of water diffusion across the polymer
film can be enhanced by the application of an alternating current and in this way control of the
hydration rate of the amphiphilic polymer film is possible [53].

In principle, amphiphilic block copolymers can self-assemble into a wide range of
morphologies upon hydration of the copolymer including spherical, cylindrical micelles or
vesicles [1, 2, 54]. The mass or volume fraction of the hydrophilic block of the block copolymer
(f) and the interaction parameter of its hydrophobic block with H,O (y) are known to be critical
parameters to determine the morphology of the self-assembled system [55, 56]. For block
copolymers with a high y, vesicular structures are favored when f of PEG (fpgg) is 10-40 %. At

freg = 45-55 %, cylindrical micelles tend to form, and at fprg = 55-70 %, spherical micelles are

13
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predominantly formed. In the classical description, the curvature of the hydrophobic-hydrophilic
interface as described by its mean curvature (H) and its Gaussian curvature (K) are related to the
packing parameter (p), equations 2.1 and 2.2, in which v is the volume of the hydrophobic part of
the polymer, a the interfacial area per molecule and / the chain length of the hydrophobic part of
the polymer normalized to the interface [1, 2, 57, 58].

KI’
Y _ 1+ Hl + IR p=Vv/(al) (2.1 and 2.2)
a

Different morphologies correspond to different values of p, for instance, p < 1/3 (spheres), 1/3 <
p <1/2 (cylinders) and 1/2 < p <1 (vesicles).

However, vesicular formation can also be influenced by the preparation methods and
conditions like polymer concentration, the type of organic solvent and the volume ratio of
solvent and water [59-61]. Fig. 2.2 represents a phase diagram for poly(styrene)-b-poly(acrylic
acid),(PS-PAA) in dioxane/water [62]. For PS3;0-PAAs,, the concentration of the polymer was
varied from approximately 0.1 to 10 wt.% . The solid lines are the phase boundaries determined
from TEM pictures, while the dotted line is the micellization curve obtained by static light
scattering (SLS) measurements. The upper graph (Fig. 2.2A) shows regions of stable
morphologies by plotting the logarithm of the polymer concentration versus the water content.
The lower graph (Fig. 2.2B) is part of the classical ternary phase diagram. At relatively high
water contents, the formation of vesicles is favored. The addition of water increases the
interfacial tension and drives the aggregation of the hydrophobic PS blocks. Changing the
composition of the solvent mixture, like increasing the water concentration, leads to
morphological changes from spheres to rods to vesicles. The characteristics of polymers to be
used also have to be considered for the choice of the preparation technique. For example, block
copolymers of which the hydrophobic blocks have a high glass transition temperature (Tg)
cannot directly form Ps by using the polymer rehydration method [63]. An organic solvent has to

be used to lower the Tg to provide sufficient chain mobility [34].
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Figure 2.2. Phase diagram of the fractionated copolymer PS3;p-PAAs, in dioxane/H,O mixture
[62]. The symbols indicate morphologies, i.e.,closed circles for spheres, closed circles with plus
sign for mixtures of spheres and rods, plus sign for rods, open circles with plus sign for
mixtures of rods and vesicles, open circles for vesicles. The solid lines are the phase boundaries
determined by TEM. The dotted line is the micellization curve obtained by static light scattering
(SLS) measurements. (A) (top) shows the regions of stable morphologies by plotting the
logarithm of the polymer concentration versus the water content. (B) (bottom) is part of a
ternary phase diagram.

Amphiphilic block copolymers for vesicle formation

Block copolymers comprise two or more homopolymer blocks. Each block is polymerized
with a specific monomer or a combination of monomers that have unique physico-chemical
properties in the polymers [64-67]. Block copolymers are used for creating self-constructing Ps
with a variety of properties and potential applications. Ps with a range of properties can be
produced by applying block copolymers with different molecular weights, functionalities,
compositions and molecular architectures [68-70]. A summary of degradable or nondegradable
block copolymers, which have been explored for the formation of Ps, is given in Tables 2.1 and
2.2. As a hydrophobic part of the block copolymers, non-biodegradable poly(ethyl ethylene)
(PEE) [18], poly(butadiene) (PBD) [11, 18, 31, 63, 71], poly(dimethylsiloxane) (PDMS) [72, 73],
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and poly(styrene) (PS) [60, 62, 74] as well as biodegradable poly(lactide) (PLA) [41, 48, 75-77],
poly(e-caprolactone) (PCL) [41, 48] and poly(trimethylene carbonate) (PTMC) [48] have been
applied. Degradable polymers undergo hydrolytic cleavage of their ester or carbonate linkages in
the main chains with a rate of hydrolysis depending on the character of the block, the molecular
weight of the block, the pH and sometimes the presence of enzymes [78-81]. Poly (acrylic acid)
(PAA) [60, 62, 82], poly(L-glutamic acid) (PGA) [31, 63, 71, 83] and PEG [11, 12, 18, 41, 48,
74, 76, 77, 84-88] have been frequently selected as water-soluble blocks. PEG has been used
most frequently as a hydrophilic block because of the resistance it provides in surface layers to
blood protein adsorption [89-93]. It is possible to prepare diblock, triblock and multiblock
copolymers and these different architectures can be exploited for the design of Ps with
membranes with various degrees of entanglements and sub-structures.

Fig. 2.3 schematically illustrates the possible bi-layer assemblies in an aqueous environment
for AB diblock, and ABA, BAB and ABC triblock copolymers, where A and C are different
hydrophilic polymer blocks and B is a hydrophobic block. The geometric shapes of the
amphiphiles in the aqueous environment are driven by complementary hydrophobic/hydrophobic
interactions between the polymer chains [3, 44]. For AB and BAB copolymers, there is only one
molecular conformation that can lead to bi-layered membrane formation (cylindrical shape for
AB and curved shape for BAB). The hydrophobic chains will be entangled in the middle of the
membrane to minimize the interfacial area with water and the hydrophilic block should be
positioned to the out side of the membranes. On the other hand, ABA copolymers can have two
possible conformations. The hydrophobic block can either form a curved loop so as both
hydrophilic chains are toward the outside of the membrane or they can stretch forming a
cylindrical shape with the two hydrophilic blocks at the opposite sides of the membrane.
Interestingly, ABC copolymers can self-assemble into Ps with asymmetric membranes in such a
way that the character of the internal and external surfaces differs from each other. Due to the
difference in MW, charge and solubility of the hydrophilic blocks (A or C), one of the polymer
chains with a relatively larger fraction is preferentially segregated to the outer surface of the Ps
[50, 54]. Depending on the environmental conditions (i.e. pH and temperature), changes in the
fraction of the hydrophilic chains can lead to spontaneous inversion or rearrangement of the
membrane, which is of interest both in fundamental research of Ps and for drug delivery

applications.

16



Formation, Characterization and Design of Polymersomes for Drug Delivery

AB copolymers ABA copolymers BABE copolymers ABC copolymers

Figure 2.3. Membrane conformation of polymersomes formed by diblock and triblock
copolymers [3, 44].

In case of using stimuli-sensitive polymers, Ps can be formed by increasing the
hydrophobicity of the polymer by changing the temperature or pH (Table 2.3). Poly(N-
isopropylacrylamide) (PNIPAAm) is the most frequently used thermosensitive polymer, which
can be applied as a hydrophobic building block [94-102]. Various applications are based on the
thermal properties of PNIPAAm due to its sharp transition behavior and its lower critical
solution temperature (LCST) range between 30-50 °C [103-105]. Below the LCST, this polymer
is completely soluble in aqueous solutions, but becomes non-soluble above the LCST [106-109],
which allows PNIPAAm based block copolymers to self-assemble into micelles or Ps above the
LCST. Block copolymers of PEG and PNIPAAm forming thermosentive micelles were reported
for the first time by Feijen ef al. [110]. Later on thermosensitive Ps have been prepared from
poly(N-(3-aminopropyl)-methacrylamide hydrochloride)-b-PNIPAAm (PAMPA-PNIPAAm),
poly(2-cinnamoylethyl methacrylate)-b-PNIPAAm (PCEMA-PNIPAAm), and also from PEG-
PNIPAAm prepared in a different way as by Feijen et al.

Figure 2.4. Formation of Ps by using PMPC-PDPA block copolymer [111].
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The solubility of pH sensitive polymers in aqueous solutions can be modulated by change of
the pH. Normally, these polymers have titratable functional groups and they can be protonated or
deprotonated by changing the pH in relation to the pKa of the groups [112-115]. For instance,
poly(2-(methacryloyloxy)  ethyl  phosphorylcholine)-b-poly(2-(diisopropylamino)  ethyl
methacrylate) (PMPC-PDPA) formed vesicles spontaneously by changing the pH of the solution
from 2 to 6 due to deprotonation of the tertiary amine groups (pKa 6.3) of PDPA (Fig. 2.4) [4,
116]. PDPA becomes relatively hydrophobic at physiological pH. PBD-PGA at basic conditions
can also form vesicular structures with a diameter of 100-150 nm by the presence of
deprotonated PGA in the corona. The size of the Ps was tunable by changing the pH of the
solution due to the coil-helix transition of PGA [31, 63]. It has also been reported that due to the
pH responsiveness of both blocks in poly(L-lysine)-b-PGA (PLys-PGA) “schizophrenic” Ps can
be formed in which PGA forms the hydrophobic core of the membranes at pH < 4, whereas PLys
forms the hydrophobic part of the bi-layer at pH > 10 (Fig. 2.5) [83].

acid pH basic pH
Neutral pH
-

Figure 2.5. Schematic representation of the self-assembly of the di-block copolymer PLys-PGA
into “schizophrenic vesicles” [83].

Secondary interactions or crosslinking of polymers can stabilize the bi-layer structure of Ps
membranes. Poly(2-methyl-2-oxazoline) (PMOXA)-b-PDMS-b-PMOXA (PMOXA-PDMS-
PMOXA) triblock copolymers can form a vesicular structure and UV irradiation of the vesicular
dispersion led to the formation of covalently cross-linked Ps (Fig. 2.6) [72, 73]. The colloidal

stability of the cross-linked Ps increased and the vesicles were stable during several weeks in the
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dark. Kukula et al. prepared stable vesicles based on PGA-PBD probably driven by the packing
of the a-helical PGA blocks [63]. Magnetism was used for the formation of oligolamellar Ps.
Hydrophobic Fe;O4 nanoparticles were incorporated in the membranes of Ps prepared by using
PEG-b-poly(isoprene) (PEG-PI) or PEG-P2VP and oligolamellar vesicle formation was observed
using appropriate magnetic fields as a result of the bridging effect of adjacent magnetic particles

[117].

& PMOXA 0: ""_<
§ PDMS e
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Figure 2.6. Schematic illustration of a PMOXA-PDMS-PMOXA tri-block copolymer vesicle in
water and of the intravesicular cross-linking of the individual polymer molecules to a
nanocapsule through UV irradiation of the polymerizable end groups of the block copolymer [72,
73].

Table 2.1. Examples of non-degradable polymersomes

Polymers formation method drug / stimulus for release ref.
PEG-PEE film rehydration none reported [18]
PEG-PBD filmrehydration ~ paclitaxel, doxorubicin  [11,18]
PMOXA-PDMS-PMOXA Ef::sﬁiﬁlkviirgs‘ion’ uv calcein [72, 73]
PEG-PS phase inversion none reported [74]
PAAPS phase inversion nonereported  [60,62]

PEG-PEE: poly(ethylene glycol)-b-poly(ethyl ethylene), PEG-PBD: poly(ethylene glycol)-b-poly(butadiene),
PMOXA-PDMS-PMOXA: poly(2-methyl-2-oxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyl-2-oxazoline),
PEG-PS: poly(ethylene glycol)-b-poly(styrene), PAA-PS: poly(acrylic acid)-b-poly(styrene).

19



Chapter 2

Table 2.2. Examples of degradable polymersomes

Polymers formation method drug / stimulus for release ref.
PEG-PLA phase inversion carboxyl fluorescein [41, 7478]’ 76,
PEG-PCL phase inversion carboxyl fluorescein [41, 48]
PEG-PTMC phase inversion none reported [48]

. . paclitaxel, doxorubicin /
PEG-PTMBPEC phase inversion pH-triggered hydrolysis [12]
PEG-PLA: poly(ethylene glycol)-b-poly(lactide), PEG-PCL: poly(ethylene glycol)-b-poly(e-caprolactone), PEG-
PTMC: poly(ethylene glycol)-b-poly(trimethylene carbonate), PEG-PTMBPEC: poly(ethylene glycol)-b-
poly(2,4,6-trimethoxybenzylidenepentaerythritol carbonate).

Table 2.3. Examples of stimuli-sensitive polymersomes

Polymers formation method degradability drug / stimulus for release ref.
PGA-PBD basic solution no pH-triggered size change  [31, 63]
PEG-(PG2MA-IND) pH 2.0-3.5 no pH-triggered hydrolysis [85]
PEG-P2VP phase inversion no fluorescein / pH'— triggered [84]
deformation
PLys-PLE Water or phase yes Fura-2 / pH—tr.lggered [118]
inversion deformation
PMPC-PDPA water, pH 2-6 no DNA /release at pH < 6 [4, 111]
PEG-PS-PDEAMA phase inversion no pH-tunable membrane [88]
permeability
PLys-PGA pH <4 orpH > 10 yes pH (schizophrenic) [83]
PAMPA-PNIPAAmM water, heating no temperature [119]
PCEMA-PNIPAAmM water, heating no temperature [120]
PEG-PNIPAAmM water, heating no doxorubicin / temperature [87]
PLA-PNIPAAmM water no temperature [75]
PEG-PPS-PEG phase inversion no oxidation [86]
PEG-SS-PPS film rehydration no calcein / reduction [121]
PAA-PAzoMA phase inversion no deformation by UV light [82]
PGA -PBD v-Fe,O; in water no magnetic field [71]
Fe;04, magnetic

PEG-PI/ PEG-P2VP field no magnetic field [122]

PGA-PBD: poly(L-glutamic acid)-b-poly(butadiene), PEG-(PG2MA-IND): poly(ethylene glycol)-b-poly(glycerol
monomethacrylate)-IND, PEG-P2VP: poly(ethylene glycol)-b-poly(2-vinylpyridine), PLys-PLE: poly(L-lysine)-b-
poly(leucine), PMPC-PDPA: poly(2-(methacryloyloxy) ethyl phosphorylcholine)-b-poly(2-(diisopropylamino)
ethyl methacrylate), PEG-PS-PDEAMA: poly(ethylene glycol)-b-poly(styrene)-b-(poly(2-diethylaminoethyl
methacrylate), PLys-PGA: poly(L-lysine)-b-poly(L-glutamic acid), PAMPA-PNIPAAm: poly(N-(3-aminopropyl)-
methacrylamide hydrochloride)-b-poly(N-isopropylacrylamide), PCEMA-PNIPAAm: poly(2-cinnamoylethyl
methacrylate)-b-poly(N-isopropylacrylamide), PEG-PNIPAAm: poly(ethylene glycol)-b-poly(N-
isopropylacrylamide), PLA-PNIPAAm: poly(lactide)-b-poly(N-isopropylacrylamide), PEG-PPS-PEG:
poly(ethylene glycol)-b-poly(propylene sulfide)-b-poly(ethylene glycol), PEG-SS-PPS: poly(ethylene glycol)-
disulfide bond-poly(propylene sulfide), PAA-PAzoMA: poly(acrylic acid)-b-poly(methacrylate) containing a side-
chain of azobenzene, PEG-PI: poly(ethylene glycol)-b-poly(isoprene).
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Characterization of polymersomes

The most common tool to investigate Ps in an aqueous dispersion is dynamic/static light
scattering [42, 43]. This technique has been mainly used to determine vesicle size and size
distribution (polydispersity index) [123-127], but also for determining the critical aggregation
concentration [72, 128], vesicle disruption and change in the size with variation of pH or
temperature [129, 130]. The zeta potential of Ps can be determined through dynamic light
scattering by measuring the electrophoretic mobility of Ps in a capillary cell [77, 131]. In order to
directly visualize Ps, light or electron microscopy is most frequently applied. By using
microscopy, many important characteristics of Ps such as size, morphology and homogeneity can
be evaluated [7, 13, 33, 45, 54, 56]. Optical microscopy provides relatively straightforward
visualization after fast and easy sample preparation. Ps in aqueous dispersions can be applied
without drying, staining or freezing. However, the resolution, magnification and contrast of the
specimens are rather limited and only giant Ps with a diameter larger than 1 um are suitable for
microscopical evaluation [132-134]. Scanning electron microscopy (SEM) or transmission
electron microscopy (TEM) (Fig. 2.7a) [48] allow to investigate nanovesicles with a high
resolution (> 1 nm), but the specimens need to be dried and optionally stained to enhance the
contrast [135]. On the other hand, Ps in the hydrated state have been studied by using cryogenic
TEM (Cryo-TEM) after rapid freezing of specimens (Fig. 2.7b) [18]. Freeze-fracture TEM can
be used to study the internal structure of Ps by fracturing and etching the frozen samples [136,
137]. However, electrons cannot deeply penetrate into membrane of Ps and the quality of the
photographs is dependent on the optical properties of the polymers applied [138-141].

Fluorescence microscopy has some benefits over electron microscopy [142, 143]. Specific
labeling of parts of the Ps with fluorochromes gives information about their position in the Ps
and multiple staining with different probes allows the visualization of the presence of individual
molecules in compartments of the Ps. Confocal laser scanning microscopy (CLSM) is one of the
popular tools for visualization of Ps (Fig. 2.7¢) [48]. Optical slices of Ps in the z-direction can be
obtained by using CLSM and in principle the slices can be combined providing a 3D stacked
vesicular image [144, 145]. One of the interesting possibilities of fluorescence technique is to
study the dynamics such as diffusion, rotational mobility and fluorescence lifetime of
fluorophores in Ps by time-resolved measurements. By tracking of the photophysical properties

of a molecular probe in Ps, dye-carrier interactions as well as changes in the local environment
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can be detected [146]. These techniques have been previously used for better understanding of
protein-substrate, protein-receptor and lipid-protein interactions [147-150] as well as for probing
the local environment of a dye in micelles [151-153] or liposomes [154, 155] and to characterize

sol-gel transitions [156-159].

Figure 2.7. Microscopic images of Ps. (a) TEM micrograph of Ps made from PEG-PLA by
injecting an acetone solution of the polymer into DI water. Ps on a carbon-coated copper grid
were stained with phosphotungstic acid (2 wt.%) solution [48]. (b) Cryo-TEM image of Ps based
on PEG-PBD. The hydrophobic cores of PBD are the darker areas. Scale bar is 100 nm [18]. (c)
CLSM image of giant Ps prepared by adding a solution of PEG-PLA in chloroform to PBS in the
presence of Nile red as a fluorescent probe [48].

Polymersomes for drug loading and release.

In general, Ps are more stable in the circulation than liposomes [14, 15, 77]. Hydrophilic,
hydrophobic or amphiphilic compounds can be loaded in Ps using either the aqueous core or the
bi-layer membrane, which makes them very attractive vesicles for various applications in drug
delivery, biomedical imaging and diagnostics [3].

The membrane of Ps can be considered as a reservoir system for both hydrophobic and
amphiphilic molecules similar to cell membranes, which incorporate cholesterol and membrane
proteins. It has been reported that highly lipophilic anticancer drugs [10, 12], dyes [14] and
quantum dots [160, 161] as well as amphiphilic dyes (i.e. octadecyl rhodamine B [50, 51]) and
membrane proteins (i.e. OmpF, LamB and FhuA [162]) can be integrated within the membrane
of Ps while maintaining their functionality. These molecules can be incorporated in Ps by first
dissolving or dispersing them together with the membrane-forming polymer building blocks in
an organic solvent after which the organic solution/dispersion is added to water or an aqueous

solution. In this way, paclitaxel (PTX) or doxorubicin (DOX) could be loaded into the
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membranes of Ps with comparable loading amounts and efficiencies as compared to other self-
assembled carriers (i.e. micelles and liposomes) [10, 12]. However, the Ps formulations obtained
were much more stable than those based on the other carriers. The aqueous core of the Ps like
that of liposomes can be utilized for encapsulation of hydrophilic therapeutic molecules [4-6, 33].
Membranes of such vesicles provide physical barriers that isolate the encapsulated molecules
from the external environment, which is similar to natural vesicles found in the body. Several
methods are currently used for the loading of hydrophilic molecules, but the most common
methods are direct encapsulation during formation of Ps or diffusive loading methods using a pH
or salt gradient over the membrane of already formed Ps [10, 163-165]. However, relatively
hydrophilic drugs can also be incorporated in the core of the Ps by introducing the drug into the
organic phase together with the polymer and using this mixture for Ps formation in contact with
water [77].

In principle, drug release from Ps is governed by the diffusion of the drug through the
membrane. The driving force is a concentration gradient of the drug between Ps and the
surrounding medium [166-168]. When the drug is diffusing from the core of the Ps to the
surrounding medium the release rate is a function of the square root of time. The size distribution
of the Ps will also play a role in the overall release rate [169, 170]. Based on the theoretical
approach suitable Ps for the delivery of specific drugs can be designed and the release kinetics
may be predicted. Nevertheless, in many cases, rate and spatial control for drug release can not
be adjusted to the desired level because the properties of the Ps membranes cannot be varied to a
large extent due to constraints for the composition of block copolymers, which can be used to
form Ps [171].

To achieve controlled drug delivery, significant efforts have been devoted to develop smart
Ps. The physical and chemical properties of some Ps membranes are changeable in response to
external stimuli. Various polymers, which are responsive to pH, temperature, redox conditions,
light, magnetic field, ionic strength and concentration of glucose, have been used to form Ps for
programmed drug delivery [34]. Some of these stimuli are able to trigger the disintegration of Ps
for instance by a change in the hydrophilic/hydrophobic properties of the block copolymers or by
poration of the membrane as a result of the preferred cleavage of covalent bonds in the polymer
chains of one polymer component of the membrane. These possibilities in changing the

properties of Ps by external stimuli are promising for the controlled release of drugs from the Ps

23



Chapter 2

after arrival at the target site, where the stimulus is present. In this way, the efficacy of the drugs
at the site of action can be enhanced and side effects reduced.

The pH responsiveness of Ps is very interesting because the pH in different tissues and cell
compartments in the body varies from 2 to 8. In oral drug delivery, the change of the pH along
the GI tract (pH 2 in the stomach, pH 5-8 in the intestine) has been mostly utilized [172-174].
The acidic environment of cancerous tissues (pH 6.5-7.2) [175, 176], endosomes (pH 5.0-6.5)
[177-179] and lysosomes (pH 4.5-5.0) [180, 181] has been utilized for anticancer drug delivery
and intracellular drug delivery. A general strategy for targeted drug delivery is based on carriers,
in which drugs remain encapsulated during circulation in blood at physiological pH (7.4), but are
rapidly released upon arrival in the acidic target site. Usually, polymers employed for pH
sensitive systems are polyacids or polybases, which have titratable functionalities in the pendant
groups or in the polymer back bone. The titratable moieties can be either ionized or deionized
upon change of the pH depending on their pKa. The shift in the charge density of the polymers
affects the hydrophilic/hydrophobic balance of the membrane, which may lead to a relatively fast
disintegration of Ps. Non-ionized hydrophobic blocks will become more water-soluble after
ionization and dissolution of the Ps may take place. Ps can aggregate and precipitate by
deionization of hydrophilic blocks because the block copolymer becomes less water-soluble. For
example, PEG-b-poly(2-vinylpyridine) (PEG-P2VP) vesicles (1-10 um) can be completely
solubilized at a pH below 5 [84]. P2VP is insoluble in water under neutral and alkaline
conditions, but soluble at acidic conditions. Similarly, PLys-b-poly(leucine) (PLys-PLE) vesicles
showed a pH-dependent solubility and eventually a pH-triggered release of encapsulated Fura-2
dye [118]. Upon lowering the pH, PLys becomes protonated, leading to the solubilization of the
membrane and the instantaneous release of the encapsulated Fura-2.

In addition, a pH-dependent degradation or permeability of the Ps membrane can be used to
modulate drug release. Ps based on PEG-b-poly(2,4,6-trimethoxybenzylidenepentaerythritol
carbonate) (PEG-PTMBPEC) were reported by Chen et al. and in vitro studies demonstrated that
the release of paclitaxel (PTX) as well as doxorubicin (DOX) from these Ps was faster at mildly
acidic conditions than at physiological pH due to the faster degradation of PTMBPEC at mildly
acidic conditions [12]. The pH-dependent release of indomethacin (IND) from Ps based on PEG-
b-poly(glycerol ~monomethacrylate)-IND  conjugates (PEG-(PG2MA-IND)) was also

demonstrated [85]. IND was bound to the copolymer via an ester bond and rapid release of IND
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was detected at acidic conditions, owing to hydrolysis of ester bonds. The group of Eisenberg
reported pH-responsive permeable Ps consisting of the triblock copolymer PEG-b-PS-b-(poly(2-
diethylaminoethyl methacrylate), PDEAMA) [88]. After the formation of Ps at pH 10.4, a
decrease in pH induced a change in vesicle size. This was a result of the fact that the initially
hydrophobic PDEAMA domain became protonated and therefore turned into a hydrophilic
structure, attracting water. The concurrent phase separation between PS and protonated
PDEAMA yielded a rigid PS layer in between the PDEAMA and PEG domains, keeping the
self-assembled structure together (Fig. 2.8).

Figure 2.8. Reversible change of the PEG-PS-PDEAMA membrane upon pH change [88]. (a)
Cryo-TEM images of the vesicle wall structure at several pH values. (b) Schematic illustration of
the presumed membrane structure at corresponding pH values.

Thermo-sensitivity has also been employed as a stimulus. Block copolymers based on
PNIPAAm were frequently used for the preparation of thermo-sensitive Ps [75, 87, 119, 120]. At
the lower critical solution temperature (LCST), the conformation of PNIPAAm will change and
below the LCST, PNIPAAm is soluble in aqueous environments. Qin et al. prepared
temperature-sensitive Ps by dissolving PEG-PNIPAAm in water below the LCST of the polymer
and forming Ps above the LCST (Fig. 2.9) [87]. The Ps were stable at body temperature, but they
disassembled upon cooling because the PNIPAAm polymer chains in the Ps membranes became

soluble. Local drug release can be achieved with the Ps either by applying simple ice packs or
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deeply penetrating cryoprobes. The occurrence of oxidation-reduction (redox) reactions in the
body has also been reported as a means to control spatial drug release in the body [182, 183].
Oxidative conditions exist in extracellular fluids and inflamed or tumor tissues, while
intracellular compartments are known to be reductive [184-189]. Hubbell and co-workers
developed oxidation responsive Ps based on PEG-b-poly(propylene sulfide)-b-PEG (PEG-PPS-
PEG) [86]. The hydrophobic PPS was oxidized and transformed within 2 h into hydrophilic
poly(sulfoxides) and poly(sulfones) upon exposure to hydrogen peroxide in the glucose-oxidase
(GOx)/glucose/oxygen system, leading to destabilization of the vesicular structure. Reduction-
sensitive disulfide block copolymer, PEG-SS-PPS was used to prepare Ps that can protect
therapeutics in the extracellular environment but releasing their contents within the early

endosome when the Ps are taken up by cells [121].

S pm

Figure 2.9. a) Fluorescence images and b) schematic illustration of vesicles from PEG-
PNIPAAm copolymer at 37 °C and 25 °C, respectively [87]. The membrane was labeled with
PKH 26 (5 mg/ml).

As external stimuli of the body, light and magnetism have also been explored to modulate
local drug delivery. Tong et al. prepared Ps based on diblock copolymer composed of a side-
chain azobenzene containing poly(methacrylate) and PAA (PAA-PAzoMa), which are
photolyzable by UV light (Fig. 2.10) [82]. The polymer has UV labile azobenzene groups on the
side chains of the hydrophobic block. Reversible changes in the structure of the vesicles were

observed when they were alternatingly illuminated with UV or visible light for about 20 s.
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Magnetically sensitive Ps have been developed for applications for targeted and triggered release
of drugs and for diagnostic purposes [190-192]. Deformation or transformation of Ps can also be
induced by the incorporation of magnetic particles. Lecommandoux et al. reported magnetic Ps
formed by entrapping hydrophobically modified y-Fe,O3; nanoparticles [71]. Magnetic particles
were incorporated in the membrane of Ps based on PGA-PBD during the self-assembly process.
The deformation of these vesicles by applying an external magnetic field gradient (at the length
scale of the membrane thickness) was reported. The application of a magnetic field could trigger

the transient opening of the bi-layer and the release of an encapsulated content.
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Figure 2.10. Reversible polymersome formation by UV/visible illumination [34, 82].

Novel approaches to control the release of drugs from Ps are to use different biodegradable
polymer compositions to prepare Ps or to modify the interior of the Ps. By selecting different
biodegradable polymers, the permeability of the Ps membrane can be varied and the release of
drugs from the Ps may be controlled [41, 193] since each biodegradable polymer has a unique
hydrolysis rate in contact with water or enzymes. Biodegradable block copolymers based on
PLA, PCL and PTMC, and hydrophilic blocks like PEG have already been used to prepare
biodegradable Ps. Ps with membranes based on different biodegradable polymers may be very
challenging to further control the rate of degradation and consequently drug release. Either block
copolymers with a hydrophobic block consisting of comonomers or simple blends of different
degradable block copolymers are of interest. On the other hand, stimuli-sensitive hydrogels can
be introduced in Ps to modulate the release of drugs from the Ps [76]. Polymers, which are
sensitive to various stimuli (i.e. temperature, pH and etc) can be encapsulated with drugs or
proteins in Ps and this may change the morphology of the interior of the Ps. Hydrogels in the Ps

can form by external stimuli and will influence the diffusion rate of drugs from the interior of the
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Ps to the surroundings. It can be concluded that at present the release of drugs from Ps can be
tuned by the use of different stimuli-responsive and/or biodegradable polymers for the formation

of Ps and by modifying the interior of the Ps with hydrogels.

Interactions of polymersomes with proteins and cells

Nanocarriers have been explored for the delivery of therapeutic and diagnostic agents [194].
However, a number of questions of whether the properties of carriers are suitable for biomedical
applications are still remaining. One of the main problems encountered with the application of
nanocarriers is the rapid clearance of carriers by mononuclear phagocytes (MPS) in vivo [195].
MPS is a part of the immune system that consists of phagocytic cells located in reticular
connective tissue [196, 197]. It is generally known that the clearance of nanocarriers starts with
adhesion of proteins, especially opsonins (opsonization) [198, 199]. The carrier-protein complex
can be bound to appropriate receptors on the phagocytes including immunoglobuline G (IgG)
and complement components allowing subsequent adhesion of the complex to the phagocytic
cells and eventually internalization of the carriers.

Protein adsorption can be reduced by introducing various natural or synthetic hydrophilic
polymers including polysaccharides [200, 201], poly(amino acid)s [202, 203], poly(hydroxyethyl
methacrylate) (PHMA) [204-206] and PEG on the surface of carriers. PEG is one of the most
popular polymers as a hydrophilic block of amphiphilic block copolymers and Ps prepared by
PEG-based amphiphiles have a dense PEG brush on the surface. PEG is known to be very
effective for inducing “stealth properties” by preventing interactions with blood components [36,
207-209]. The protein resistant character is generally ascribed to a combination of the low
interfacial free energy of PEG with water, its steric stabilization effect and high mobility. The
decrease in protein adsorption normally depends on the molecular weight, surface concentration
and molecular conformation of PEG [90, 210, 211]. This is illustrated in Fig. 2.11, showing the
reduction in protein adsorption onto PS particles as a function of the surface concentration of
amino PEG [27]. Less protein adsorption takes place when the surface concentration of PEG is
increased. The use of longer amino PEG (MW > 3400 g/mol) was more efficient to prevent
protein adsorption than shorter amino PEG (MW 1500 g/mol). Nevertheless, the relationship
may depend on the properties of the starting particles (nature of the particle matrix),

immobilization chemistry and the surface charge [212].
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Due to the stealth properties of the PEG brush, pegylated carriers may be expected to have
relatively long circulation times as compared to non-pegylated carriers. However, the PEG
coating can also diminish the uptake of these carriers by cells since the PEG brush reduces cell-
carrier interactions. It has been reported by Vertut-Doi ef al. that the presence of 5 mol% of PEG
(8800 g/mol)-cholesterol in liposomes decreased the binding of the liposomes to J774 cells to
30 % of that obtained by liposomes without a PEG layer [213]. Therefore, one of the challenging
topics has been the design of drug carriers with targeting moieties, resulting in high intracellular
drug concentrations in a selective manner. For pegylated Ps, end groups of the PEG can be used
to anchor homing moieties like antibodies, antibody fragments, or RGD-containing peptides. For
example, PEG-PLA or PEG-PCL based Ps with antihuman IgG or antihuman serum albumin
showed specific binding to human IgG or human serum albumin coated SPR disks [41]. An anti-
intercellular adhesion molecule 1 (anti-ICAM-1) immobilized Ps prepared from PEG-PBD could

be targeted to vascular endothelial cells [30].
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Figure 2.11. The influence of PEG surface concentration on polystyrene (PS) particles and length
of the PEG on the reduction in protein adsorption from human plasma dilutions (85 v.%) as
compared to bare PS particles. The % reduction for PS particles modified with amino PEG 3400
g/mol (m), amino PEG 1500 g/mol ('¥), hydroxyl PEG 3400 g/mol (e®) and methoxy PEG 5000
g/mol (A) are shown. The dotted line is the fit for data of amino PEG (3400 g/mol) coated PS
below 40 % in the surface concentration of PEG (Y=3.021X, R=0.966) [27].
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Circulation Kinetics and biodistribution of Polymersomes

Although there is little known about the opsonization process of nanocarriers due to the
complexity of the biological events, surface coating, charge and size of nanocarriers are
undoubtedly playing important roles in the blood clearance [25, 214-217]. As previously
discussed, opsonization processes can be influenced by the variation of MW and surface
concentration of PEG molecules. Discher and colleagues investigated the effect of PEG on the
circulation time of Ps based on PEG-PBD with different PEG MW in rats [14]. Ps with a PEG of
MW 2300 g/mol exhibited a half lifetime of 28 + 10 h, while a half lifetime of 15.8 + 2.2 h was
obtained when PEG with a MW of 1200 g/mol was used. Stealth liposomes coated with PEG
(MW 1900 g/mol) (7.5-10 mol%) had shorter half lifetimes of 10-15 h in rats when compared to
Ps with a similar MW of PEG. It has been suggested that the surface of Ps may adsorb less
and/or different plasma proteins due to a higher surface concentration of PEG as compared to the
liposomes.

Ps are known to accumulate primarily in the liver [14, 77]. Adsorption of liver specific
opsonins probably enhances the uptake of Ps by liver macrophages, Kupffer cells and this
process may play a major role in the hepatic uptake of the vesicles [216]. Interactions with the
opsonins can be reduced by introduction of a slightly negative or positive charge on the surface
of Ps, yielding prolonged blood circulation times [218, 219]. However, it has been reported that
either high negative or positive charge lead to more rapid clearance of carriers due to enhanced
hepatic uptake [203, 219, 220]. Likewise, a range of optimal sizes for specific nanocarriers has
been suggested to establish long circulation times (e.g. stealth liposomes with diameters from 70
to 200 nm). For example, pegylated liposomes with diameters greater than 200 nm showed a
significant accumulation in the spleen as a result of mechanical filtration followed by
phagocytosis [221]. In contrast, pegylated liposomes with diameters below approximately 70 nm
showed an increased accumulation in the liver, possibly also due to changes in protein adsorption
related to the high curvature of such small liposomes [222]. Tumor accumulation can be
achieved by passive accumulation via the enhanced permeability and retention (EPR) effect
depending on the shape and size of the carriers [223]. Therefore, spherical Ps with a diameter
less than 200 nm may exhibit a high accumulation in the tumor upon long circulating times.
Nevertheless, despite the high expectations for Ps as a rational choice in pharmaceutical

applications, more in vivo studies are required.
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Conclusions and perspectives

Polymersomes are able to encapsulate hydrophilic, hydrophobic and amphiphilic molecules
like any other vesicular structure, but their thick and tough membrane provides them with
superior stability in vitro and probably also in vivo. The presence of a dense PEG brush with
relatively long PEG polymers on the surface of polymersomes may increase their biological
stability (stealthiness) and prolong the circulation times in blood. Polymersomes are versatile
systems and their overall properties and drug release profiles can be easily tuned by applying
various block copolymers that are possibly biodegradable and/or stimuli-responsive. All these
advantages make polymersomes one of the most interesting supramolecular structures for
potential applications in delivery of drugs, genes and proteins. However, most polymersome
systems reported so far are lacking specific cellular interactions and therefore their targetability
to specific cells or tissues can be substantially improved. Therefore, it would be interesting to
design novel stimuli-responsive Ps that are provided with biologically active homing devices as

transport vesicles for drugs to further increase the concentration of drugs at specific target sites.
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Abstract

Oregon Green" 488 labeled paclitaxel (Flutax) loaded biodegradable polymersomes (Flutax-
Ps) based on methoxy poly(ethylene glycol)-b-poly(D,L-lactide) (mPEG-PDLLA), methoxy
poly(ethylene glycol)-b-poly(e-caprolactone) (mPEG-PCL) or a mixture of the block copolymers
(50:50, w/w) were prepared (abbreviated as Flutax-Ps (L), Flutax-Ps (C) and Flutax-Ps (LC),
respectively). For the formation of the Ps, the corresponding block copolymers and Flutax were
dissolved in THF and the THF solution was injected into an aqueous phase. Flutax-Ps with a size
less than 150 nm were obtained, which had Flutax entrapment efficiencies higher than 55 %
(polymer concentration: 1 mg/ml; Flutax concentration up to 100 pg/ml). A sustained and
complete release of Flutax was observed for Flutax-Ps (L) over one month with no initial burst.
Flutax was released much slower from Ps (C) than from Ps (L) (49.9 % after one month), which
is probably due to differences in the crystallinity and rate of degradation of the consisting
copolymers. The release rate of Flutax from Ps (LC) was in between those of Ps (L) and Ps (C).
The in vitro cytotoxicity of Flutax-Ps (L) using cultured SKBR3 breast cancer cells was
compared with that of empty Ps (L) and a Cremophor® EL/ethanol formulation (50:50, v/v) with
Flutax (FCE) or without Flutax (CE). At a Flutax concentration of 5 pug/ml, about 67 % reduction
in the viability of SKBR3 cells was observed for Flutax-Ps (L) after 3 d exposure, while the FCE
formulation reduced the cell viability for more than 90 % under the same conditions. Empty Ps
(L) showed a low toxicity of about 10 % and the CE formulation exhibited a cytotoxicity higher
than 54 % without Flutax, indicating that the high reduction in SKBR3 cell viability for FCE is

associated with the toxicity of the Cremophor” EL formulation.
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Introduction

During the past few decades, nanocarriers have been developed as prime candidates for the
delivery of hydrophobic therapeutic agents. Polymersomes (Ps), self-assembled polymeric
vesicles, have attracted rapidly growing interest as a novel class of nanocarriers, partly based on
their good colloidal stability and long circulation times [1-4]. Ps may have relatively thick
membranes (up to 40 nm), which are formed by synthetic amphiphilic block copolymers. In
general, Ps have rather long circulation times due to the presence of a hydrophilic surface layer
like poly(ethylene glycol) (PEG) [5]. PEG surface brushes reduce protein adsorption onto the Ps
by minimizing the interfacial free energy between the Ps and the aqueous environment and the
steric hindrance exerted by the mobile PEG molecules [6-8].

The use of paclitaxel (PTX), a microtubule stabilizing agent, has been indicated by the
National Cancer Institute (NCI) as the most significant advance in chemotherapy of the past 20
years. PTX exhibits strong cytotoxic activity against various cancer types, especially breast and
ovarian cancer [9]. However, effective administration of PTX has been hindered by its low
solubility in water (~0.4 pg/ml) since it is highly lipophilic [10]. Currently, PTX is formulated in
a mixture of Cremophor® EL (a polyethoxylated castor oil) and dehydrated ethanol (50:50, v/v)
and is on the market with the trademark TAXOL®. In this formulation, the Cremophor® EL
required to solubilize PTX may cause serious side effects, including hypersensitivity,
nephrotoxicity and neurotoxicity [11, 12]. Problems encountered with TAXOL® have led to the
development of alternative formulations to reduce side effects like Abraxane®, in which PTX is
bound to albumin.

New formulations of PTX also include polymeric micelles [13-17], emulsions [18-20],
nanoparticles [21, 22], dendrimers [23], hydrogels [24-26] and liposomes [27-31]. These carriers
have not only been developed to enhance the concentration of PTX in aqueous solutions and
dispersions, but also to deliver PTX in a controlled manner. Zhang et al. incorporated PTX into
the core of micelles based on mPEG-PDLLA. Concentrations of PTX in these aqueous micellar
systems up to 50 mg/ml could be reached [32]. Star-branched PEG-PDLLA copolymers were
investigated to form PTX loaded micelles and the release of PTX from these micelles was
controlled over a 2 week period [33]. PTX-loaded liposomes have been reported, which could be

used to increase the concentration of PTX in aqueous systems to 0.44 mg/ml [34].
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However, these formulations were not very stable either in vitro or in vivo. mPEG-PDLLA
micelles and liposomes containing PTX were only stable for several days upon storage at 4 °C
after which precipitation of PTX took place [34, 35]. In vivo studies showed that PTX rapidly
dissociated from mPEG-PDLLA micelles in blood and that it was eliminated as free paclitaxel,
while the micelles were rapidly removed by the kidneys with a circulation half lifetime of less
than 3 h [36]. In view of their stability and long circulation time, Ps may be good candidates as
stable carriers for PTX. Li et al. demonstrated that PTX could be loaded into the hydrophobic
part of the membranes of non-biodegradable Ps based on PEG-b-poly(butadiene) (PEG-PBD).
The PTX-loaded Ps were stable for periods over 4 months at 4 °C, which offers a means to obtain
PTX formulations with a rather high aqueous PTX concentration (up to 0.69 mg/ml) [37]. At the
moment, no in vivo studies with PTX-loaded Ps have been reported.

The aim of this study is to develop biodegradable Ps for PTX delivery and to study the
release of PTX from these Ps in aqueous systems. In principle, the release of PTX from Ps can be
controlled by using amphiphilic block copolymers with different hydrophobic blocks. Bermudez
et al. and Ahmed et al. prepared Ps based on block copolymers such as PEG-PBD, PEG-b-
poly(ethylethylene) (PEG-PEE), PEG-b-poly(lactic acid) (PEG-PLA) and PEG-PCL. The latter
two copolymers are biodegradable and it was shown that the mechanical properties and the rate
of degradation of these Ps membranes depend on the character and length of the hydrophobic
blocks [2, 38, 39].

In this study, two amphiphilic di-block copolymers were used to prepare three types of drug-
loaded and non-loaded Ps. Ps were prepared by injecting THF solutions of mPEG-PDLLA,
mPEG-PCL or a mixture of the block copolymers (50:50, w/w) with or without a model drug for
PTX into PBS or DI water. Ps made of mPEG-PDLLA, mPEG-PCL and a mixture of two block
copolymers have been abbreviated as Ps (L), Ps (C) and Ps (LC), respectively. Oregon Green®
488 labeled PTX (Flutax) was employed as the model drug (Fig. 3.1). Flutax in aqueous
solutions can be directly quantified by fluorescence spectroscopy. Flutax exhibits a comparable
activity as native PTX since Oregon Green” 488 is bound to the hydroxyl group at position 7 of
PTX, which is known to be not essential for the anticancer activity [40]. Flutax has also been
used for unraveling the cellular targets of the drug and studying details of drug-microtubule
interactions at the molecular level [40-42]. However, it has to be realized that Flutax may

slightly differ from PTX with respect to water solubility and cytotoxicity.
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As illustrated in Fig. 3.2, Flutax will be mostly incorporated in the hydrophobic part of the
membrane of Ps and subsequently released into the medium. Ps before and after loading of
Flutax were compared with respect to their size and morphology by DLS and TEM, respectively.
Flutax-loaded Ps (Flutax-Ps) were imaged by CLSM and the stability in a PBS dispersion at 37
°C was evaluated by determining the size, count rate and polydispersity index (PDI) with DLS as
a function of time. Fluorescence spectroscopy was used to determine the Flutax loading capacity
of different Ps and to monitor the release of Flutax from the Ps. The in vitro cytotoxicity of
Flutax-Ps was studied using cultured SKBR3 breast cancer cells and compared with the
cytotoxicity of empty Ps as well as that of a Cremophor” EL/ethanol formulation with or without

Flutax.

Oregon Green® 488 conjugate

o  Flutax
Release

— mPEG
@@ Hydrophobic layer

Figure 3.2. Schematic 2D-cross sectional illustration of the release of Flutax from Ps, in which
Flutax was incorporated in the Ps membrane.
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Materials and methods
Materials

D,L-lactide (DLLA) was obtained from Purac Biochem b.v. (The Netherlands) and
recrystallized from toluene. e-Caprolactone (CL, Sigma-Aldrich, The Netherlands) was distilled
over calcium hydride. Monomethoxy poly(ethylene glycol) with a molecular weight of 5000
g/mol (mPEG, Iris Biotech, Germany) was dried by dissolution in anhydrous toluene followed
by azeotropic distillation under N,. Stannous octoate, Sn(Oct), (Sigma, UK) and uranyl acetate
dihydrate (Fluka, USA) were used as received. Oregon Green® 488 conjugated paclitaxel
(Flutax) was purchased from Invitrogen (The Netherlands). Deionized water (DI water) was
obtained from a Milli-Q water purification system (Millipore, France) and phosphate buffered
saline (PBS, 0.01M, pH 7.4, containing 0.02 wt.% NaN3, B. Braun, USA) were used for release
experiments and cell studies. Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, The
Netherlands), Foetal Bovine Serum (FCS, Invitrogen, The Netherlands) and Penicillin-
Streptomycin (PS, Invitrogen, The Netherlands) were used to prepare the medium for SKBR3
cells. CellTiter 96° Adqueous Non-Radioactive cell Proliferation Assay kit was purchased from

Promega Benelux b.v. (The Netherlands) and used for the MTS assay.

Synthesis of mPEG-PDLLA or mPEG-PCL

mPEG-PDLLA or mPEG-PCL was synthesized by ring-opening polymerization (ROP) using
mPEG as an initiator. mPEG (0.50 g, 0.1 mmol), DLLA (4.2 g, 29.2 mmol) or CL (4.2 g, 36.8
mmol), Sn(Oct), (0.04 g, 0.1 mmol) and toluene (30.0 ml) were charged in that order in a reaction
vessel. The reaction was performed at 110 °C for 26 h under stirring. After cooling, a drop of HCI
(37 wt.%) was added to the reaction mixture to hydrolyze the tin-oxygen bond. The copolymer
was isolated by precipitation in methanol. After filtration and washing with methanol, the
copolymer was dissolved in dichloromethane (DCM) and precipitated in diethyl ether.
Subsequently, the polymer was isolated by filtration, washed several times with diethyl ether, and
dried under vacuum. The monomer conversion and the number average molecular weight of block

copolymers (Mn) were determined by "H-NMR (Inova 300 MHz, Varian, USA).
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Preparation of Flutax-loaded Ps

Three types of Flutax-Ps were prepared by using mPEG-PDLLA, mPEG-PCL or a mixture of
the block copolymers (50:50 w/w) (abbreviated as Flutax-Ps (L), Flutax-Ps (C) and Flutax-Ps
(LC), respectively). The amphiphilic block copolymer or a block copolymer mixture (10 mg/ml)
with Flutax (0.1, 0.5 or 1.0 mg/ml) was dissolved in THF (1 ml), and the THF solution was
injected either into 50 ml of PBS (pH 7.4) or in DI water (TEM experiments). After 15 min
without shaking, the vial containing the mixture was turned upside down several times, resulting
in a turbid dispersion. To remove the organic solvent from the solution, the Flutax-Ps dispersion
was transferred into a dialysis bag (cut-off 50,000 g/mol, Spectra/Por, CA), which was placed in
a 4 1 flask with PBS or DI water. The dialysis was performed for 2 d by replacing the PBS or DI
water for at least 5 times. Subsequently, the dispersion was ultrafiltrated through a membrane
(cut-off 100,000 g/mol, Ultracel Ultrafiltration Disc, Millipore, USA) for 1 d to remove non-
encapsulated Flutax. The purified samples were concentrated 5 times during the ultrafiltration
step. Flutax-Ps prepared with 10 pg/ml of Flutax in the feed were considered as standard Ps and
used for the characterization with DLS, TEM, CLSM and for in vitro release and cell studies. For
comparison, empty Ps (L), Ps (C) and Ps (LC) were also prepared using a similar method as for
the preparation of Futax-Ps (L, C and LC), but in the absence of Flutax. Flutax-Ps (L) and
Flutax-Ps (C) were also blended to yield Flutax-Ps (L+C), which was also used for the release
study.

Dynamic light scattering and transmission electron microscopy

The stability of Flutax-Ps in time was investigated by measuring the size, count rate and
polydispersity index (PDI) with DLS (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK).
Samples were prepared by filtering the solutions through a 0.45 um Millipore filter into cuvettes.
Flutax-Ps suspensions in PBS were prepared and monitored for 4 weeks at 37 °C. Data were
collected at different incubation times by measuring DLS 30 times. The size and PDI of Flutax-
Ps before the incubation were compared to those of empty Ps. Transmission electron microscopy
(TEM, Philips CM30, Hillsboro, USA) was performed to elucidate the morphology and
membrane thickness of Ps as well as Flutax-Ps. A dispersion of empty Ps (2 pl) was placed on a
200 mesh carbon grid without using a staining agent and dried at room temperature. A Flutax-Ps

dispersion was deposited onto a 300 mesh carbon grid. After 30 s, the dispersion was stained
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with an uranyl acetate solution (2 wt.%) for 1 min. The excess solution was removed and the

sample was dried at room temperature. Ps and Flutax-Ps in DI water were used for TEM studies.

Confocal laser scanning microscopy

Fluorescence images were obtained by CLSM (LSM 510, Zeiss, Germany) equipped with a
Zeiss Axiovert 100 M Inverted Microscope for Nomarski DIC and Epi-Fluorescence. To
evaluate the co-localization of Flutax and Ps, 1 ml of the Flutax-Ps (L) suspension was
introduced into homemade thin-glass-bottomed cuvettes and an Ar laser was employed for

excitation of Oregon Green" 488.

Loading of Flutax in Ps and release

Flutax-loaded Ps were prepared by injecting the appropriate THF solution into PBS. In order
to determine the amount of loaded Flutax, Ps were solubilized using Triton X-100 [43]. After
adding Triton X-100 to the Ps dispersion with a final concentration of 2 wt.%, the mixture was
heated for 3 h at 80 °C. The release of Flutax from suspensions of Ps placed in a microdialysis
system was monitored by periodic withdrawal of PBS samples. The release was studied by
placing a dispersion of Flutax-Ps (1 ml, 10 pg/ml of Flutax in the feed) into a dialysis bag (cut-
off 20,000 g/mol) and immersing the bag into a large vial containing PBS. The total volume of
PBS was 100 ml, which is enough to solubilize the Flutax when 100 % of loaded Flutax is
released into the medium (~ 0.08 pg/ml). The experiments were carried out in three-fold. The
release of free Flutax from an empty dialysis bag was also measured to evaluate the effect of the
dialysis membrane on release kinetics of Flutax in the experiment. At appropriate times, 1 ml of
the release medium was collected from the vials and the medium was replaced by fresh PBS.
Concentrations of released Flutax were determined by fluorescence spectroscopy (Safire”, Tecan,
CA) at an emission wavelength of 516 nm and an excitation wavelength of 495 nm. In this way,

the loaded amounts of Flutax as well as the release kinetics were obtained.

In vitro cytotoxicity of Flutax-Ps
Flutax-loaded Ps or non-loaded Ps prepared using PBS were applied for the study. For
comparison, Flutax solubilized in Cremophor® EL (FCE) was prepared as a model formulation

of TAXOL®. In detail, 120 pg of Flutax was dissolved in 0.01 ml of ethanol and to this solution
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0.01 mL Cremophor® EL was added. Then this mixture was sonicated for 30 min. A
Cremophor” EL formulation without Flutax (CE) was also prepared as a control. The four stock
solutions were further stepwise diluted with PBS to give Flutax concentrations ranging from 10
to 0.1 pg/ml. To evaluate the cytotoxicity of these formulations, SKBR3 cells were used, which
were seeded in a 96-well plate at a density of 5 x 10° cells per well and cultured at 37 °C in a
humidified atmosphere with 5 % CO,. After 2 d, the cell medium was removed and 100 pl of
fresh cell medium was added. The different Flutax formulations (100 pl) were added to the
medium in the wells resulting in Flutax concentrations varying from 0.05 to 5 pg/ml. As a
reference, 100 pl of PBS was added to the medium. The cells were incubated for 72 h and the
number of viable cells was determined using an MTS colorimetric assay. The well plate was
incubated for 4 h and the absorbance at 490 nm was recorded using a plate reader (Safire?, Tecan,

CA).

Results and discussion
Characterization of block copolymers

In principle, amphiphilic block copolymers can self-assemble in an aqueous environment into
structures with various morphologies including spherical micelles, cylindrical micelles and
vesicles. The morphology of the self-assembled systems will be determined by the volume
fraction of hydrophilic block (f) and the molecular weight (MW) of the block copolymer [4, 44].
Di-block copolymers with an f'between 10 and 40 % and a MW ranging from ~2700 to 50,000
g/mol have been used to prepare various Ps as previously reported in the literature [1, 39, 45, 46].
In this study, mPEG-PDLLA and mPEG-PCL with a MW about 42,000 g/mol and 40,000 g/mol,
respectively, were synthesized by ROP of D,L-lactide and e-caprolactone, respectively using
mPEG (5000 g/mol) as an initiator with high monomer conversions (= 96 %) and further used to
form Ps (L), Ps (C), and Ps (LC). Calculated volume fractions of the mPEG blocks (fpzg) were
11.8 % for mPEG-PDLLA and 12.5 % for mPEG-PCL according to the '"H-NMR analysis (Table
3.1).
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Table 3.1. Characterization of mPEG-PDLLA and mPEG-PCL
Monomer Mn (theor.)" Mn ("H-NMR)°

d
conversion® (PDLLA or PCL)  (PDLLA or PCL) fP(;G
(%) (g/mol) (g/mol) (%)
mPEGsk-PDLLA 99 42,000 41,800 11.8
mPEGsk-PCL 96 42,000 40,100 12.5

“Determined by 'H NMR.

® Calculated from the initial ratio of monomer to PEG hydroxyl groups.

¢ Determined from '"H-NMR analysis by calculating the ratio of the PEG methylene peak to the main peak of the
polyester.

4 Calculated volume fraction of PEG in block copolymers.

Preparation of Ps and Flutax-Ps

Prior efforts have been undertaken to assemble polymer vesicles from block copolymers with
relatively high molecular weights and low hydrophilic volume fractions (fprc < 20 %). It was
reported that these types of block copolymers can form Ps by either injecting a solution of the
polymer in an organic solvent into an aqueous phase [39, 46] or by adding water to the organic
polymer solution [47, 48]. In this study, a series of Ps and Flutax-Ps were prepared by injecting
THF solutions of mPEG-PDLLA or mPEG-PCL in the absence or the presence of Flutax into
PBS (or DI water for TEM). Flutax-Ps with average diameters less than 150 nm were obtained
with narrow size distributions, while Ps without Flutax were smaller (< 93 nm) (Table 3.2). In
principle, the hydrodynamic diameters of the Flutax-Ps obtained will be suitable to localize these
Ps in tumor tissue by the enhanced permeability and retention (EPR) effect since the size of the
pores of leaky blood vessels in tumor tissue is known to be about 200 nm [49, 50]. Effective
passive targeting of Ps to a tumor can be achieved by extravasation of the vesicles in the tumor
provided that the Ps have sufficient long circulation times. The Flutax-Ps have an external PEG
layer, which will reduce protein adsorption from blood and subsequent uptake by the

reticuloendothelial system (RES).

Table 3.2. Average diameters and PDI of Ps with or without loaded Flutax

Ps(L) Ps(C) Flutax-Ps(L) Flutax-Ps (C) Flutax-Ps (LC)

Diameter” (nm) 90.9 92.9 143.2 133.5 142.2
PDI’ 0.15  0.09 0.13 0.19 0.11
* Measurements were performed 30 times and averaged.
® Polydispersity index.
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To prove that Flutax was co-localized with the Ps, CLSM combining both fluorescence- and
bright field microscopy of Flutax-Ps (L) was carried out. Fig. 3.3 shows the green fluorescence
image of Flutax, the bright field image of Ps (L) and the combined image. As indicated with
arrows in the combined image, it can be observed that Flutax and Ps (L) are co-localized. TEM
was performed to directly visualize the morphology and to evaluate the membrane thickness of
Ps and Flutax-Ps. Figs. 3.4a, 3.4b and 3.4c show TEM images of empty Ps. Figs. 3.4d, 3.4e and
3.4f represent TEM images of Flutax-loaded Ps. It can be seen that all types of Ps are spherical
nanovesicles with a membrane thickness of about 15 nm and the thickness was not dependent on

the size and the type of the vesicles.

Figure 3.3. CLSM images of Flutax-Ps (L). Fluorescence image (a), bright field image (b) and
the combined image (c). Size bars are 10 um and arrows mark the co-localization of Flutax and
Ps (L).
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Figure 3.4. TEM images of empty Ps (a, b and c¢) and Flutax-loaded Ps (d, e and f) on carbon
grids. A dispersion of empty Ps was placed on a 200 mesh normal carbon grid without using a
staining agent and dried at room temperature, (a) Ps (L), (b) Ps (C) and (c) Ps (LC). A drop of
Flutax loaded Ps dispersion was deposited onto a 300 mesh porous carbon grid and stained by
uranyl acetate (2 wt.%), (d) Flutax-Ps (L), (e) Flutax-Ps (C) and (f) Flutax-Ps (LC). Size bars
represent 100 nm.

Loading of Ps with Flutax

The amount of Flutax loaded in different types of Ps was determined by fluorescence
spectroscopy and the entrapment efficiency was calculated based on the amount of Flutax in the
feed used for the preparation of Flutax-Ps (Eq. 3.1).

mass of drug in polymersomes

Entrapment efficiency (%) = x 100 (3.1)

mass of drug used for formulation

In general, the entrapment efficiencies of Flutax for the three types of formulations were
comparable and quite high (> 75 %) when 10 pg/ml of Flutax was used in the feed (Table 3.3).
The loading capacity of Ps (C) was slightly higher than for Ps (L) and Ps (LC) probably due to
the more hydrophobic character of PCL compared to PDLLA. This is in agreement with earlier
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findings by Lin et al, who reported that hydrophobic drugs can be encapsulated with a higher
efficiency in PCL-based carriers than in carriers based on PDLLA [51, 52].

The effect of the feed concentration of Flutax on the loading capacity of the Ps was also
evaluated and summarized in Table 3.3. Flutax-Ps (L) were obtained from dispersions with three
different concentrations of Flutax (10, 50 or 100 pg/ml) and one concentration of mPEG-PDLLA
of 1.0 mg/ml in PBS. The Flutax uptake in Ps (L) dispersions (up to 55 pg/ml) increased with
increasing concentrations of Flutax in the feed, but the entrapment efficiency decreased. This
may indicate that the Flutax saturation level of the membrane of Ps (L) has not been reached
with the Flutax concentration used. Entrapment efficiencies of Flutax in Ps (L) using 10 pg/ml
and 50 pg/ml of Flutax in the feed were comparable and decreased at higher Flutax feed

concentrations.

Table 3.3. Loading of Ps with Flutax

Flutax-Ps (L) Flutax-Ps (C) | Flutax-Ps (LC)
Flutax feed” (ug/ml) 10.0 50.0 100.0 10.0 10.0
Polymer” (mg/ml) 1.0 1.0 1.0 1.0 1.0
Loaded Flutax® (ug/ml) 7.6 38.5 553 8.1 7.7
Entrapment efficiency® (%) |75.6+2.8| 76.9+ 1.5 |553+3.3| 80.8 +4.1 77.0+ 1.8

*Initial feed concentration of Flutax for the preparation of Flutax-Ps.

® Concentration of block copolymers used for the preparation of Flutax-Ps.

¢ Loading capacity of Ps dispersions for Flutax..

9 Entrapment efficiency of Flutax in Ps. The experiments were carried out in triplicate.

Colloidal stability of Flutax-Ps

Nanocarriers based on micelles and liposomes are often reported to have poor colloidal
stability in an aqueous solution after loading of hydrophobic drugs [34-36]. The low stability of
these carriers may be attributed to binding of drugs to the hydrophobic blocks, which alters the
curvature of the hydrophobic chains and thereby the chain packing parameter, eventually
resulting in disintegration of the colloidal structures. In contrast, Ps have a relatively high
colloidal stability because of the rather thick bi-layered membranes and therefore they can be
considered as alternative carriers. In the literature, Li ef al. compared the stability of worm-like
micelles and Ps based on PEG-PBD after loading of paclitaxel in an aqueous environment. The

worm-like micelles in PBS at 4 °C were only stable for 1 week. Aggregation of the micelles as
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well as the formation of paclitaxel precipitates was observed after 1 week, while the PTX-loaded
Ps were stable for 4 month at this temperature [53].

In our study, Ps consisting of mPEG-PDLLA or mPEG-PCL or a combination (50:50) both
at 4 °C and 37 °C in PBS were also investigated with respect to their stability by DLS. The three
types of Flutax-Ps, which have been studied here, exhibited an excellent stability for more than 2
month at 4 °C and no Flutax precipitates were observed (data not shown). The kilo count per
second (Kcps) of the Flutax-Ps (L) in PBS at 37 °C did not change for 3 d, but decreased slowly
within a period of 4 weeks (Fig. 3.5a). This can be mainly explained by hydrolysis of the
PDLLA blocks, resulting in a very gradual disturbance of the hydrophilic/hydrophobic balance
of the membranes. Initially, chains with comparatively short hydrophobic blocks will tend to
gradually segregate and this ultimately may induce hydrophilic pores into the membranes, which
eventually leads to destabilization of the bi-layer followed by the formation of aggregates [37].
The size and PDI of the remaining Flutax-Ps (L) in the dispersion did not significantly change in
time since the aggregates resulting from hydrolysis were too big to be measured by DLS (> 10
pum). Flutax-Ps (C) and Flutax-Ps (LC) showed constant values for Kcps for a longer period than
Flutax-Ps (L), reflecting a better stability in PBS than Flutax-Ps (L) (Figs. 3.5b and 3.5c). This is
due to the difference in the rate of degradation of the block copolymers. PCL is more
hydrophobic than PDLLA as previously discussed, lowering the accessibility of water to the Ps
membrane resulting in a relatively lower rate of hydrolysis. Flutax-Ps with more PCL moieties
showed slower degradation. No loss of Ps was observed during 2 weeks for Flutax-Ps (C)
(100 % PCL) and for 1 week for Flutax-Ps (LC) (50 % PCL), whereas this was only the case for
3 d for Flutax-Ps (L).
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Figure 3.5. Stability of (a) Flutax-Ps (L), (b) Flutax-Ps (LC) and (c) Flutax-Ps (C) dispersions
incubated at 37 °C in PBS measured by DLS. Diameter (o), Kcps (m) and PDI (A). DLS
measurements were performed 30 times per sample at each time point. The data given are mean
values and the error bars are the standard deviations of the mean.
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Release of Flutax from Ps

Fluorescent paclitaxel (Flutax) was used as a model drug for PTX to study the release
kinetics for four types of Ps formulations. Fig. 3.6 represents the release profiles of Flutax from
the vesicles placed in a dialysis bag. All release profiles for the vesicles showed no initial burst
because of the poor solubility of Flutax in the surrounding medium. A sustained release of Flutax
was observed for Flutax-Ps (L) and complete release of the drug was accomplished after one
month. Interestingly, it can be seen that the release kinetics of Flutax from Ps (L) approach a
zero-order release. In order to explain this, it has to be considered that the membrane of the Ps
(L) is biodegradable by bulk hydrolysis. Flutax is mainly incorporated in the PDLLA part of the
membrane. The drug release from such matrix systems is governed by diffusion of the drug
through the matrix. Upon degradation of the matrix the diffusion coefficient of the drug in the
matrix may increase, compensating for the decrease in the concentration gradient. [54]. Similar
shapes of release curves for PTX have been reported for various PDLLA-based micelles [14, 33,
55, 56]. The effects of aggregation of the Ps (L) in time during degradation on the release profile
of Flutax are hard to describe.

Ps (C) released 49.9 % of the loaded Flutax over 1 month, which is much lower than the
release from Ps (L). This can possibly be related to the crystallinity of the consisting copolymers.
PDLLA is an amorphous polymer, whereas PCL is semi-crystalline reducing the diffusion rate of
Flutax. Another possible reason is the difference in the rate of degradation of the membrane-
forming polymers. PDLLA is degrading faster than PCL and therefore Flutax release from Ps (L)
will also be faster. The release rate of Flutax from Ps (L+C), a mixture of Ps (L) and Ps (C)
(50:50, v/v), was in between those for the constituting Ps. Ps (LC) showed similar release
kinetics as Ps (L+C), but the release rate became slightly lower after 1 week. This may be due to
the fact that a relatively slow release of Flutax is governed by PCL domains in the later stages,
whereas a relatively fast release of Flutax from the PDLLA domains (probably located at the
surface of the hydrophobic part of the membranes) occurs in the early stages. Malin et al.
reported an increase of the crystallinity of PCL-PDLLA block copolymer during hydrolysis,
which was explained by a relatively fast mass loss of the amorphous phase [57, 58]. The
difference in the release rate of Flutax from Ps (L+C) and Ps (LC) may be an indication for the
formation of individual Ps containing both mPEG-PDLLA and mPEG-PCL. Blends of PDLLA
and PCL show two Tgs close to the Tgs of the individual polymers revealing that phase
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separation occurs [59-61]. Ahmed and Discher have developed Ps based on mixtures of PEG-
PLA and PEG-PBD or PEG-PCL and PEG-PBD. Both block copolymers were incorporated in
single Ps, yielding Ps membranes with a variation in permeabilities and degradation properties
[38]. The release of Flutax from the empty dialysis membrane (cut off 20,000 g/mol) was fast,

but it may slightly influence the initial release data for the vesicles.

% Cumulative release

0 5 10 15 20 25 30
Time (day)

Figure 3.6. Release of Flutax from Ps at 37 °C in PBS measured by fluorescence spectroscopy.
Flutax release from the dialysis bag (A), Ps (L) (m), Ps (C) (A), Ps (LC) (e) and Ps (L+C) (0). At
different time intervals, 1 ml of the release medium was collected and analyzed. The experiments
were carried out in triplicate.

Cytotoxicity of Flutax-Ps with respect to cancer cells

The in vitro cytotoxicity of Flutax-Ps (L) was studied using cultured SKBR3 breast cancer
cells. For comparison, the cytotoxicity of empty Ps (L) as well as that of a Cremophor”
EL/ethanol formulation (50:50, v/v) with Flutax (FCE) and without Flutax (CE) was also
evaluated. Cells were incubated with formulations of Flutax with concentrations ranging from
0.05 to 5 pg/ml. As shown in Fig. 3.7, about 67 % reduction in cell viability was observed when
cells were exposed to Ps (L) with 5 pg/ml of loaded Flutax for 3 d. However, the FCE

formulation at a Flutax concentration of 5 pg/ml resulted in a reduction of cell viability of more
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than 90 %. It should be noted that this was apparently due to the combined effect of both Flutax
and the Cremophor® EL formulation. The CE formulation exhibited a cell viability reduction
higher than 54 %. This high cytotoxicity is in agreement with previous observations [62, 63]. In
contrast, empty Ps (L) only induced a reduction in cell viability of about 10 % at the highest
concentration tested (0.5 mg/ml). This may be related to a rather low interaction between the
cells and Ps. Furthermore, it is well known that mPEG-PDLLA is biocompatible and therefore it
has been employed for the preparation of various micro- or nanoparticles and micelles [64-66]. It
is hypothesized that the cytotoxicity of Flutax-Ps (L) is associated with both Flutax released
during the exposure time and possible internalization of Flutax-Ps (L) via endocytosis into
SKBR3 cells. However, further studies are required to explain the mechanisms responsible for
the observed cytotoxicity. At a Flutax concentration of 1 pg/ml, the results showed a similar
trend for all formulations as observed at 5 pg/ml, but fewer differences between the samples

were found because of the lower concentration of Flutax and materials applied.
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Figure 3.7. Cytotoxicity of Flutax formulations and controls for SKBR3 cells after 3 d exposure.
Flutax-Ps (L) (m), Ps (L) (0), Cremophor® EL/ethanol formulation (50:50, v/v) with Flutax (m)
and Cremophor® EL/ethanol formulation without Flutax (m). The data given are mean values and
the error bars are the standard deviations of the mean.
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Conclusions

A series of nano-sized polymersomes (Ps) based on mPEG-PDLLA or mPEG-PCL was
prepared with a narrow size distribution. Fluorescent paclitaxel (Flutax) could be loaded into the
membrane of the Ps with a high drug entrapment efficiency by using a simple solvent injection
method. The release rate of Flutax from Ps can be varied by selecting Ps with membranes formed
from different types or compositions of block copolymers. In vitro cytotoxicity studies using
human breast cancer cells (SKBR3) revealed that Flutax loaded Ps may exhibit a
chemotherapeutic efficacy comparable to that of a Flutax Cremophor” EL/ethanol formulation.
By using Ps, the toxic Cremophor® EL formulation can be avoided and in principle passive
targeting can be realized. Therefore, it is concluded that Ps based on biodegradable mPEG-
PDLLA and/or mPEG-PCL are very promising nanocarriers for the controlled delivery of

lipophilic drugs like paclitaxel for chemotherapeutic applications.
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Abstract

PNIPAAm-containing polymersomes (N/Ps) were prepared by injecting a solution of
poly(ethylene glycol)-b-poly(D,L-lactide) (mPEG-PDLLA) and poly(N-isopropylacrylamide)
(PNIPAAm) in THF into water to incorporate PNIPAAm into polymersomes (Ps). At 37 °C,
hydrogel-containing Ps (Hs, hydrosomes) with an average diameter of 127 nm as measured with
dynamic light scattering (DLS) were obtained which may be used as potential novel carriers for
anticancer drugs and proteins. Dual-labeled N/Ps (FITC-N/RB-Ps) were prepared analogously
using rhodamine B tagged mPEG-PDLLA (mPEG-PDLLA-RB) and fluorescein isothiocyanate
labeled PNIPAAm (FITC-N). The co-localization of RB-labeled Ps (RB-Ps) and FITC-N in RB-
Ps was shown by dual fluorescence CLSM. Fluorescence correlation spectroscopy (FCS) and
fluorescence anisotropy (FA) measurements with these systems gave further evidence for the
colocalization of PNIPAAm and Ps. Micron-sized giant Ps with a diameter of 5-10 pm
containing FITC-N were prepared using CHCI; as the organic phase. The presence of FITC-N in
these giant Ps as well as the phase separation of the internal FITC-N solution above the lower
critical solution temperature (LCST) was also shown by CLSM. The release of fluorescein
isothiocyanate tagged dextran (FITC-dextran, MW 4000 g/mol, FD4) from Hs revealed that in
the presence of the hydrogel at 37 °C a more sustained release of FD4 (up to 30 d) with a low

initial burst effect was obtained as compared to the release from bare Ps.
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Introduction

Although a large number of drug delivery systems has been designed during the past few
decades, there is still a need for further reduction of side effects, more convenient methods of
administration and an improvement of patient compliance [1, 2]. Some of these requirements can
be achieved by using injectable nanocarrier systems, providing a temporal modulated drug
release for predefined periods as well as a spatial drug distribution control in the body [3].

Polymersomes (Ps), synthetic supramolecular-structures similar to liposomes but composed
of amphiphilic block copolymers instead of lipids [4], have attracted a lot of attention among the
various nanocarrier systems due to their outstanding stability and relatively long circulation
times [5, 6]. Long circulation times of Ps can be accomplished by applying a poly(ethylene
glycol) (PEG) layer on the surface of the Ps as previously reported by Lee ef al. and Photos et al.
[6, 7]. The presence of PEG reduces protein adsorption onto the Ps [8, 9], which is caused by the
relatively low interfacial energy of the water containing PEG layer and water, and the steric
hindrance provided by the PEG molecules [10-12].

Drug delivery from Ps can be controlled by varying the permeability of the bi-layer.
Bermudez et al. and Ahmed et al. prepared Ps based on block copolymers such as PEG-b-
poly(butadiene) (PEG-PBD), PEG-b-poly(ethylethylene) (PEG-PEE), PEG-b-poly(lactic acid)
(PEG-PLA) and PEG-b-poly(e-caprolactone) (PEG-PCL) and showed that the permeability,
mechanical properties and the rate of degradation of the bi-layer membrane can be tuned by
varying the length of the PEG as well as the character and length of the hydrophobic blocks 5,
13]. However, the range of variation in the properties is rather limited, because there are
constraints for the block copolymers to form Ps such as the hydrophilic block volume fraction
and a low glass transition temperature (Tg) of the hydrophobic phase [4, 14].

Significant efforts have been devoted to further control the membrane permeability of Ps by
using block copolymers which are temperature sensitive, pH-responsive and which may be
chemically or physically crosslinked [15-19]. An alternative approach is to modify the properties
of the interior of the nano-sized Ps for instance by the introduction of a gel. Jesorka et al. have
reported giant liposomes containing a PNIPAAm hydrogel, which were prepared by direct
injection of a PNIPA Am solution into the liposomes [20, 21]. It is obvious that this method is not

practical for further applications.
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The aim of this study is to develop a facile method for the introduction of a thermosensitive
polymer solution, like PNIPAAm into Ps and to investigate the effect of the presence of the
hydrogel inside the Ps on the release of a model compound. mPEG-PDLLA was used as a
biodegradable and biocompatible amphiphilic block copolymer for the preparation of nano-sized
Ps. PDLLA can be degraded by hydrolysis [22, 23] and PEG with a MW less than 50,000 g/mol
can be excreted by the kidneys [24]. Aqueous solutions of PNIPAAm have a sharp phase
transition behavior and an LCST of 32 °C [25]. PNIPAAm has also been used as a component
for the preparation of thermosensitive hydrogels, micelles, liposomes and Ps [15, 26-30].
PNIPAAm containing Ps (N/Ps) were prepared by injecting a THF solution of the block
copolymer and PNIPAAm into water. Gel containing Ps, further denoted as hydrosomes (Hs),
were obtained by raising the temperature of N/Ps suspensions to 37 °C. After loading of N/Ps
with drugs at room temperature and subsequent injection into the body, a prolonged delivery of
the drug may be achieved because of the formation of a gel at 37 °C in the interior of the Ps (Fig.
4.1). The N/Ps and Hs were characterized by using dynamic light scattering (DLS), TEM and
fluorescence studies. The release of the model compound, FITC-dextran (MW 4000 g/mol), from
Ps and Hs was evaluated to study the effect of the presence of a hydrogel inside Ps on its release

rate.

LCST

©® PDLLA ~mPEG @®& PNIPAAM []dH,O0 [] Hydrogel © Drugs or proteins

Figure 4.1. Schematic 2D-cross sectional illustration of Ps and Hs in which the PNIPAAm
solution present in the core phase separates and partially turns into a gel at the LCST of the
internal PNIPA Am aqueous solution, influencing the release rate of incorporated agents.
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Materials and methods
Materials

D,L-lactide (DLLA, Purac Biochem b.v., The Netherlands), N-isopropylacrylamide
(NIPAAm, Aldrich, USA), and 2,2’-azobisisobutyronitrile (AIBN, Fluka, Switzerland) were
recrystallized from toluene, hexane, and methanol, respectively. Monomethoxy poly(ethylene
glycol) with a molecular weight of 5000 g/mol (mPEG, Iris Biotech, Germany) was dried by
dissolution in anhydrous toluene followed by azeotropic distillation under N,. Stannous octoate
(SnOct), fluorescamine and FITC-dextran (MW 4000 g/mol) were obtained from Sigma (USA).
Sodium tetraborate was supplied by Aldrich (USA). Rhodamine B (RB), fluorescein
isothiocyanate (FITC), 2-aminoethanethiol (AET), N,N'-dicyclohexylcarbodiimide (DCC), 4-
di(methylamino)pyridine (DMAP) and uranyl acetate dihydrate were purchased from Fluka
(Switzerland) and used as received. Deionized water (DI water) was obtained from a Milli-Q
water purification system (Millipore, France) and phosphate buffered saline (PBS, 0.01 M, pH
7.4, containing 0.02 wt.% NaNs, B. Braun, USA) were used in the model drug release

experiments.

Synthesis of (fluorescently labeled) mPEG-PDLLA and PNIPAAm

mPEG-PDLLA was synthesized by ring-opening polymerization (ROP) of DLLA using
mPEG as an initiator (Fig. 4.2a). mPEG (0.50 g, 0.1 mmol), DLLA (4.11 g, 28.5 mmol), SnOct
(0.04 g, 0.1 mmol) and toluene (16.5 ml) were charged in that order in a reaction vessel. The
reaction was performed at 110 °C for 26 h under stirring. After cooling, a drop of HCI (37 wt.%)
was added to the reaction mixture to hydrolyze the tin-oxygen bond. A sample was taken to
determine the monomer conversion by 'H-NMR (Inova 300 MHz, Varian, USA). The copolymer
was isolated by precipitation in methanol. After filtration and washing with methanol, the
copolymer was dissolved in dichloromethane (DCM) and precipitated in diethyl ether.
Subsequently, the polymer was isolated by filtration, washed several times with diethyl ether, and
dried under vacuum. '"H-NMR analysis showed that the monomer conversion was 99 % and that
the Mn of the PDLLA block was 42,000 g/mol. Area integrations of the CH-CHj3 peak (5.18 ppm)
from PDLLA and the CH,-CH,-O peak (3.62 ppm) from mPEG were used for the calculation of
the Mn.
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Amine-terminated PNIPAAm (PNIPAAm-NH,) was prepared by free radical polymerization
of NIPAAm using AET as a chain transfer agent (Fig. 4.2b) as previously reported [29].
NIPAAm (11.30 g, 100 mmol), AIBN (0.14 g, 1 mmol) and AET (0.08 g, 1 mmol) were
dissolved in methanol and the reaction mixture was heated at 60 °C for 20 h in a nitrogen
atmosphere. The copolymer was recovered by precipitation into cold diethyl ether. This
procedure was repeated twice and the polymer was dried in a vacuum oven. The LCST of an
aqueous PNIPAAm solution (5 wt.%) was 32 °C as determined using a UV-visible
spectrophotometer (CARY 300 Bio, Varian, USA). The Mn and Mw of PNIPAAm were
analyzed by gel permeation chromatography (GPC) as 39,200 g/mol and 56,000 g/mol,
respectively. The GPC was equipped with an RI detector (RI 2414 detector, Waters, Germany),
Waters 515 pump and pStyragel columns (300 x 7.8 mm, 20 um particle size, Waters, Germany).
A DMF containing LiCl (0.1 M) was used as an eluent (flow rate 1 ml/min) and PNIPAAm (0.5
wt.%) was dissolved in the DMF solution for the GPC analysis (injection volume 30 pl).
Poly(methyl methacrylate)s were used as calibration standards. The degree of functionalization
of PNIPAAm with NH, was 96.0 = 4.7 % (n=3, ave *+ std) as obtained by using the
fluorescamine assay [31] using PEG diamine (IRIS Biotech, Germany, Mn 23,100 g/mol) as a
standard.

mPEG-PDLLA-RB was prepared by reacting mPEG-PDLLA (2.35 g, 0.05 mmol) with RB
(0.03 g, 0.06 mmol) using DCC (0.01 g, 0.06 mmol) and DMAP (0.01 g, 0.06 mmol) in DCM
(200 ml) at room temperature for 24 h (Fig. 4.2¢) [32]. Residual urea was removed by repeated
filtration until the solution was clear. Free RB was separated by ultrafiltration (cut-off 10,000
g/mol, Stirred Cells, Millipore co., USA). The PNIPAAm-NH, was labeled using FITC
according to literature [33] as shown in Fig. 4.2d. FITC (0.06 g, 0.15 mmol) was dissolved in 0.1
M sodium tetraborate buffer (pH 9.0, 150 ml) containing 10 % (v/v) acetone. Aminated
PNIPAAm (3.50 g, 0.10 mmol) was then dispersed in the resulting solution. The dispersion was
stirred at room temperature for 6 h in the dark and free FITC was removed by ultrafiltration (cut-

off 10,000 g/mol).
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Figure 4.2. Synthesis of (fluorescently labeled) mPEG-PDLLA and PNIPAAm

Preparation of N/Ps and FITC-N/Ps

Nano-sized N/Ps and FITC-N/Ps were prepared using the solvent injection method, allowing
large-scale production of Ps [34]. In brief, the amphiphilic block copolymer (10 mg/ml) and
PNIPAAm with or without the FITC label (50 mg/ml) were dissolved in THF (3 ml), and the
THF solution was injected into an aqueous phase (50 ml). After 15 min without shaking, the vial
containing the mixture was turned upside down several times, resulting in a turbid dispersion. To
remove the organic solvent from the solution, the Ps dispersion was transferred into a dialysis
bag (cut-off 50,000 g/mol, Spectra/Por, CA), which was placed in a 4 1 flask with DI water for 2
d. DI water was replaced for at least 5 times. Subsequently, the dispersion was ultrafiltrated
through a membrane (cut-off 100,000 g/mol, Ultracel Ultrafiltration Disc, Millipore, USA) for 5
h to remove non-encapsulated PNIPAAm. The purified solutions were concentrated 10 times

during the ultrafiltration step. All procedures were carried out at room temperature.
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DLS measurements and TEM
Size measurements of N/Ps and Hs were performed with a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) using a wavelength of 532 nm with a step-wise increase and
subsequent decrease in temperature to examine the influence of the temperature on the size and a
stability of the bi-layer membrane structure. The hydrodynamic radius (Ry) was measured by
back-scattering at a detection angle of 173° using the Stokes-Einstein equation (Eq. 4.1):

_ kT

" 67nD,

(4.1)
where kz = Boltzmann constant, 7 = absolute temperature, # = solvent viscosity, Dy = diffusion
coefficient at infinite dilution. Bare Ps were prepared by the same method as mentioned above
and used as a comparison. All samples were prepared by filtering the solutions through a 0.45
um Millipore filter into cuvettes, which were subsequently mounted in a thermostated cell. The
measurements were repeated five times.

Transmission electron microscopy (TEM, Philips CM30, Hillsboro, USA) was performed to
elucidate the morphology and membrane thickness of Ps. For TEM, Ps dispersions were
prepared by injecting a THF solution into an aqueous solution. A dispersion of empty Ps (2 pl)
was placed on a 200 mesh carbon grid without using a staining agent and dried at room
temperature. An N/Ps dispersion was kept at 37 °C to form Hs and 2 pl of the dispersion was
deposited onto a 300 mesh carbon grid. After 30 s, Hs were stained with an uranyl acetate

solution (2 wt.%) for 1 min. The excess solution was removed and the sample was dried at 37 °C.

Dual channel CLSM using FITC and RB

Fluorescence images were obtained by CLSM (LSM 510, Zeiss, Germany) equipped with a
Zeiss Axiovert 100 M Inverted Microscope for Nomarski DIC and Epi-Fluorescence. FITC-
N/RB-Ps were prepared using mPEG-PDLLA-RB and FITC-N by injecting a polymer solution
(THF) into DI water. To observe the co-localization of the two different fluorescence markers, a
double-illumination system consisting of an Ar laser and a He-Ne laser was employed for

excitation of FITC and RB, respectively.
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Fluorescence correlation spectroscopy

FCS has emerged as a sensitive technique operating at the level of single fluorescent
molecules diffusing in and out of the confocal volume created by a focused laser beam. FCS of
aqueous solutions of FITC, FITC-N and FITC-N/Ps was carried out at room temperature.
Solutions of FITC and FITC-N were used as controls. FCS was carried out on a home-built set
up [35], which can be briefly described as follows. Linearly polarized laser light with a
wavelength of 488 nm was used to excite FITC. Light passed a dichroic mirror with a low-
reflection/high-transmission (reflection < 5 %, transmission > 95 %) beam splitter and an
objective. The fluorescence emission was collected by the same objective and > 95 % of
fluorescent light passed through the dichroic mirror towards the detectors. The detection path
consisting of a notch filter and folding mirrors were used to direct the fluorescent light to an
avalanche photodiode for FCS measurements or to a single-prism spectrometer equipped with a
liquid nitrogen cooled charged-coupled device camera (SPEC-10 System, Princeton Instruments,
Trenton, NJ) for spectral measurements. Spectral data were acquired frame by frame with the

help of WINSPEC (Roper Scientific).

Fluorescence anisotropy measurements

For steady-state anisotropy measurements, a fluorescent sample was excited with linearly
polarized light, yielding fluorescent light emission from the sample. FA data were determined
with a fluorescence spectrophotometer (CARY Eclipse, Varian, USA) equipped with polarizers
in the right-angle configuration and a temperature controller. The fluorescence anisotropy, r(A),
was calculated directly from the uncorrected, polarized fluorescence, (1), as follows:

I(A’)VV - G(ﬂ)l(ﬂ')l/ﬁ 1(2)HV
A P T ) T R Ty 2

where the subscript-values refer to the horizontal or vertical settings of the excitation and
emission polarizers, respectively. G(4) compensates for the wavelength-dependent, polarizing
effects of the instrument. In FA, a higher value of r relates to a more restricted motion of the
fluorophore during its fluorescence lifetime. In turbid media light scattering may also contribute

to the measured anisotropy [36, 37]. A solution of FITC-N/Ps was placed in a 1-mm-thin quartz
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cell and recorded at 25 °C (FITC-N/Ps) and 37 °C (FITC-labeled Hs, FITC-Hs) with an

excitation wavelength of 495 nm. Solutions of FITC and FITC-N were used as controls.

CLSM of giant FITC-N/Ps and FITC-Hs

To further study the formation of a PNIPAAm hydrogel in the Ps, giant FITC-N/Ps were
prepared using FITC-N (50 mg/ml) and mPEG-PDLLA (10 mg/ml) by injecting solutions of
these polymers in CHCI; (3 ml) as a water immiscible organic solvent into an aqueous solution
(50 ml) and by evaporating CHCI; at ambient conditions for 3 d. To reveal the Ps with
encapsulated FITC-N, the Ps dispersion was diluted 1:1 with DI water just before the CLSM
analysis in order to decrease the fluorescence of the aqueous medium outside the Ps. For the
CLSM studies, 1 ml of the FITC-N/Ps suspensions was introduced in homemade thin-glass-
bottomed cuvettes, which were placed in the thermostated incubator at 25 °C and 37 °C (TC-
202A Bipolar Temperature Controller, Harvard Apparatus, USA).

Release of FD4 from Ps, N/Ps and Hs

FITC-dextran (MW 4000 g/mol, FD4)-loaded N/Ps (FD4-N/Ps) were prepared by injecting
the appropriate THF solution into DI water as previously mentioned. In this case, FD4 (500
mg/ml) was added to a DI water solution (50 ml) while PNIPAAm (50 mg/ml) and mPEG-
PDLLA (10 mg/ml) were dissolved in THF (3 ml). Free FD4 and free PNIPAAm were removed
by ultrafiltration (cut-off 100,000 g/mol) for 24 h at room temperature. To determine the amount
of loaded FD4, Ps were solubilized using Triton X-100 [38]. After adding Triton X-100 to the Ps
dispersion with a final concentration of 2 wt.%, the mixture was heated for 3 h at 80 °C. The
release of FD4 both at 25 °C and 37 °C from suspensions of Ps placed in a microdialysis system
was monitored by periodic withdrawals of PBS samples. The release of FD4 from Ps filled with
either gel or sol was studied by placing a dispersion of Ps (1 ml) into a dialysis bag (cut-off
100,000 g/mol) and immersing the bag into a large vial containing 29 ml of PBS. The
experiments were carried out in three-fold. The release of free FD4 from an empty dialysis bag
was also measured to confirm that the dialysis membrane was not rate controlling in the release
experiment. At appropriate times, 1 ml of the release medium was collected from the vials and
the medium was replaced by fresh PBS. Concentrations of released FD4 were determined by

fluorescence spectroscopy (Safire’, Tecan, CA) at an emission wavelength of 516 nm and an
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excitation wavelength of 495 nm. In this way, the loaded amounts of FD4 as well as the release
kinetics were obtained. The stability of the FD4-containing Hs (FD4-Hs) during drug delivery
was evaluated by measuring the size, count rate and polydispersity index (PDI) by DLS at 37 °C.
FD4-Hs suspensions were incubated using the same method and conditions as used for FD4

release experiments. Data were collected at different incubation times.

Results and discussion
Formation of nano-sized Ps, N/Ps and Hs

Drug delivery systems based on self-assembled carriers have received widespread interest
since the 1980s [39]. The design and evaluation of micelles and liposomes as drug delivery
carriers have received a lot of attention. A drawback of these systems is that they often
accumulate in the liver and spleen via a rapid uptake by the reticuloendothelial system (RES).
Moreover these systems are often not stable in the circulation [3]. In contrast, Ps can be designed
to have a stable membrane and a relatively bioinert surface. The uptake of Ps with a size lower
than 200 nm by the RES can be reduced, while extravasation from leaky capillaries is enhanced

[40].
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Figure 4.3. DLS measurements of Ps prepared with or without PNIPAAm as a function of
temperature (heating and cooling in a step-wise manner). Ps (e, A and gray bars), N/Ps and Hs
(o, A and black bars). Diameter (gray and black bars), kilo count per second (Kcps) (® and e)
and polydispersity index (PDI) (A and A). Measurements were performed 30 times and
averaged. Error bars represent standard deviations.

Ps can be prepared by sonication of an aqueous copolymer dispersion, hydration of a
copolymer film and rehydration using various solvent compositions (organic solvent / water
mixtures) [6]. However, these techniques have substantial shortcomings, including rather
complicated preparation and filtration procedures. In this study, Ps containing PNIPAAm with an
average diameter of 163 nm (25 °C) and a narrow size distribution (Fig. 4.3) were prepared by a
simple solvent injection method [41] using a THF solution of the copolymer and PNIPAAm. The
corresponding Ps without PNIPAAm had a diameter of 120 nm at 25 °C (Fig. 4.3a). The larger

size of N/Ps as compared to the Ps is possibly due to an increase of the interfacial free energy at
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the interior surface of the N/Ps. Both the size of the N/Ps and Ps decrease with increasing the
temperature to 37 °C and the original sizes were obtained again by cooling to 25 °C. These
effects may be due to partial dehydration of ethylene oxide groups in the PEG blocks with
increasing temperature [42]. DLS measurements show that the Kcps and PDI of the N/Ps are not
changing during the temperature cycle. Based on these data and the thermoreversible changes in
size of the N/Ps, it can be concluded that the expected hydrogel formation of the PNIPAAm
solution inside the Ps did not disrupt the membrane of the Ps (Fig. 4.3b).

TEM was performed to directly visualize the morphology and to evaluate the membrane
thickness of Ps. Fig. 4.4a shows a TEM image of empty Ps. Fig. 4.4b represents a TEM image of
Hs, which were deposited onto a carbon grid at 37 °C after pre-equilibration at 37 °C. It can be
seen that the Hs are spherical nanocapsules after the phase transition of the incorporated
PNIPAAm solution. Vesicles with a diameter varying from 50 to 150 nm can be observed, which
corresponds well with the size distribution obtained from the DLS analysis as shown in Fig. 4.3a.
The membrane thickness was about 15 nm for both Ps and Hs, and the thickness was not

dependent on the size of the vesicles.

ed

Figure 4.4. TEM images of empty Ps (a) and nano-sized Hs (b) on carbon grids. (a): A dispersion
of empty Ps was placed on a 200 mesh normal carbon grid without using a staining agent and
dried at room temperature. (b): A drop of the pre-equilibrated Hs dispersion at 37 °C was
deposited onto a 300 mesh porous carbon grid and stained by uranyl acetate. Size bars represent
100 nm.
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Co-localization of PNIPAAm and Ps: dual fluorescence CLSM

To prove that PNIPAAm was co-localized with Ps, FITC-N and RB-labeled Ps (RB-Ps) were
used for dual fluorescence CLSM. Fig. 4.5 shows images of the green fluorescence of the FITC
label, the red fluorescence of the RB label and the combination of both fluorescent labels. The

combined image indicates that FITC-N and RB-Ps were co-localized.

Figure 4.5. Dual fluorescence CLSM images of FITC-N and RB-Ps prepared by the injection of
a THF solution of labeled polymers into water. FITC and RB were illuminated using two
different laser channels resulting in a green color (a) and a red color (b), respectively. The
combined image of panel (a) and panel (b) is represented in panel (c). Size bars are 10 um and
arrows mark the co-localization of FITC-N and RB-Ps.

Co-localization of PNIPAAm and Ps: fluorescence correlation spectroscopy

To further investigate the association of PNIPAAm and Ps, fluorescence correlation
spectroscopy (FCS) measurements were carried out on Ps containing FITC-N at room
temperature. FCS of the free FITC solution and the FITC-N solution were used as controls.
Fluorescence intensity fluctuations due to the diffusion of fluorescent molecules in and out of the
excitation volume were monitored. Fig. 4.6a shows intense bursts of fluorescence from FITC-
N/Ps. Long residence times (8.82 + 7.71 ms) are associated with the relatively slow diffusion of
Ps with co-localized FITC-N (Table 4.1). FITC-N had a short residence time, which reflects a
relatively fast diffusion of the FITC coupled PNIPAAm molecules (Fig. 4.6¢). As expected, the
diffusion of free FITC was even faster (residence time of 0.04 + 0.01 ms) than that of FITC-N in
which FITC was coupled to a relatively high molecular weight PNIPAAm polymer (Fig. 4.6b).
Non-labeled PNIPAAm and Ps were used as controls (Figs. 4.6d and 4.6¢). These results confirm
again that PNIPAAm is co-localized with Ps.
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Table 4.1. Residence times of FITC, FITC-N and FITC-N/Ps obtained by FCS

Free FITC? FITC-N?* FITC-N/Ps
Residence time (ms) 0.04 +0.01 0.08 +£0.03 8.82+7.71
10 uM aqueous solution.
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Figure 4.6. FCS of FITC, FITC-N and FITC-N/Ps at 25 °C. Non-labeled Ps and PNIPAAm were
used as controls. (a) FITC-N/Ps, (b) free FITC (10 uM), (c) FITC-N (10 uM), (d) Ps and (e)
PNIPAAm. Arrows represent fluorescence bursts indicating the passage of fluorescent molecules
in and out of the laser detection area.

Internal PNIPAAm hydrogel formation: steady state fluorescence anisotropy

To get information on the sol-gel transition of internalized PNIPAAm solution with Ps,
steady state FA measurements on FITC-N/Ps and -Hs were performed and compared with free
FITC and FITC-N. The r values of solutions of these compounds and Ps dispersions were
recorded as a function of the wavelength (Fig. 4.7). At A <520 nm, the anisotropy measurements
are affected by light scattering. Average r values were calculated from the measurements at A >
520 nm and given in Table 4.2. Aqueous solutions (10 pM) of both free FITC at 25 °C and 37 °C,
and FITC-N at 25 °C showed a low r value of ~ 0.012 (Figs. 4.7a and 4.7b) reflecting a high
rotational freedom of FITC. The r value of FITC-N/Ps was 7 times higher than that of free FITC-
N and free FITC indicating that the FITC label of PNIPAAm internalized in the Ps was strongly
hindered in its rotational motion. A possible local high concentration of the PNIPAAm solution
in the Ps could also contribute to a decrease of the rotational freedom of FITC. However, at the

moment it is not possible to calculate the exact PNIPAAm concentration in the Ps. Based on the
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r values of FITC-N and free FITC, the translational and rotational diffusion of the label were

similar at 25 °C.
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Figure 4.7. Temperature-dependent fluorescent anisotropy (r) values of FITC, FITC-N and
FITC-N in Ps at 25 °C (gray dashed lines) and 37 °C (black solid lines). (a) free FITC (10 uM),
(b) FITC-N (10 uM), and (c) FITC-N/Ps (25 °C) and -Hs (37 °C).

When the temperature was increased to 37 °C, an increase of » was observed for the FITC-N

solution. This was a result of the coil to globular transition of PNIPAAm and possible
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subsequent self-aggregation of PNIPAAm chains as a result of intramolecular dehydration [43].
We also noted an increase in the » below a wavelength of 520 nm due to a slight increase in
(polarized) light scattering. Upon increasing the temperature from 25 °C to 37 °C, the r value
was increased significantly from 0.096 to 0.148 (Fig. 4.7c). These results demonstrate that the
PNIPAAm concentration of the internal solution was high enough to form a hydrogel, which

suppresses the rotational freedom of the FITC label.

Table 4.2. Average r values monitored from 520 to 550 nm

Free FITC* FITC-N? FITC-N/Ps (25 °C) and -Hs (37 °C)
25°C  0.013+0.006  0.013 %0.005 0.096 + 0.007
37°C 0.011+£0.005  0.022 +0.004 0.148 + 0.007

*10 pM aqueous solution.

Internal PNIPAAm hydrogel formation: CLSM using giant N/Ps and Hs

In order to establish the presence of a PNIPAAm hydrogel and its formation after phase
separation in Ps, giant FITC-N/Ps and -Hs were used for CLSM. The FITC-N/Ps with a diameter
of 5-10 um were prepared using CHCl; instead of THF as a organic phase. The gel formation
and phase separation of the PNIPAAm solution in the giant Hs could be observed using CLSM
combining both fluorescence- and bright field microscopy. Fig. 4.8c provides evidence of the
presence of FITC-N inside the Ps below the LCST of the FITC-N solution. Above this
temperature, phase separation of the solution took place leading to a fluorescent PNIPAAm
hydrogel in the vicinity of the membrane and an aqueous phase in the center of the giant Ps (Figs.
4.8f and 4.8g). It should be noted that a solution of PNIPAAm can phase-separate into an
aqueous phase and a gel phase with a volume of 10-20 % of the total volume when the
concentration of the initial PNIPAAm solution is high enough to form a hydrogel [44, 45]. Phase
separation is further corroborated by the data on the anisotropy measurements of the Ps
containing FITC-N. Finally, Figs. 4.8b and 4.8e confirm the hollow sphere structure before and
after the internal hydrogel formation, respectively, indicating that the membrane of the giant Ps is
not disrupted during the sol-gel transition. Disruption of the membrane of nano-sized N/Ps

during the phase transition also did not take place according to the DLS results (Fig. 4.3).
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Figure 4.8. FITC-N containing giant Ps and Hs were imaged using CLSM at different
temperatures to visualize internal gelation of the FITC-N solution. Giant FITC-N/Ps were
prepared by injection of a chloroform solution of the copolymer and FITC-N into water.
Fluorescence images (a and d), bright field images (b and e) and combined images (c and f) were
taken at two different temperatures (upper panels: FITC-N/Ps at 25 °C and lower panels: FITC-
Hs at 37 °C). White light and fluorescence intensities were scanned as indicated by a red arrow in
(f). Gray lines and green lines show white light and fluorescence profiles, respectively (g). Size
bars represent 10 pm.

Release of FITC-dextran (FD4) from Ps, N/Ps and Hs

FD with a molecular weight of 4000 (FD4) was used as a model compound to investigate the
release kinetics from Ps at different temperatures. Figs. 4.9a and 4.9b represent the release
profiles of FD4 from different vesicles at 25 °C and 37 °C placed in a dialysis bag. The release of
FD4 from the empty dialysis membrane was fast and did hardly influence the release data for the
vesicles. All release profiles for the vesicles showed an initial burst of 10-20 % followed by a

gradual decrease of the release rate (Fig. 4.9b).
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Fig. 4.9a shows that FD4 was completely released from the Hs at 37 °C after a month, while
the release from Ps at 37 °C was already completed after 6 d. The difference in release rates has
to be due to the presence of a hydrogel in the Hs. As discussed before, the PNIPAAm solution in
the vesicles separates in two phases above the LCST forming a gel and an aqueous solution.
Based on distribution studies of FD4 in a phase separated PNIPAAm system, it was estimated
that about 80 % of encapsulated FD4 was in the aqueous phase and 20 % in the gel phase (data
not shown). As shown before, the hydrogel was located very close to the membrane of the Hs.
Therefore, the hydrogel forms an extra barrier for release of the FD4 and also limits the available
free membrane area for permeation of FD4 from the aqueous solution inside the Hs. A possible
interaction between the internal PEG chains and PNIPAAm chains may explain the localization
of the gel in conjunction with the membrane of the Ps. This is further supported by the work of
Polozova and Winnik [46] who concluded that the amide groups of PNIPAAm may form
hydrogen bonds with ethylene oxide units. This not only can explain the image shown in Fig.
4.8f, but also the sustained FD4 release from Hs at 37 °C. Both Hs and empty Ps show a more
rapid release of FD4 at 37 °C than at 25 °C due to an increase in the membrane permeability.
Both N/Ps and empty Ps have similar FD4 release profiles at 25 °C, indicating that the presence
of a PNIPAAm solution in Ps did not lead to a prolonged release of FD4. It can also be seen that
at 37 °C the release of FD4 from Hs is faster than the release from N/Ps at 25 °C. Apparently, the
increase of the permeability of the membrane with temperature has a stronger effect on the
release than the formation of the membrane associated hydrogel.

In order to understand a possible influence of the degradation of the Ps membrane in time on
the release of FD4 from Hs, DLS measurements of the FD4-Hs were carried out at different time
points and the size distribution, Kcps and PDI were monitored. FD4-Hs showed an excellent
stability during 20 d based on their narrow and unimodal size distribution. After 20 d of
incubation, Hs formed aggregates possibly facilitated by the presence of PNIPAAm (Fig. 4.9¢).
This can be explained by gradual hydrolysis of the PDLLA block, which eventually leads to
destabilization of the bi-layer. Initially, chains with comparatively short hydrophobic blocks will
tend to segregate and ultimately may induce hydrophilic pores in the membrane [13]. Therefore,
the accelerated release rate of FD4 from Hs after 20 d at 37 °C can be explained by the gradual
degradation of the PDLA blocks of the copolymer forming the membrane.
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Figure 4.9. FD4 release from Ps at 25 °C and 37 °C, N/Ps and Hs measured with fluorescence
spectroscopy. (a) FD4 release from the dialysis bag at 25 °C (A) and at 37 °C (A), FD4 release
from Ps at 25 °C (m) and at 37 °C (m), and from N/Ps (25 °C, ) and from Hs (37 °C, e). At
different time intervals, 1 ml of the release medium was collected and analyzed by fluorescence
spectroscopy. The experiments were carried out in triplicate. (b) FD4 release data for the first 3 d
(enlargement of Fig. 4.9a). The stability of the FD4-Hs vesicles at 37 °C was investigated over a
period of 60 d by analyzing the samples for the release data with DLS. (c) DLS data of FD4-Hs
as a function of time. Diameter (black bars), Kcps (¢) and PDI (A). DLS measurements were
performed 30 times per sample. The data given are mean values and the error bars are the
standard deviations of the mean.
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Conclusions

Novel bi-layer-enclosed nano-compartments containing a thermosensitive hydrogel, further
named hydrosomes, were developed and characterized. This new controlled release system is
composed of polymersomes (Ps) with a biodegradable mPEG-PDLLA membrane containing a
PNIPAAm solution inside the reservoir at 25 °C. Above the LCST of the PNIPAAm solution in
the Ps, phase separation takes place, and a hydrogel and an aqueous phase are formed. The
presence of the PNIPAAm solution in the Ps was shown by dual fluorescence CLSM, FCS, FA
and CLSM of PNIPAAm containing giant Ps. FITC-dextran with a molecular weight of 4000
(FD4) was released over a period of 4 weeks from Ps at 37 °C with a low initial burst, while the
release from Ps not containing PNIPAAm was completed in 6 d. These results are explained by
the formation of a membrane associated PNIPAAm hydrogel layer in the hydrosomes (Hs),
which strongly reduces the release rate of FD4. In our current program, we further focus on the
introduction of stimuli-sensitive nanogels in Ps to effectively control the site specific release of

drugs and proteins.
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Abstract

The phase behavior of fluorescein isothiocyanate (FITC) labeled poly(/V-
isopropylacrylamide) (PNIPAAm) incorporated in polymersomes (Ps) was studied by
monitoring the fluorescence lifetime (FL) and the time-resolved fluorescence anisotropy (TRFA)
as a function of temperature at pH 7.4. Ps containing FITC-labeled PNIPAAm with a diameter
less than 200 nm were prepared by injecting a THF solution of poly(ethylene glycol)-b-
poly(D,L-lactide) (mPEG-PDLLA) and FITC tagged PNIPAAm (FITC-N) into phosphate
buffered saline (PBS, pH 7.4). Solutions of free FITC-N (2 uM) in PBS were used as controls.
The polarized fluorescence decay curves of FITC-N were fitted with two rotational correlation
times (¢@;2) and their corresponding amplitude (j;2). Short rotational correlation times, ¢;,
correspond with the rotation of the FITC molecule itself whereas ¢, corresponds to FITC-
segmental rotation. FITC-N encapsulated in Ps (FITC-N/Ps) showed a decrease of the rotational
motion upon increasing the temperature. The long rotational correlation time (¢,) of FITC-N
increased 3 fold, going from 15 °C to 40 °C, reflecting a reduced rotational mobility. The residual
anisotropy (7.) of FITC-N/Ps at pH 7.4 showed a gradual increase, going from 15 to 25 °C
followed by a gradual decrease at higher temperatures. These results are explained by a transition
from coil to globule, a gradual increase of intermolecular aggregation and possibly phase

separation and hydrogel formation.
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Introduction

Polymersomes (Ps), synthetic supramolecular-structures similar to liposomes but composed
of amphiphilic block copolymers instead of lipids [1], have attracted a lot of attention for drug
delivery applications due to their outstanding stability and relatively long residence times in the
circulation [2, 3]. Significant efforts have been devoted to control drug delivery from Ps by
varying the length and composition of the consisting block copolymers, by using block
copolymers which are temperature sensitive, pH-responsive or block copolymers which are
chemically or physically crosslinked [4, 5]. An alternative approach is to modify the interior of
the Ps for instance by the introduction of a hydrogel. Poly(N-isopropylacrylamide) (PNIPAAm)
may be used as a precursor of a thermo-sensitive hydrogel. PNIPAAm dissolved in water shows
temperature induced dehydration of the polymer chains, which can be followed by the formation
of a hydrogel depending on the molecular weight of the PNIPAAm and the concentration of the
PNIPAAm solution [6]. Above the low critical solution temperature (LCST) of the PNIPAAm
solution, aggregation of the PNIPAAm polymer chains takes place by intermolecular
hydrophobic interaction, leading to phase separation into an aqueous phase and a hydrogel [7].
This behavior of PNIPAAm has been used to form a hydrogel either in liposomes or in Ps [8, 9].

In recent years, tracking of the photo-physical properties of a molecular probe by
fluorescence spectroscopy has become a versatile technique to detect changes in the local
environment of the probe. Fluorescently labeled compounds located in a heterogeneous
environment can be followed in time by using time-resolved fluorescence techniques. These
techniques have been used for better understanding of protein-substrate, protein-receptor and
lipid-protein interactions as well as for probing the local environment of a dye in micelles or
liposomes [10, 11] and to characterize sol-gel transitions [12]. It has also been reported that a
sol-gel transition of PNIPAAm to form microgels and the sol-gel transition to form a silica gel
matrix could be followed by fluorescence analysis [13-15]. Based on these findings, we assume
that a time-resolved fluorescence study may also allow us to characterize the temperature
dependent formation of a PNIPAAm hydrogel inside Ps.

In principle, this can be achieved by incorporation of a fluorescent dye labeled PNIPAAm
into the Ps. Fluorescence anisotropy and fluorescence lifetime studies of this labeled PNIPAAm
may give information about temperature induced changes in the interior of the Ps. Fluorescein

isothiocyanate (FITC), a derivative of fluorescein which can be easily reacted with amine groups,
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was selected as a fluorophore to label PNIPAAm because of its high quantum yield and adequate
photo-stability. The fluorescent properties of FITC derivatives are strongly affected by the
environment [16]. Therefore, it will be very useful for monitoring physical parameters like local
mobility of the environment and rotational dynamics of labeled PNIPAAm in Ps.

The aim of this work is to investigate the thermo-responsive behavior of FITC-labeled
PNIPAAm (FITC-N) in Ps by measuring the time-resolved fluorescence anisotropy (TRFA) and
fluorescence lifetime profiles (FL). For this study, FITC was first coupled to PNIPAAm (FITC-
N) and then incorporated into Ps by injecting a THF solution of the Ps forming polymer and
FITC-N into PBS (pH 7.4). Poly(ethylene glycol)-b-poly(D,L-lactide), mPEG-PDLLA, was used
as a biodegradable and biocompatible amphiphilic block copolymer for the formation of the Ps.
A schematic picture of Ps containing a FITC labeled hydrogel and the chemical structure of the
polymers used for the system is given in Fig. 5.1. TRFA and FL of FITC-N in Ps were measured
as a function of temperature and the results were compared with those for the corresponding free

solutions of FITC-N.

m/f"\/’ﬂao’ﬁk{“hﬂ — PBS

I Hydrogel

o Fluorescent PNIPAAM ~@® mPEG-PDLLA

Figure 5.1. Schematic 2D-cross sectional illustration of FITC-N/Ps. At the LCST, phase
separation of the FITC-N solution present in the core of Ps into an aqueous phase and a hydrogel
takes place.
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Materials and methods
Materials

D,L-lactide (DLLA, Purac Biochem b.v., The Netherlands), N-isopropylacrylamide
(NIPAAm, Aldrich, USA), and 2,2’-azobisisobutyronitrile (AIBN, Fluka, Switzerland) were
recrystallized from toluene, hexane, and methanol, respectively. Monomethoxy poly(ethylene
glycol) with a molecular weight of 5000 g/mol (mPEG, Iris Biotech, Germany) was dried by
dissolution in anhydrous toluene followed by azeotropic distillation under N,. Stannous octoate,
Sn(Oct), was obtained from Sigma (USA). Fluorescein isothiocyanate (FITC) and 2-
aminoethanethiol (AET) were purchased from Fluka (Switzerland) and used as received.
Phosphate buffered saline (PBS, 0.01M, pH 7.4, B. Braun, USA) was used as a medium for the
FL and TRFA experiments.

Synthesis of polymers and preparation of FITC-labeled PNIPAAm-containing Ps

mPEG-PDLLA and FITC-labeled PNIPAAm (FITC-N) were prepared as previously
reported [8]. mPEG-PDLLA was synthesized by ring-opening polymerization (ROP) of DLLA
using mPEG as an initiator. Amino terminated PNIPAAm was synthesized by free radical
polymerization of NIPAAm using AET as a chain transfer agent and the resulting polymer was
reacted with FITC. "H-NMR analysis (Inova 300 MHz, Varian, USA) showed that the monomer
conversion of DLLA was 99 % and the Mn of the PDLLA block was 42,000 g/mol. Mn and Mw
of PNIPAAm were analyzed by gel permeation chromatography (GPC) as 39,200 g/mol and
56,000 g/mol, respectively. The labeling efficiency of PNIPAAm with FITC was determined by
fluorescence spectroscopy using FITC-dextran (Fluka, 40,000 g/mol) as a standard.

Polymersomes with encapsulated FITC-N, FITC-N/Ps, were prepared using the solvent
injection method. In brief, mPEG-PDLLA (10 mg/ml) and FITC-labeled PNIPAAm (FITC-N, 50
mg/ml) were dissolved in THF (1 ml) and the resulting solution was injected into PBS (50 ml).
After 15 min without shaking, the vial containing the mixture was turned upside down several
times, resulting in a turbid dispersion. THF was removed by dialysis using a dialysis membrane
(cut-off 50,000 g/mol, Spectra/Por, CA) in PBS for 2 d and subsequently non-encapsulated
FITC-N was removed by ultrafiltration through a membrane (cut-off 100,000 g/mol, Ultracel
Ultrafiltration Disc, Millipore, USA) for 5 h.
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Data acquisition

Time-resolved polarized fluorescence experiments were carried out using the time-correlated
single-photon counting technique (TCSPC) [17]. The TCSPC setup and the measurement
procedures used were described in detail elsewhere [18], and will only briefly be outlined below.
A mode-locked CW Nd:YLF laser was used for the synchronous pumping of a cavity-dumped,
dye laser (Rhodamine 6G) providing after frequency-doubling excitation at 300 nm. The samples
were excited with vertically polarized light pulses (4 ps FWHM) at an excitation frequency of 591
kHz and both parallel and perpendicularly polarized fluorescence were detected. At 470 nm,
excitation FITC fluorescence was detected using a Schott OG515nm cut-off filter in combination
with a Balzers K55 broadband interference filter (550 nm). The data were collected using a multi-
channel analyzer with a maximum time window of 4096 channels typically at 5 ps/channel. The
dynamic instrumental response function of the setup was approximately 40-50 ps FWHM, and
was obtained at the FITC emission wavelength using a solution of erythrosine B in de-ionized
water as reference compound (7.~ 80 ps). One complete experiment for a fluorescence decay
measurement consisted of the recording of data sets of the reference compound, the FITC-N or

FITC-N/Ps samples, the background (buffer) and again the reference compound.

Data analysis

Data analysis was performed using a model of discrete exponential terms [19]. Global analysis
of the experimental data was performed using the ‘TRFA Data Processing Package’ of the
Scientific Software Technologies Center (Belarusian State University, Minsk, Belarus) [20, 21].
The total fluorescence intensity decay I(z) was obtained from the measured parallel /(#) and

perpendicular /,(?) fluorescence intensity components through the relation:

I(t)=1,(t)+2I (t) (5.1

The fluorescence lifetime profile consisting of a sum of discrete exponentials with lifetime z; and

amplitude a; can be retrieved from the total fluorescence /(?) through the convolution product:

I(t)= E(t)x EN:aie*f”’ (5.2)
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where E(?) is the instrumental response function. The quality of the fit was judged by the chi-
square value (below 1.1 was considered sufficient) and by the quality of the residuals and
autocorrelation of these residuals. Average fluorescence lifetimes, 7,,, were, calculated according

to equation 3 [22].

n

2
Z ;T

= — (5.3)

av n
Z ;T
i=1

The anisotropy decay r(2) is given by the following relation:
I \t)-1,(¢
r(t)= M (5.4)
1,(t)+21.(2)
In fluorescence anisotropy analysis, after deconvolution, the time-dependent fluorescence
anisotropy r(t) is calculated from the parallel /(z) and perpendicular /,(¢) components through the
relations [23]:

7 IS SR
H(t)—EZaie 1+2) 1, e (5.5)

i=1 j=1

1.(0)= IS SE—”s
N t)—;Zaie I—Zroje (5.6)
J=1

i=1

in which i=;j for correlated systems in which particular lifetime components t; are associated with
particular correlation times ¢ (correlated or associative model), and i= for systems in which all
lifetimes equally contribute to the anisotropy (uncorrelated or non-associative model); ry; is the

fundamental anisotropy at time t =0.

Results and discussion
Ps containing FITC-N, FITC-N/Ps, with a diameter less than 200 nm were prepared and
characterized as previously reported [8]. The degree of functionalization of PNIPAAm with amine

groups was 96.0 = 4.7 mol% and the labeling efficiency of PNIPAAm-NH; with FITC was 94.0 +
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11.8 mol%. In order to acquire the internal dynamics of the label bound to PNIPAAm in Ps, FL
profiles and TRFA of FITC-N in Ps were measured. Solutions of free FITC-N (2 uM) in PBS
were used for comparison.

In order to explain the FL and TRFA data which will be discussed later, first a model (Fig.
5.2) is presented which shows the possible temperature dependent changes in the local
environment of the fluorescent probes. PNIPAAm in solution at relatively low concentrations
exhibits a temperature induced coil to globule transition due to dehydration of the polymer chains.
Depending on the molecular weight of PNIPAAm and at sufficiently high concentrations of the
polymer solution, like in the Ps, the coil to globule transition can be followed by phase separation,
leading to the formation of a hydrogel and an aqueous phase. The environment of FITC covalently
linked to PNIPAAm will be changed both by the temperature induced coil to globule transition
and hydrogel formation after phase separation of PNIPAAm present in the Ps. This may lead to
restricted rotational mobility of the probe itself and/or the probe in conjunction with polymer
segments. Fig. 5.2 gives a schematic picture of temperature and concentration dependent
transitions of FITC-labeled PNIPAAm and associated rotational correlation times ¢; and ¢,. ¢ is
related to the rotation of individual FITC molecules, whereas ¢; is related to the rotation of FITC

in conjunction with PNIPAAm segments.

Low
concentration
g T>LCST Aggregated globules
?; High
@ concentration

~~~ PNIPAAM @ FITC

Hydrogel

Figure 5.2. Schematic illustration of possible positions of FITC linked to PNIPAAm in the
solution or incorporated in the PNIPAAm gel. PNIPAAm exhibits a coil to globule transition by
increasing the temperature due to dehydration of the polymer chains. Depending on the molecular
weight of PNIPAAm and the concentration of the polymer solution, the coil to globule transition
can be followed by phase separation into a hydrogel and an aqueous phase (inside Ps). FITC will
be associated either with the globular state of PNIPAAm or with the gel formed in the Ps at higher
temperatures. A short rotational correlation time, ¢;, and a long rotational correlation time, ¢,, are
presented. ¢; relates to the rotation of individual FITC molecules, whereas ¢, is related to the
rotation of FITC in conjunction with PNIPAAm segments.
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Fig. 5.3 shows a typical example of a fluorescence decay curve for FITC-N in PBS at 25 °C
and the residuals corresponding to a 3-exponential fit. The fluorescence decay of FITC-labeled
PNIPAAm (FITC-N) in PBS (pH 7.4) was fitted with 3 exponentials. This was also the case for
that of buffered solutions (pH 7.4) of FITC-labeled PNIPAAm incorporated in polymersomes
(FITC-N/Ps) and all fits were of good quality (x* < 1.1).

In Table 5.1, z,, as a function of temperature is shown for a dilute solution of FITC-N in PBS
at pH 7.4 and for FITC-N in polymersomes (FITC-N/Ps). For a dilute solution of FITC-N in PBS,
7,y decreased from 3.77 to 3.46 ns upon increasing the temperature from 15 to 40 °C showing a
normal temperature effect on fluorescence lifetimes. In general, the lifetimes of excited states are
shortened with increasing temperature as a result of an increase of the non-radiative relaxation
rate [24]. A coil to globule transition of PNIPAAm may not significantly influence the
fluorescence lifetimes of FITC in the dilute solution because FITCs are conjugated at the end of
PNIPAAm chains. In contrast, 7, of FITC-N in Ps increased upon increasing the temperature up
to 30 °C. This may be indicative that FITC conjugated to PNIPAAm and localized in Ps exhibited
different relaxation patterns most probably due to the relatively high concentration of PNIPAAm
in the Ps. z,, of FITC-N in Ps was slightly longer than in dilute solution at the same temperature.
Above 30 °C, a normal temperature effect on the fluorescence lifetimes of FITC-N in Ps was
observed.

After deconvolution of the data obtained for dilute FITC-N solutions and for FITC-N/Ps, time-
dependent fluorescence anisotropy r(¢) data, calculated from the parallel /;(z) and perpendicular
1,(t) components were obtained. A decay of the fluorescence anisotropy within 5 ns was seen. At
relatively high temperatures (> 30 °C), the fluorescence anisotropy decay curve of FITC-N shows
a residual anisotropy, 7., that increases upon further increase of temperature (Fig. 5.4a, Table 5.2).
The polarized fluorescence decay curves of FITC-N were fitted with two rotational times (¢;, 2)
and their corresponding amplitudes (f; ») using the uncorrelated or non-associative model, in
which all lifetimes equally contribute to the anisotropy (Table 5.2). The rotational times reflect a
local mobility of FITC. However, rotational correlation times ¢; and ¢, did not increase during the
coil-to-globule transition within the temperature range used. This can be explained by the fact that
FITC is bound to the end of the PNIPAAm chains. The slight decrease of ¢; and ¢, above 30 °C

can be considered as a common temperature effect. The increase of 7., with temperature for FITC-
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N up to 0.09 can be explained by the earlier reported coil-to-globule transition of single
PNIPAAm chains at high dilution [25]. In this respect, the global motion of a globule can be
considered as ‘infinitely slow’ with the used time frame of 20 ns, resulting in a residual anisotropy,
r» The contribution of rto the anisotropy decay increased with increasing temperature above 30
°C (Fig. 5.5a), indicating that a transition occurred at 30 °C.

For FITC-N/Ps, the data could also be fitted using the same uncorrelated or non-associative
model (e.g. three fluorescence lifetimes in combination with two rotational correlation times).
We observed rotational correlation times at relatively low temperatures that are close to the
corresponding ones of the highly diluted reference FITC-N. FITC-N/Ps has already a high 7,
(0.11) at 15 °C (Table 5.2). This may originate from reduced rotational motion of the dye
possibly caused by interactions of the FITC-labeled PNIPAAm with PEG, which is present on
the inner surface of Ps. This is supported by the work of Polozova and Winnik [26], stating that
amide groups of PNIPAAm may form hydrogen bonds with ethylene oxide units of PEG. At 30
°C, ¢, for FITC-N/Ps significantly increased as compared to ¢, at relatively low temperatures,
which is in contrast with the observed decrease of these parameters with increasing temperature
for dilute FITC-N samples. These findings can be explained by an increase of the inter-chain
aggregation of PNIPAAm with increasing temperature possibly in concert with phase separation
and hydrogel formation. However, an initial increase of 7, from 0.11 to 0.21 upon raising the
temperature of FITC-N/Ps from 15 to 25 °C is followed by a gradual decrease of ., to 0.15 upon
further increase of temperature. The increased dynamics at relatively high temperature can be
explained by the fact that FITC is highly negatively charged at pH 7.4 [16] and may therefore be
expelled from the relatively apolar, hydrogel forming globular structures and by that may reside
in the more polar, less viscous aqueous phase. When the phase transition occurs the gel phase has

a volume of 10-20 % of the original volume and the remainder forms an aqueous phase [27, 28].

Table 5.1. 7., of FITC-N dissolved in PBS or in Ps as a function of temperature

15°C 20°C 25°C 30°C 35°C 40 °C

FITC-N 3.77 3.73 3.72 3.70 3.61 3.46

FITC-N/Ps 3.90 3.96 3.96 4.03 4.01 3.97

"Average fluorescence lifetime (ns).
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Figure 5.3. A fluorescence decay curve for FITC-N in PBS at 25 °C (a) and the residual of a 3-
exponential fit (b).

Table 5.2 . Fluorescence anisotropy of FITC-N (2 uM) and FITC-N/Ps

temp. pi’ ¢ p2* $" Voo
15°C 0.22 0.27 0.10 2.1 0.01
20°C 0.21 0.24 0.09 1.9 0.01
25°C 0.21 0.21 0.09 1.6 0.01
FITC-N
30 °C 0.22 0.19 0.08 1.8 0.01
35°C 0.15 0.16 0.06 1.4 0.04
40 °C 0.11 0.13 0.04 1.2 0.09
15°C 0.14 0.20 0.11 1.4 0.11
20°C 0.11 0.26 0.08 1.7 0.15
25°C 0.06 0.40 0.07 2.8 0.21
FITC-N/Ps
30 °C 0.07 0.45 0.07 39 0.19
35°C 0.07 0.30 0.09 34 0.17
40 °C 0.09 0.34 0.09 4.2 0.15

Fractional contribution to the fluorescence anisotropy decay.
® Rotational correlation time (ns).
“Residual anisotropy.
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Figure 5.4. Fitted fluorescence anisotropy decay curves of FITC-N a) and FITC-N/Ps b) in PBS
at 15 °C (black), 20 °C (blue), 25 °C (green), 30 °C (orange), 35 °C (red) and 40 °C (brown).
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Figure 5.5. Contribution (%) of rotational correlation times and residual anisotropy to the
fluorescence anisotropy decay for FITC-N (a) and FITC-N/Ps (b) as a function of temperature in
PBS, relative to the total sum: £; + f, + r., (which equals the initial anisotropy, ry, at time zero).
The contributions of the relatively short rotational correlation time, ¢;, (light gray), the relatively
long rotational correlation time, ¢>, (dark gray) as well as the residual anisotropy, 7., (black) are
represented.
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Conclusions

PNIPAAm was labeled with FITC (FITC-N) and incorporated into polymersomes. The time-
resolved fluorescence as well as the time-resolved fluorescence anisotropy of FITC-N in
polymersomes were monitored in PBS as a function of temperature and compared with the results
for FITC-N dissolved in PBS at pH 7.4. The results of the FL. and TRFA measurements revealed
that with increasing temperature PNIPAAm incorporated in Ps undergoes a coil to globule
transition followed by intermolecular aggregation and possibly phase separation followed by
hydrogel formation. In a future study, it would be interesting to use also other types of
fluorescently labeled hydrogels to investigate the effect of the physico-chemical properties of the

hydrogels on the time-resolved fluorescence and time-resolved fluorescence anisotropy.
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Abstract

Novel polymersomes (Ps) based on a biodegradable and biocompatible block copolymer of
methoxy poly(ethylene glycol) (mPEG) and poly(D,L-lactide) (PDLLA) in which a peptide
sequence, Phe-Gly-Leu-Phe-Gly (FGLFG), was introduced in between the two blocks (mPEG-
pep-PDLLA) were developed. The peptide linker is cleavable by the lysosomal enzyme
cathepsin B (Cath B). Ps containing the peptide linker (Ps (pep)) with an average diameter of
about 124 nm were prepared by injecting a THF solution of the block copolymer into DI water.
The Ps had a membrane thickness of about 15 nm as determined by transmission electron
microscopy (TEM). In order to investigate the enzymatic degradation of the Ps (pep), dynamic
light scattering (DLS) measurements of Ps (pep) dispersions with different concentrations of
Cath B at pH 5.5 and 7.4 were performed as a function of time. A gradual decrease in kilo counts
per second (Kcps) of the Ps (pep) over 7 d was observed after incubation of the Ps (pep)
dispersions with 5 units/ml of Cath B at pH 5.5 at 37 °C. The size distribution became also
bimodal, indicating that aggregation and precipitation of Ps (pep) occurred by disintegration of
the Ps (pep) as a result of cleavage of the peptide. The rate of disintegration of the Ps (pep) was
depending on the concentration of Cath B and the pH. No changes by DLS were seen when the
dispersions were incubated with the enzyme at pH 7.4. Acridine orange (AO) was encapsulated
in Ps (pep) as a model drug and rapid release of AO triggered by Cath B degradation of Ps (pep)
was observed at pH 5.5. Anti-epidermal growth factor receptor (anti-EGFR) antibody (abEGFR)
was immobilized on the surface of Ps (pep) in order to enhance the cellular uptake of Ps (pep).
Fluorescein isothiocyanate labeled dextran (40,000 g/mol) (FD40) was incorporated in the Ps
(pep) for the cell study and Ps either without peptide or antibody or without both peptide and
antibody were used as negative controls. After 3 d exposure to SKBR3 cells, abEGFR-
conjugated Ps (pep) (abEGFR-Ps (pep)) were directly bound to the membrane of the cells and
were endocytosed more rapidly as compared to Ps (pep) without abEGFR. Intracellular release of
FD40 from Ps (pep) was observed, suggesting that the peptide linker in Ps (pep) was cleaved in
the lysosomal compartments of the cells leading to Ps (pep) membrane disruption. An Alexa
Fluor® 488 labeled fragment of anti-mouse IgG (F(ab’),A) was also coupled to Ps (pep). Specific
binding of the Ps (pep) coupled IgG (F(ab’),A) onto SKBR3 cells treated with primary mouse
antibody was observed, whereas no binding was found with SKBR3 cells treated with goat

antibody.
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Introduction

Chemotherapy is an essential treatment for cancer. However, the efficacy of chemotherapy is
often restricted by nonspecific body distribution of drugs ultimately followed by adverse
systemic side effects. Therefore, it is necessary to generate a spatial drug distribution control,
which can be achieved by drug targeting. Stimuli-responsive Ps as programmable delivery
systems have recently attracted rapidly growing interest. Ps are self-assembled vesicles based on
amphiphilic block copolymers and drug release from Ps can be modulated by exerting
appropriate stimuli [1, 2]. Significant efforts have been devoted to develop Ps which are sensitive
to stimuli like pH, temperature, redox potential, light, magnetic fields and ultrasound [2]. As one
of the many examples, pH-dependent degradable Ps based on the diblock copolymer of PEG and
poly(2,4,6-trimethoxybenzylidenepentaerythritol carbonate) (PTMBPEC) were reported by Chen
et al. [3]. In vitro studies demonstrated that the release of paclitaxel (PTX) as well as
doxorubicin (DOX) from these Ps was pH-dependent. The release of drugs at mildly acidic
condition was faster than the release at physiological pH. This system may be useful for tumor-
targeting applications because the pH of tumor tissues is about 6.5. Qin et al. reported
temperature-sensitive Ps based on PEG-b-poly(N-isopropylacrylamide) (PEG-PNIPAAm) [4].
The Ps are only stable at higher temperatures and will disassemble at lower temperatures. In this
way, local release of drugs can be achieved either by applying simple ice packs or deeply
penetrating cryoprobes. Natural oxidation-reduction reactions (redox) have also been reported as
a means for spatial drug release control within the body. Hubbell and co-workers developed
oxidation responsive Ps based on PEG and poly(propylene sulfide) (PPS) [5]. The hydrophobic
PPS block was oxidized and transformed within 2 h into hydrophilic poly(sulfoxides) and
poly(sulfones) upon exposure to hydrogen peroxide in the glucose-oxidase
(GOx)/glucose/oxygen system leading to destabilization of the vesicular structure. The
reduction-sensitive disulfide group containing block copolymer, PEG-SS-PPS was used to
prepare Ps that can protect therapeutics in the extracellular environment, but releasing their
contents within the early endosome when the Ps are taken up by cells. These Ps may be also
beneficial to increase the concentration of therapeutic drugs at target sites, enhancing the
therapeutic efficacy and reducing side effects.

During the past few decades, the use of enzymes for targeted drug delivery has also been

recognized as a very interesting approach. For instance, lysosomal enzymes like Cath B are
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expressed at increased levels in tumor tissue as compared to normal tissue [6-8]. These enzymes
can be used to cleave certain peptide sequences like the tetrapeptide sequence, Gly-Phe-Leu-Gly
(GFLG) [9-12]. Structures containing these peptide sequences can be transformed by the
cleavage of the peptide, resulting in the release of a covalently bound drug. For example, N-(2-
hydroxypropyl) methacrylamide (HPMA) copolymer-DOX conjugates with GFLG linkers were
produced in the early 1980s [13, 14]. Application of the water soluble conjugates containing
GFLG in a mouse melanoma tumor model resulted in concentrations of approximately 70 times
more DOX in the tumors than in normal tissues. Importantly, this approach also increased the
maximum tolerated dose of the polymer/drug by up to ten times as compared to the free drug.
The conjugates have been evaluated in clinical trials with encouraging results and further
optimization of the design and structure to enhance the therapeutic efficacy seems feasible [15].

The aim of this study is to develop Ps, which contain peptide sequences that are cleavable by
Cath B. Ps have received a lot of attention as a novel class of nanocarriers due to their good
stability and long circulation times [16-19]. Usually, Ps based on amphiphilic block copolymers
with a relatively high MW have relatively robust and thick membranes (up to 40 nm) [20]. Long
circulation times of Ps can be obtained by the presence of a PEG brush on the Ps surface [19].
However, it should be noted that the PEG coating can also diminish the uptake of these carriers
by cells since the PEG brush reduces cell-carrier interactions. It has been previously reported that
the presence of PEG-cholesterol in liposomes inhibited the binding of the liposomes to J774 cells
[21]. When liposomes contain 5 mol% of PEG (8800 g/mol)-cholesterol it was found that the
adherence of these liposomes to cells was decreased to 30 % of that of liposomes without the
PEG layer. Soga et al. reported the uptake of pegylated micelles by B16F10 cells. The uptake
was time and concentration dependent, suggesting that the uptake had occurred via fluid state
endocytosis rather than via interaction of the micelles with the cell membrane [22].

One of the solutions to enhance the cellular uptake of such pegylated systems can be the
coupling of the PEG termini with cell-binding antigens. Anti-EGFR (ErbB-1; HER1 in humans)
antibodies or fragments are very attractive candidates as cell binding molecules because they are
very specific for the EGF receptor. This receptor is a normal cell-surface receptor for the
members of the epidermal growth factor family (EGF-family). Interestingly, the receptor is over
expressed on the surface of a number of different human cancer cells including colorectal, breast,

and lung cancer cells [23]. This means that anti-EGFR antibodies or the fragments can be used
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not only as cell-anchoring molecules to facilitate endocytic uptake, but also as targeting devices
for specific cancer cells. In the literature, Noh et al. reported DOX loaded micelles conjugated
with anti-EGFR antibodies, which showed a more than 2 fold enhanced uptake by RKO cells as
compared to bare micelles, inducing an effective apoptosis of these cells [24].

In this study, we developed novel Ps based on a biodegradable and biocompatible diblock
copolymer of PEG and PDLLA, in which the blocks are connected via a peptide sequence that is
cleavable by lysosomal enzymes either present in extracellular tumor tissue or in the lysosomal
compartments of tumor cells [7, 8]. Ps based on mPEG-pep-PDLLA, (Ps (pep)), were prepared
by injecting a THF solution of the block copolymer into DI water. The morphology of the Ps
(pep) was studied by TEM. Changes in size and numbers of the Ps during exposure to Cath B
were studied by DLS. The release of AO from AO loaded Ps (pep) (AO-Ps (pep)) as well as the
colloidal properties of these Ps (pep) were monitored to study the release of the model drug
triggered by enzymatic degradation. For cell studies, F(ab’),A was post-conjugated with Ps (pep)
(Fig. 6.1a, F(ab’),A-Ps (pep)). Anti-EGFR antibody (abEGFR) was also coupled onto Ps (pep),
and fluorescein isothiocyanate labeled dextran (40,000 g/mol) (FD40) was encapsulated before
the coupling reaction (Fig. 6.1b, FD40/abEGFR-Ps (pep)). The antibody-binding affinity of
F(ab’),A-Ps (pep) and cellular uptake of FD40/abEGFR-Ps (pep) were studied using cultured
human breast cancer cells (SKBR3).

A scheme for the targeted drug delivery to the tumor compartment using Ps (pep) with
antibodies or antibody fragments is given in Fig. 6.2. Ps (pep) may have rather long circulation
times due to their robustness and the presence of the PEG layer on the surface. The size of the Ps
is proper to be passively localized in tumor tissue by the enhanced permeability and retention
(EPR) effect. After the accumulation of Ps (pep) in the tumor, antibody-mediated endocytosis
will take place and subsequently the Ps (pep) will be degraded by the action of lysosomal
enzymes like Cath B either in endosomes or in lysosomes. In cells, Cath B normally exists as a
membrane-associated protein in endosomes or free in lysosomes. Finally, encapsulated

therapeutic drugs or proteins may be released rapidly by dissociation of the Ps (pep).
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Figure 6.1. Schematic 2D-cross sectional illustration of Ps (pep) on which Alexa Fluor® 488
labeled antibody fragment (F(ab’),-Alexa488) (a) or anti-EGFR antibody (abEGFR) (b) was
immobilized to PEG. Fluorescein dextran (40,000 g/mol, FD40) was encapsulated in abEGFR
immobilized Ps (pep) (b) during the preparation for subsequent cell studies.
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Figure 6.2. Schematic illustration of systemic targeting drug delivery by using antibody
conjugated and peptide-containing Ps in which therapeutic drugs or proteins are present. Long
circulating Ps can be passively localized in tumor tissue by the EPR effect (1 and 2). Antibody-
mediated endocytosis (3) followed by enzymatic degradation of Ps either in endosomes (4) or in
lysosomes (5) may occur especially when lysosomes fuse with endosomes. A rapid release of
therapeutic drugs and proteins, which can be triggered by dissociation of Ps as a result of
enzymatic degradation (6) will take place.
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Materials and methods
Materials

D,L-lactide (DLLA) was obtained from Purac Biochem b.v. (The Netherlands) and
recrystallized from toluene. Methoxy PEG (mPEG), methoxy amino PEG (mPEG-NH;) and
carboxyl PEG (cPEG) with a molecular weight of 5000 g/mol (Iris Biotech, Germany) were
dried by dissolution in anhydrous toluene followed by azeotropic distillation under N». Stannous
octoate (Sn(Oct),), cathepsin B from human liver (= 2000 units/mg), monoclonal anti-EGFR
antibody produced in mouse clone 29.1 and FITC-dextran (MW 40,000 g/mol) (FD40) were
obtained from Sigma (UK) and used as received. Amino acids for the solid phase synthesis were
supplied by Bachem. Trityl chloride, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), N,N-
diisopropylethylamine (DiPEA), 1-Hydroxy-7-azabenzotriazole (HOA), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI) and N-
hydroxysuccinimide (NHS) were purchased from Aldrich (USA). Ethylene diaminetetraacetic
acid (EDTA), reduced L-glutathione (GT) and acridine orange hydrochloride hydrate (AO) were
purchased from Sigma-Aldrich (The Netherlands). Alexa Fluor® 488 labeled F(ab’), fragment
(F(ab’),A) of goat anti-mouse IgG was supplied by Invitrogen (The Netherlands). Deionized
water (DI water) was obtained from a Milli-Q water purification system (Millipore, France) and
phosphate buffered saline (PBS, 0.01M, pH 7.4, containing 0.02 wt.% NaNj3, B. Braun, USA)
was used for the cell study. Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, The
Netherlands), Foetal Bovine Serum (FCS, Invitrogen, The Netherlands) and Penicillin-
Streptomycin (PS, Invitrogen, The Netherlands) were used to prepare the medium for SKBR3

cells. All other reagents used in the study were of analytical grade.

Synthesis of mPEG-peptide conjugate

mPEG-peptide conjugate was prepared by coupling of pentapeptide, FGLFG, to mPEG-NHa.
The peptide was prepared by solid phase synthesis according to the Merrifield protocol [25, 26]
on chlorotrityl resin prior to the coupling reaction with mPEG-NHo,. In brief, glycol methyl ester
was protected by a trityl group (Trt) using 1.2 eq. of trityl chloride and 1.5 eq. of DBU in
dichloromethane (DCM). The reaction was almost quantitative and the product was purified by
flash column chromatography. Under basic conditions, the methyl ester was hydrolyzed, giving

trityl glycolic acid in almost quantitative yield. The trityl glycolic acid was linked to the peptide
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Phe-Gly-Leu-Phe-Gly as the last coupling step during the solid phase synthesis of the peptide.
After the cleavage, trityl-glycolyl-peptide was recovered by precipitation. The reactions were
followed by TLC and HPLC (HP 1090 Liquid Chromatography, Hewlett Packard, USA).
Analytical HPLC was performed using a reversed-phase column (C18, particle size 5 pm, 150 x
4.6 mm internal diameter) at 40 °C. UV detection was carried out at 220 nm using a UV-VIS
linear spectrometer (Spectra System UV 2000, Spectra Physics, Germany). The flow was 1
ml/min from 0-25.1 min and 2 ml/min from 25.2-29.8 min, after which the flow was reduced to 1
ml/min again until the end (30 min) of the chromatographic procedure. The injection volume of
the samples was 20 ul. The structure and the purity of the compounds were assessed by "H-NMR
(300 MHz, Bucher NMR spectrometer, USA). Trityl-glycolyl-peptide (2) was coupled to mPEG-
NH; (1) in acetonitrile at 0 °C in a 3-fold excess with EDC-HCI, HOAt and DiPEA as coupling
reagents (Fig. 6.3). The product (3) was purified by precipitation of the non-reacted peptide in
diethyl ether and methyl tert butyl ether. Finally, the trityl protecting group was removed under
acidic conditions, yielding mPEG-Phe-Gly-Leu-Phe-Gly (4). To confirm the complete cleavage
of the trityl groups, the final deprotection in acetic acid was repeated again with an aliquot of the
final compound and followed by analytic HPLC. The chemical structure of the final compound

and the enantiomeric composition were analyzed by 'H-NMR.

Synthesis of block copolymers

mPEG-pep-PDLLA (5) or PEG-PDLLA was synthesized by ring-opening polymerization
(ROP) using mPEG-peptide (4) or PEG (mPEG or cPEG) as an initiator. Functionalized PEG
(0.50 g, 0.1 mmol), DLLA (4.2 g, 29.2 mmol), Sn(Oct), (0.04 g, 0.1 mmol) and toluene (30.0 ml)
were charged in that order in a reaction vessel. The reaction was performed at 110 °C for 26 h
under stirring. After cooling, a drop of HCl (37 wt.%) was added to the reaction mixture to
hydrolyze the tin-oxygen bond. The copolymer was isolated by precipitation in methanol. After
filtration and washing with methanol, the copolymer was dissolved in DCM and precipitated in
diethyl ether. Subsequently, the polymer was isolated by filtration, washed several times with
diethyl ether, and dried under vacuum. The monomer conversion and the number average
molecular weight (Mn) of the block copolymers were determined by 'H-NMR (Inova 300 MHz,
Varian, USA).
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Figure 6.3. Synthesis of mPEG-peptide conjugate and mPEG-pep-PDLLA by ring-opening
polymerization of D, L-lactide from the mPEG-peptide conjugate. mPEG-NHj; (1), trityl-glycolyl-
peptide (2), trityl-glycolyl-peptide-mPEG (3), mPEG-Phe-Gly-Leu-Phe-Gly (4) and mPEG-pep-
PDLLA (5).

Preparation of Ps (pep) and enzymatic degradation

Ps (pep) were prepared by using mPEG-pep-PDLLA. The amphiphilic block copolymer (10
mg/ml) was dissolved in THF (1 ml), and the THF solution was injected into an aqueous phase
(50 ml) [27]. After 15 min without shaking, the vial containing the mixture was turned upside
down several times, resulting in a turbid dispersion. To remove the organic solvent from the
solution, the Ps dispersion was transferred into a dialysis bag (cut-off 50,000 g/mol, Spectra/Por,
CA), which was placed in a 4 1 beaker filled with DI water. TEM (Philips CM30, Hillsboro,
USA) was performed to elucidate the morphology and membrane thickness of Ps. A dispersion
of Ps (2 ul) was placed on a 200 mesh carbon grid without using a staining agent. The excess
solution was removed and the sample was dried at room temperature.

The enzymatic degradation of Ps (pep) was performed using conditions previously reported
[28, 29]. In brief, EDTA (I mM) and GT (5§ mM) were dissolved in a citrate phosphate buffer
solution (pH 5.5, 0.05 M). The solution (100 pul) was added into a dispersion of Ps (pep) (350 ul).
Different amounts of Cath B (0, 5, 10 and 20 units/ml) in 50 pl of the buffer solution were
applied to the solution and the resulting solutions were incubated at 37 °C. Kilo counts per

second (Kcps) and size distribution of Ps (pep) in the dispersions were monitored by DLS
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(Zetasizer Nano ZS, Malvern Instruments, Malvern) for a week. Ps (pep) dispersions with the
same concentration of EDTA and GT were incubated with 5 units/ml of Cath B in PBS (pH 7.4)

and also monitored by DLS as a control.

Loading of AO into Ps and release of AO

AO-Ps (pep) were prepared by injecting a THF solution (I ml) of mPEG-pep-PDLLA (10
mg/ml) and AO (25 mg) into DI water (50 ml). In order to determine the amount of loaded AO,
AO-Ps (pep) were solubilized using Triton X-100 [30]. After adding Triton X-100 to the AO-Ps
(pep) dispersion with a final concentration of 2 wt.%, the mixture was heated for 3 h at 80 °C.
The release of AO from Ps in the presence of Cath B was compared with that without Cath B.
For the release experiment, a citrate phosphate buffer solution of EDTA and GT was added to
dispersions of AO-Ps (pep), yielding a concentration of EDTA and GT of 0.1 mM and 0.5 mM,
respectively. The samples (I ml) with or without Cath B (10 units/ml) were placed in a
microdialysis system (cut-off 20,000 g/mol) into a large vial containing a carbonate buffer
solution and were monitored by periodic withdrawals of samples. The experiments were carried
out in triplicate. The loading amount of AO and concentrations of released AO were determined
by fluorescence spectroscopy (Safire’, Tecan, CA) at an emission wavelength of 525 nm and an
excitation wavelength of 502 nm. The Kcps of the samples, which were used for the release

experiments, were also measured by DLS.

Immobilizatin of F(ab’),A or anti-EGFR antibody onto Ps (pep)

For immobilization of the antibody or the F(ab’),A fragment, Ps (pep) were prepared by
using a mixture of mPEG-pep-PDLLA and cPEG-PDLLA in 50:50 (w/w). F(ab’),A was coupled
to the carboxyl groups of Ps (pep) by EDC/NHS chemistry. Briefly, 0.5 ml of Ps dispersion was
mixed with MES buffer solution (0.5 ml, pH 6.0). EDC-HCI (0.015 mg) and NHS (0.012 mg)
were added to the solution in that order and incubated for 30 min. F(ab’);A (0.3 mg/ml) was
applied to the activated Ps (pep) dispersion and the mixture was titrated to pH 8.5. The reaction
was performed for 2 h under mild stirring, yielding F(ab’),A-Ps (pep). abEGFR (1.1 mg/ml) was
immobilized onto Ps (pep) using the same method as used for F(ab’),A, but FD40 was
encapsulated prior to the coupling during the formation of Ps (pep) by dispersing FD40 (1.0
mg/ml) in THF especially for the CLSM study. The resulting dispersions of F(ab’),A-conjugated
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Ps (pep), (F(ab’);A-Ps (pep)) or FD40-containing Ps (pep) modified with abEGFR
(FD40/abEGFR-Ps (pep)) were purified by using a Sepharose 6B column twice with PBS as an
eluent. The amounts of immobilized F(ab’),A and abEGFR were quantified by fluorescence
spectroscopy and using a Nanodrop® spectrophotometer (ND-1000, Isogen Life Science),
respectively. Size and PDI of F(ab’),A-Ps (pep) as well as FD40/abEGFR-Ps (pep) were
measured by DLS and compared to Ps (pep).

Antibody-binding assay of F(ab’),A-Ps (pep) on SKBR3 cells

The binding affinity of F(ab’),A-Ps (pep) was evaluated by using SKBR3 cells incubated
with mouse antibody. SKBR3 cells were seeded in 8-well homemade thin-glass-bottomed
cuvettes at a density of 2 x 10* cells/well and cultured at 37 °C in a humidified atmosphere with
5% CO, for 2 d. SKBR3 cells were first treated with mouse antibody and then fixed with a
formaldehyde solution (4 wt.%) before adding F(ab’),A-Ps (pep). After 1 h, a dispersion of
F(ab’),A-Ps (pep) (200 pl) was added to the cells and incubated for 72 h. All samples were
washed a few times with PBS and imaged by fluorescence microscopy (ECLIPSE TE2000-U,
Nikon). For the positive control, free F(ab’),A was applied to SKBR3 cells treated with a mouse
antibody. For the negative control, SKBR3 cells were first treated with a goat antibody before
F(ab’),A-Ps (pep) was added.

Antibody-mediated endocytosis and intracellular model drug release using SKBR3 cells

For this study, FD40/abEGFR-Ps (pep) and three control Ps were applied. The controls were
FD40-Ps (pep) without abEGFR and FD40/abEGFR-Ps without the peptide sequence but with
antibody in order to evaluate the effect of abEGFR or the peptide moiety on the endocytosis and
model drug release. FD40-Ps, which does not contain either the abEGFR or the peptide sequence,
was used as the negative control. For coupling of abEGFR, cPEG-PDLLA was mixed with
mPEG-PDLLA or mPEG-pep-PDLLA in a weight ratio of 50:50. To introduce a comparable
amount of peptide into FD40/abEGFR-Ps (pep), 50 wt.% of mPEG-PDLLA was used for the
preparation of FD40-Ps (pep). The compositions of the block copolymers used for the four types
of Ps are listed in Table 6.1. SKBR3 cells were seeded in 8-well homemade thin-glass-bottomed
cuvettes at a density of 2 x 10* cells/well and cultured at 37 °C in a humidified atmosphere with

5% CO; for 2 d. The cell medium was removed and 200 ul of fresh cell medium was added. Ps
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(pep) or Ps containing FD40 either conjugated with abEGFR (200 pl) or not was added to the
medium. As a reference, 200 pl of pure PBS was added to the medium. The cells were incubated

for 3 d and fixed with a formaldehyde solution (4 wt.%) to be applied for CLSM.

Table 6.1. Compositions of the block copolymers used for preparation of Ps for the CLSM study

Block copolymer compositions abEGFR  FD40
FDA40-Ps mPEG-PDLLA no yes
FD40-Ps (pep)* mPEG-pep-PDLLA + mPEG-PDLLA no yes
FD40/abEGFR-Ps™" mPEG-PDLLA + cPEG-PDLLA yes yes
FD40/abEGFR-Ps (pep)™® mPEG-pep-PDLLA + cPEG-PDLLA yes yes

"Block copolymers are dissolved in a weight ratio of 50:50 in THF with FD40 and the THF solution was injected
into water.
® After the formation of Ps, abEGFR was coupled onto the cPEG of Ps.

Results and discussion
Characterization of block copolymers

mPEG-PDLLA or mPEG-pep-PDLLA was synthesized by ROP using mPEG or mPEG-
peptide as an initiator. FGLFG was prepared by solid phase synthesis and conjugated with
mPEG-NH; prior to the ROP reaction. The yield of mPEG-peptide conjugate after coupling of
mPEG-NH; with the peptide and deprotection was 86 %. The conjugate contained 90 % of L-Phe
and 10 % of D-Phe units. The starting peptide was enantiopure, but racemization occurred during
coupling of the peptide with mPEG-NH, due to the C-terminal pegylation chemistry. The
chemical structure of mPEG-pep-PDLLA was assessed by '"H-NMR. The CH, peaks of PEG at
3.6 ppm and the methoxy groups at 3.3 ppm were found (Fig. 6.2a). The peaks of the isopropyl
side chain of Leu appeared at 1.3 ppm (-CH,CH(CHs),) and 1.7 ppm (-CH,CH(CHs),;) when
FGLFG was conjugated to mPEG (Fig. 6.2b). The proton peaks of PDLLA blocks were observed
at 5.2 ppm (-CH-) and 1.6 ppm (-CHs) (Fig. 6.2¢). As determined by 'H-NMR, the MW of the
block copolymers was about 42,000 g/mol for PEG-PDLLA and 43,000 g/mol for mPEG-pep-
PDLLA and the monomer conversions were more than 98 %. (Table 6.2). The hydrophilic
volume fraction of PEG (fpg¢) of the block copolymers ranged between 11.3 to 11.8 %, which is

in the range required to form vesicles. It is known that block copolymers with a fprg between 10
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and 40 % and a MW ranging from ~2700 to 50,000 g/mol are suitable for formation of
nanovesicles [16, 27, 31, 32].

Table 6.2. Characterization of synthetic block copolymers

Monomer Mn of PDLLA Mn of PDLLA frec®
conversion® (%)  (theor.)” (g/mol)  ("H-NMR)® (g/mol) (%)
mPEGsk-pep-PDLLA 99 42,000 43,000 11.3
mPEGsk-PDLLA 98 42,000 41,700 11.8
cPEGsk-PDLLA 99 42,000 42,200 11.7

? Determined by 'H NMR.

® Calculated from the initial ratio of monomer to PEG hydroxyl groups.

¢ Determined from '"H-NMR analysis by calculating the ratio of the PEG methylene peak to the main peak of the
polyester.

4 Calculated volume fraction of PEG in block copolymers.
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Figure 6.4. "H-NMR spectra of mPEG (a), mPEG-peptide (b) and mPEG-pep-PDLLA (c).
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Size and morphology of Ps (pep) and aggregation triggered by enzymatic activity

Ps (pep) were prepared by injecting a polymer solution of THF into DI water. It has been
reported that nano-sized Ps can be prepared using amphiphilic block copolymers with a
relatively low fpgg (10 ~ 20 %) by injecting the polymer-containing organic solvent into an
aqueous phase [2, 33, 34]. Ps (pep) with an average diameter about 124 nm were obtained with a
narrow size distribution (Table 6.3). Fig. 6.3 shows a TEM image of Ps (pep) and it can be seen
that they are spherical nanovesicles with a membrane thickness of about 15 nm.

The Kcps of a Ps (pep) dispersion as a function of the concentration of Cath B at pH 5.5 and
7.4 was measured by DLS to investigate possible enzymatic degradation of the peptide sequence,
resulting in destabilization of the Ps. Fig. 6.6a compares the Kcps in time of Ps (pep) dispersions
under different conditions. Ps (pep) showed a gradual decrease in Kcps over 7 d when incubated
with 5 units/ml of Cath B at pH 5.5 at 37 °C. The decrease in Kcps can be explained by the
formation of precipitates after enzymatic cleavage of the peptide linker in the Ps (pep). Upon
cleavage of the linker, PEG chains that are linked to PDLLA by the peptide linker will be
dissociated from Ps (pep), which will disturb the hydrophilic/hydrophobic balance in the bi-layer
membranes. Eventually, this may lead to the formation of aggregates and precipitates. The size
distribution of Ps (pep) became bimodal in time, which can be expected when aggregates are
formed (Fig. 6.6b). The enzymatic degradation was complete after one week and no Ps (pep)
were detected by DLS. When more Cath B was applied the decrease of Kcps in time was faster,
resulting in a rate of precipitation proportional to the concentration of Cath B. This result
strongly suggests that the peptide linkers in the membrane of Ps (pep) are quite accessible to
Cath B and that the interaction of Cath B with the peptide linkers is most probably membrane
associated. In nature, Cath B is mainly found as a membrane-associated protein both in
endosomes and cell membranes [35, 36].

As well known for the activity of enzymes, each enzyme has an optimal pH, at which the
enzymatic activity is maximal. Cath B, one of the lysosomal enzymes, shows the highest activity
at a pH between 5 and 6 [37-39]. This agrees with the finding that the activity of Cath B was
very low at pH 7.4 and that the Kcps of Ps (pep) in the dispersion did not change after the
incubation with 5 units/ml of Cath B for a week. This leads to the conclusion that Ps (pep) will
not be enzymatically degraded in the circulation, which is in accordance with a report that this

peptide sequence when used in drug conjugates is also stable in the circulation [40]. The
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degradation of Ps (pep) was dependent on the concentration of Cath B. These Ps are interesting
for cancer chemotherapy applications because of the tumor-specific distribution and activity of
Cath B. The Kcps of a suspension of Ps (pep) without Cath B did not significantly change during
a week indicating that normal hydrolysis of PDLLA blocks in Ps (pep) was very slow and did

not influence the results.

Figure 6.5. TEM images of Ps (pep) on a carbon grid. A dispersion of Ps (pep) was placed on a
200 mesh normal carbon grid without using a staining agent and dried at room temperature. Size
bar represents 200 nm.

Release of acridine orange from Ps (pep)

AO release from Ps (pep) was investigated in the presence of Cath B (10 units/ml) and
without Cath B. In order to correlate the release kinetics with enzymatic degradation of Ps (pep),
the release of AO as well as the Kcps of AO-Ps (pep) was monitored at 37 °C at pH 5.5 for a
week. In Fig. 6.7, the colloidal stability of AO-Ps (pep) and corresponding AO release in the
presence of Cath B is compared with the same parameters in the absence of Cath B. At pH 5.5,
AO is mostly cationically charged and in general charged molecules can not cross the membrane
of Ps [41, 42]. However, about 40 % of AO was released from AO-Ps (pep) during 3 d at pH 5.5
and then the release discontinued (Fig. 6.7b). A possible explanation is that some fraction of AO
was incorporated in the Ps membrane during the loading process and that this fraction of AO was
released during the experiment. In this case, the release is mainly dependent on the concentration
gradient of the dye between the membrane of Ps (pep) and surrounding media approaching a

linear release as a function of Vt (R* = 0.93).
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Figure 6.6. Kinetics of enzymatic degradation of Ps measured by DLS. (a) Kcps of a Ps (pep)
dispersion as a function of time at different concentrations of Cath B at pH 5.5 and 7.4 at 37 °C.
At pH 5.5: 0 unit/ml (0), 5 units/ml (e), 10 units/ml (m) and 20 units/ml (A), at pH 7.4, 5
units/ml (*) of Cath B was added into a dispersion of Ps and incubated at 37 °C. (b) The size
distribution of Ps (pep) was measured at day 1 (black solid line), 4 (gray solid line) and 7 (gray
dashed line) at a Cath B concentration of 5 units/ml. DLS measurements were performed 30
times per sample and the data given are mean values.

As may be expected in the presence of Cath B, AO was released relatively fast. The release
of AO from Ps (pep) with Cath B was completed in 3 d (Fig. 6.7b) and it is clear that the release
was associated with the degradation of Ps (pep) (Fig. 6.7a). AO-Ps (pep) were completely
precipitated after 3 d. Disintegration of the membrane of AO-Ps (pep) took place due to the
cleavage of peptide linkers leading to rapid and complete release of AO during the period.

Interestingly, in the presence of Cath B, the shape of the release profile seems linear. This may
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be explained by the fact that AO release from Ps (pep) is not only governed by diffusion of AO
from the Ps membrane, but will also be affected by the disruption of the membrane and
subsequent aggregation of the Ps. The rate of the diffusion decreases as the concentration of the
dye incorporated in the membrane of the Ps (pep) decreases in time. In parallel, encapsulated dye
in the aqueous core of the Ps (pep) will be also released as the membrane of the Ps (pep) is
disrupted. Without Cath B, Ps (pep) were stable during the experimental period, showing a

gradual decrease in release rate of AO.
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Figure 6.7. Stability of AO-Ps (pep) and AO release at 37 °C at pH 5.5. (a) Kcps of AO-Ps (pep)
incubated with (e) (10 units/ml) or without (o) Cath B was determined by DLS. (b) AO was
released from Ps in the presence (@) (10 units/ml) and the absence (o) of Cath B and measured
by fluorescence spectroscopy. At different time intervals 1 ml of the release medium was
collected and analyzed. The experiments were carried out in triplicate. The data given are mean
values and the error bars are the standard deviations of the mean.
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Immobilization of F(ab’),-A488 or anti-EGFR antibody onto Ps (pep)

Amine groups of F(ab’),A were used for the coupling with carboxyl groups on Ps (pep) using
EDC/NHS. The coupling efficiency was about 23.3 % based on carboxyl groups on the external
surface of the Ps and the amount of coupled F(ab’),A was 0.01 mg/mg (per mg of total block
copolymer) after the appropriate purification. The size of Ps (pep) was slightly increased with
about 5 nm due to the presence of F(ab’),A on the surface. The size of free F(ab’),A in PBS also
measured by DLS was about 8 nm. To prepare FD40/abEGFR-Ps (pep), encapsulation of FD40
into Ps (pep) was performed followed by coupling of abEGFR. The amount of immobilized
abEGFR was 0.05 mg/mg total block copolymer and 21.7 % of external surface carboxyl groups
of the Ps (pep) was modified with abEGFR. An increment of about 30 nm in the diameter for
FD40/abEGFR-Ps (pep) upon loading of FD40 and coupling of abEGFR was observed as
compared to bare Ps (pep).

Table 6.3. Average diameters and PDI of Ps (pep) and modified Ps (pep)

Ps (pep) F(ab’),A-Ps (pep) FD40/abEGFR-Ps (pep)
Diameter” (nm) 124.1 129.2 162.6
PDI’ 0.11 0.11 0.14

* Measurements were performed 30 times and averaged.
® Polydispersity index.

Antigen-binding affinity of F(ab’),A-Ps (pep)

Alexa Fluor® 488 labeled F(ab’), fragment of goat anti-mouse IgG was immobilized onto Ps
(pep) and incubated with SKBR3 cells for fluorescence microscopy. The SKBR3 cells were
treated with goat antibody or mouse antibody and the cell membranes treated with the antibodies
were fixed prior to the experiments. As shown in Fig. 6.8c, the cell membranes were fluorescent
when modified with mouse antibody and incubated with F(ab’),A-Ps (pep). F(ab’),A was still
showing the mouse-specific binding affinity when bound onto Ps (pep). F(ab’),A-Ps (pep) were
not attached to cell membranes that were modified with goat antibody (Fig. 6.8¢), which
demonstrates that binding of F(ab’),A-Ps (pep) on mouse antibody-modified cells was not
caused by any other nonspecific interaction. However, the binding efficiency of F(ab’),A-Ps

(pep) onto the cells was lower than that of free F(ab’),A, which was incubated with the cells at
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the same concentration as the immobilized F(ab’),A (Fig. 6.8a). The lower affinity of F(ab’),A-
Ps (pep) indicates that the presence of Ps (pep) may influence the conformation of the F(ab’),A
fragments or that the receptors on the cells cannot be reached as easily due to the presence of the
Ps (pep). Maruyama et al. reported that binding of an antibody to the antigen-binding site of

target cells could be sterically hindered by its immobilization on polymeric carriers [43].

Figure 6.8. Fluorescence microscopic images of SKBR3 cells after 3 d incubation with F(ab’),A-
Ps (pep) at 37 °C. Fluorescence images (a, ¢ and ¢) and bright images (b, d and f) from the same
area of each sample are represented. Cells were incubated with mouse antibody (a-d) or goat
antibody (e and f) prior to adding a PBS solution of free F(ab’),A (a and b) or a dispersion of
F(ab’),A-Ps (pep) (c-f). F(ab’)A immobilized on Ps (pep) was specifically bound to mouse
antibodies on SKBR3 cells. Size bars represents 100 um.

Enhanced cellular uptake of Ps and intracellular drug release
In order to evaluate the effect of abEGFR on the endocytic uptake of Ps (pep), FD40-Ps (pep)
with and without abEGFR were compared. FD40-Ps with or without antibody were also applied
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to evaluate the effect of the presence of peptide linkers in the Ps on intracellular release of FD40.
Fig. 6.9 represents fluorescence images, bright images and the combined images from each
experiment. After 3 d exposure, abEGFR conjugated FD40-Ps were bound to the membranes of
SKBR3 cells and incorporated in the cells, showing an enhanced endocytosis as compared to
FD40-Ps (Figs. 6.9f and 6.91). The enhanced endocytic uptake of FD40-Ps (L) can be explained
by the antibody-mediated endocytosis generated by anchoring of the anti-EGFR antibody to EGF
receptors on SKBR3 cell membranes. FD40-Ps without abEGFR were also internalized in
SKBR3 cells, but at a slower rate. The slow endocytosis of FD40-Ps may be associated to
pynocytic uptakes, “cell drinking”, which is in an agreement with previous reports. Cellular
uptake of pegylated carriers (i.e. micelles and Ps) in cancer cells has been reported earlier and it
was suggested that the endocytosis mainly occurred via fluid phase endocytosis [22, 44].
Likewise, FD40-Ps has a dense PEG brush probably reducing the interaction with the cell
membranes. Fluorescently bright spots near around the nucleus in the cells may demonstrate that
internalized FD40-Ps were mainly localized in lysosomal compartments of the cells. However,
release of FD40 from the lysosomes was not observed during the experimental period.

The effect of the peptide linker in the Ps on the release of FD40 was very clear in the CLSM
results. In Figs. 6.91 and 6.90, it can be seen that intracellular release of FD40 in several cells
took place after 3 d. When Ps (pep) were taken up by the cells either via fluid state or antibody-
mediated endocytosis, the FGLFG linker in the membrane of Ps (pep) could be cleaved by
lysosomal enzymes like Cath B. Disintegration of Ps (pep) may induce a burst release of FD40
into the cells, which was also seen by the release of AO from Ps (pep) in the presence of Cath B.
An enhanced cellular uptake of FD40/abEFGR-Ps (pep) as compared to FD40-Ps (pep) was
observed again, indicating that the presence of both abEGFR and peptide linker in the membrane
had a synergistic effect on the intracellular delivery of FD40. Based on these results we suggest
that Ps, which are equipped with a peptide linker in the membrane and an appropriate antibody to
recognize tumor cells will be more effective for the delivery of cytostatic drugs in tumor cells
than the corresponding Ps without a peptide linker and antibody. Notably, free FD40 in PBS was
also incubated with SKBR3 cells under the same conditions, but the uptake after 3 d was
negligible (data not shown). The intensity of the argon laser and measurement parameters for all
CLSM pictures were kept the same. Auto-fluorescence caused by the blank cells was minimal

(Fig. 6.9¢).
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Figure 6.9. CLSM images of SKBR3 cells after 3 d exposure with Ps. Blank cells (a-c) were
compared with cells incubated with FD40-Ps (d-f), FD40/abEGFR-Ps (g-1), FD40-Ps (pep) (j-1)
and FD40/abEGFR-Ps (pep) (m-0). Fluorescence images of the cells are represented in the left
column (a, d, g, j and m) and the bright images are shown in the middle (b, e, h, k and n).
Combined images for fluorescence and bright images are represented in the right column (c, f, i,
| and o). abEGFR conjugated Ps showed enhanced endocytosis mediated by the antibody bound
on SKBR3 cells. Release of FD40 in SKBR3 cells was observed when Ps (pep) was applied.
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Conclusions

Novel polymersomes based on block copolymers of PEG and poly(D,L-lactide) with a
peptide linker (Phe-Gly-Leu-Phe-Gly) between the PEG and poly(D,L-lactide) blocks, Ps (pep)
were developed. This new carrier system showed relatively fast enzymatic destabilization at pH
5.5 in the presence of the lysosomal enzyme, cathepsin B (Cath B). A rapid release of the model
drug acridine orange from the polymersomes was observed in the presence of cathepsin B at pH
5.5. Endocytosis of these polymersomes by SKBR3 cells was enhanced after conjugating anti-
epidermal growth factor receptor antibody (abEGFR) on the surface of the polymersomes.
Fluorescein isothiocyanate labeled dextran with a molecular weight of 40,000 g/mol was
released from Ps (pep) inside the SKBR3 cells as a result of disintegration of the polymersomes
in the lysosomal compartments. From these results, we conclude that peptide-containing
polymersomes, which are modified with abEGFR, are extremely promising as systemic tumor
targeting drug delivery systems because it is known that Cath B as well as the EGF receptor is

over expressed in various tumors.
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Abstract

Polymersomes (Ps) based on poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-PDLLA), with
similar sizes (90-100 nm), but different zeta potentials (-7.6 to -38.7 mV) were prepared to
investigate the effect of surface charge on blood circulation time and tissue distribution in tumor-
bearing mice. For the in vivo studies, dual labeled Ps were applied, which were obtained by
encapsulating *H-dextran 70k in the aqueous core of Ps and by post-coupling of '*C-thioglycolic
acid onto acrylated PEG chains of the Ps. Stealth liposomes (103 nm, -6 mV) were used as a
control. A substantial longer half lifetime (t2) (47.3 h) and a reduced liver uptake (27.9 % of
injected dose (% ID)) of Ps with a zeta potential of -7.6 mV were observed as compared to those
of stealth liposomes (10.6 h, 39.8 % ID) most probably due to the presence of a relatively thicker
and denser PEG brush of the Ps as compared to the liposomes. As a result of their longer
circulation times a high tumor accumulation of 18.6 % ID was obtained for these Ps after 3 d
circulation in mice, while only 11.2 % ID of stealth liposomes accumulated in the tumors as a
result of their relatively short 1y, in blood. By increasing the zeta potential on Ps, more rapid
clearance of Ps from the blood circulation was found due to an enhanced uptake by the liver.
Importantly, co-localization of the two labels of Ps was observed during circulation, indicating
that dual labeled Ps were colloidally stable in blood without leakage of *H-dextran. In conclusion,
the results show that Ps with a slightly negative surface charge (zeta potential -7.6 mV) are stable
in the circulation and have longer circulation times and a higher tumor accumulation in mice

than Ps with more negative zeta potentials or the stealth liposomes used as a control.
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Introduction

Polymersomes (Ps), synthetic polymer-based vesicles, have attracted rapidly growing interest
as a novel class of nanocarriers. Ps based on amphiphilic block copolymers with a relatively high
molecular weight (MW) have relatively thick and stable membranes (up to 40 nm) [1-3]. In order
to design Ps with long circulation times, amphiphilic PEG block containing polymers can be
applied. The presence of PEG at the surface of the Ps will reduce interactions with blood
components [4] and increase their biological stability (stealth effect) [5]. These effects are
dependent on the MW of the PEG and its surface concentration. The protein resistant character
of a PEG brush on the surface of Ps is due to the conformation of PEG in aqueous media,
minimization of the interfacial free energy and steric repulsion [6-8]. The infuence of PEG on the
surface of vesicular carriers on their circulation times has been previously demonstrated by
comparing the circulation times of pegylated and non-pegylated liposomes. Non pegylated
liposomes have very short blood circulation times due to a fast uptake by the reticulo-endothelial
system (RES) [9]. Stealth liposomes, which are coated with PEG, exhibit much longer blood
circulation times than non-pegylated liposomes. The PEG coating reduces protein adsorption
onto the surface of the liposomes during the circulation [10].

Blood clearance of nanocarriers can be mediated by plasma proteins such as opsonins and
dysopsonins that are adsorbed onto the surface of the carriers. Although there is little known
about their effects on the opsonization process due to the complexity of the biological events, the
surface charge and size of nanocarriers are undoubtedly also playing an important role in the
adsorption of proteins to the surfaces [11-15]. It has been reported that the introduction of a
slightly negative or positive charge on the surface of nanocarriers enhanced their blood
circulation times and reduced the accumulation in the liver [16, 17]. However, carriers with
either a high negative or high positive charge were cleared more rapidly from the blood
circulation [17-19]. Based on these results it seems likely that there may be an optimal surface
charge for a specific nanocarrier to reach the longest circulation time and lowest hepatic uptake.
Likewise, a range of optimal sizes for specific nanocarriers has been suggested to establish long
circulation times. For example, pegylated liposomes with diameters larger than 200 nm showed a
significant accumulation in the spleen as a result of mechanical filtration, which was followed by

phagocytosis [20]. On the other hand, pegylated liposomes with diameters below approximately
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70 nm showed an increased accumulation in the liver, possibly also due to changes in protein
adsorption related to the high curvature of such small liposomes [21].

So far, only one paper has been published on the blood circulation times and the
biodistribution of Ps. Discher and his colleagues injected fluorescently labeled Ps based on PEG-
b-poly(1,2-butadiene) (PEG-PBD) with varying lengths of the copolymer chains into rats [5].
They found that the Ps had half life circulation times (t1,2) up to 28 h and that the Ps accumulated
primarily in the liver and the spleen. However, it can not be excluded that some of the label is
released during blood circulation and transferred to blood components (e.g. albumin).

In this study, we have evaluated the effect of the surface charge of PEG-PDLLA based Ps
with an average diameter of 100 nm on the circulation kinetics, organ distribution and tumor
accumulation in tumor-bearing mice. In order to exclude possible transfer of labels, Ps dual
labeled with *H and '*C were used for the in vivo studies. "*C-thioglycolic acid was used to label
the Ps membrane and *H-dextran with a high molecular weight (70,000 g/mol) was co-localized
with the Ps in the aqueous core. The zeta potential of the Ps was varied from -7.6 to -38.7 mV by
coupling of thioglycolic acid onto Ps containing different molar ratios of acrylated PEG. Ps were
prepared by using combinations of PEG-PDLLAs, of which one of the block copolymers had
PEG blocks with methoxy end groups [22] and the other copolymer PEG blocks with acrylamide
end groups. Dipalmitoyl phosphatidylcholine (DPPC)/cholesterol based stealth liposomes with
7.5 % of PEG distearoyl phosphatidylethanolamine (PEG-DSPE) were used as a reference. Ps
containing non-labeled dextran and thioglycolic acid model systems were used for optimizing the
dual labeling process and for characterizing the dual-labeled Ps with respect to the hydrodynamic
diameter, polydispersity index (PDI) and zeta potential. The cytotoxicity of non-radioactive Ps

for human umbilical vein endothelial cells (HUVEC) and HeLa cells was also evaluated.
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Materials and methods
Materials

D,L-lactide (DLLA) was obtained from Purac Biochem b.v. (The Netherlands) and
recrystallized from toluene. Monomethoxy poly(ethylene glycol) with a molecular weight of 5000
g/mol (mPEG, Iris Biotech, Germany) was dried by dissolution in anhydrous toluene followed by
azeotropic distillation under N,. Stannous octoate, Sn(Oct), (Sigma, UK) and mercapto PEG
(5000 g/mol, Iris Biotech, Germany) were used as received. FITC-dextran (70,000 g/mol) (FD70),
thioglycolic acid (TG), N, N-methylenebis(acrylamide) (MBA) and 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB) were obtained from Sigma (USA). *H-dextran (“H-D70, 70,000 g/mol) and "*C-
thioglycolic acid ('*C-TG) were purchased from American Radiolabeled Chemicals (USA). DPPC
and PEG-DSPE (2750 g/mol) were provided by Lipoid GmbH (Germany). Cholesterol was
purchased from Sigma-Aldrich (The Netherlands). *H-cholesteryl oleylether was a product of
Amersham (The Netherlands). Hionic-Fluor™ and Soluen®-350 were obtained from Perkin Elmer
BioScience BV (The Netherlands). Deionized water (DI water), obtained from a Milli-Q water
purification system  (Millipore, The  Netherlands) and  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma, USA) were used for cell and animal studies.
EGM" endothelial cell growth medium and EX-CELL® medium were supplied by Lonza Ltd
(USA) and used for HUVEC and HeLa cells, respectively. CellTiter 96° AQueous Non-Radioactive
cell Proliferation Assay kit was purchased from Promega Benelux BV (The Netherlands) and used
for the MTS assay. All other reagents used in the study were of analytical grade.

Synthesis of block copolymers

Two PEG-PDLLAs were synthesized by ring-opening polymerization (ROP) of DLLA using
the hydroxyl groups of methoxy PEG (mPEG) or acrylamide PEG (aPEG) to initiate the
polymerization. mPEG or aPEG (0.50 g, 0.1 mmol), DLLA (4.2 g, 29.2 mmol), Sn(Oct), (0.04 g,
0.1 mmol) and toluene (30 ml) were charged in that order in a reaction vessel. The reaction was
performed at 110 °C for 26 h under stirring. After cooling, a drop of HCIl (37 wt.%) was added to
the reaction mixture to hydrolyze the tin-oxygen bond. The copolymer was isolated by
precipitation in methanol. After filtration and washing with methanol, the copolymer was
dissolved in dichloromethane and precipitated in diethyl ether. Subsequently, the polymer was

isolated by filtration, washed several times with diethyl ether, and dried under vacuum. The
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monomer conversion and the number average molecular weight (Mn) of block copolymers were
determined by '"H-NMR (Inova 300 MHz, Varian).

aPEG was prepared prior to ROP by reacting mercapto PEG with MBA. HO-PEG-SH (0.5 g,
0.1 mmol) was dissolved in 5 ml of DI water and MBA (0.154 g, | mmol) in a carbonate buffer
solution (pH 10) was added drop wise to this solution. After gentle stirring for 1 h at room
temperature, the resulting solution was ultrafiltrated through a membrane with a cut-off of 1000
g/mol (Ultracel Ultrafiltration Disc, Millipore) for 2 d and lyophilized. An ELLMAN assay was
carried out to determine the amount of unreacted thiol groups which indicated that less than 1 %

of mercapto PEG had not reacted.

Preparation and characterization of Ps

FD70 was encapsulated in Ps during the formation of Ps. mPEG-PDLLA and aPEG-PDLLA
were used to prepare self-assembled Ps by injecting a THF solution of the block copolymers into
an aqueous solution. Ps based on aPEG-PDLLA and mPEG-PDLLA with a weight ratio of 10:90,
50:50 and 100:0 were prepared and abbreviated as Ps10, Ps50 and Ps100, respectively. In brief,
the block copolymer or the mixture (10 mg/ml) was dissolved in THF (3 ml) and FD70 (0.1
mg/ml) was dispersed in the solution. The THF dispersion was injected into HEPES (50 ml, pH
7.4, 10 mM) to spontaneously form Ps. After 15 min without shaking, the vial containing the
mixture was turned upside down several times, resulting in a turbid dispersion. To remove the
organic solvent, the dispersion of FD70 loaded Ps (FD70-Ps) was transferred into a dialysis bag
(cut-off 50,000 g/mol, Spectra/Por), which was placed in a 4 1 flask with DI water. The dialysis
was performed for 1 d by replacing the DI water for at least 5 times. After dialysis, the dispersion
of FD70-Ps was filtrated with a syringe filter (pore size 100 nm, PES, Acrodisc, Pall) and
concentrated to 10 ml using Vivaspin20 (Sartorius stedim biotech.).

TG was coupled onto the acrylamide groups of aPEG of Ps by a Michael addition reaction to
introduce anionic charge on the Ps. For the reaction, carbonate buffer solution (1 ml, pH 10) was
added to the dispersions (1 ml) of Ps10, Ps50 and Ps100. A stock solution of TG was prepared
prior to the coupling by diluting TG (1 ml) with a carbonate buffer solution (9 ml). Different
amounts of the stock solution were dropped into Ps dispersions (0.02 ml to Ps10, 0.20 ml to Ps50
and 1.00 ml to Ps100) under stirring and the reaction was carried out for 1 h at room temperature.

Unreacted TG and free FD70 were removed by dialysis (cut-off 100,000 g/mol, Spectra/Por) in
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DI water at 37 °C for 2 d. Dispersions of FD70-Ps coupled with TG (FD70/TG-Ps) were further
concentrated 3 times. HEPES (2.4 mg/ml) was added to the dispersions and the samples were
titrated to pH 7.4 with NaOH.

Size and PDI as well as zeta potential of FD70/TG-Ps10, FD70/TG-Ps50 and FD70/TG-
Ps100 in HEPES (pH 7.4, 10 mM) were measured using a Zetasizer Nano ZS (Malvern
Instruments, Malvern). Transmission electron microscopy (TEM, Philips CM30, Hillsboro,
USA) was performed to elucidate the morphology and the membrane thickness of Ps. A
dispersion of Ps (2 ul, 6 mg/ml) was placed on a 200 mesh carbon grid without using a staining
agent. The excess solution was removed and the sample was dried at room temperature. For
TEM, Ps were prepared by injecting a THF solution of mPEG-PDLLA in DI water. Possible
release of FD70 from Ps was monitored by placing a suspension of FD70/TG-Ps in HEPES in a
microdialysis system (cut-off 100,000 g/mol). Periodic withdrawals of HEPES samples were
monitored by fluorescence spectroscopy (Safire”, Tecan). Using DLS, the colloidal stability of
the FD70/TG-Ps in HEPES at 37 °C was also monitored for 3 d.

In vitro cytotoxicity of FD70/TG-Ps

The cytotoxicity of FD70/TG-Ps10, FD70/TG-Ps50 and FD70/TG-Ps100 was investigated
using HUVEC and HeLa cells. The cells of both lines were seeded into a 96-well plate at a
density of 5 x 10° cells per well and cultured at 37 °C in a humidified atmosphere with 5% CO,.
After 1 d, the cell medium was changed with fresh cell medium (100 pl) and dispersions of
FD70/TG-Ps (100 ul, 6 mg/ml) were added to the medium. The cells were incubated for 72 h and
the number of viable cells was determined using an MTS colorimetric assay. The well plates

were incubated for 4 h at 37 °C and the absorbance at 490 nm was recorded using a plate reader

(Safire?, Tecan).

Animal experiments

For the circulation kinetics and biodistribution of Ps10, Ps50 and Ps100, Ps were dually
labeled with *H-D70 (11.1 MBq) and "“C-TG (0.5 MBq) using the THF injection method
followed by the Michael addition reaction. *H-D70 was incorporated during the formation of Ps
and "*C-TG was post-coupled to acrylated PEG on the surface of the Ps. A schematic illustration

of the dual labeled Ps is represented in Fig. 7.1. Stealth liposomes were used as a control. A film-
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extrusion method [19, 23] was used to prepare the liposomes. In brief, DPPC, cholesterol and
PEG-DSPE (2750 g/mol) (1.85:1.00:0.15) were dissolved in ethanol and *H-cholesteryl
oleylether (0.74 MBq) was added. A lipid film was obtained by evaporation of the solvent under
a stream of nitrogen. The lipid film was hydrated in 3 ml of HEPES buffer solution, yielding a
lipid concentration of 10 pumol total lipid/ml. Liposomes were sized by sequential extrusion
through two stacked polycarbonate filters (Poretics, Livermore, 400, 200 and 100 nm pore size)
with a high pressure extrusion device.

C57Bl/6J female mice (20-25 g, 4-6 weeks old) were housed in groups of 4-8 animals and had
free access to water and food. All animal studies were performed in compliance with guidelines
set by national regulations and were approved by the local animal experiments ethical committee.
Tumors were introduced in the flank of the mice by inoculation with 1 x 10° of murine B16
melanoma tumor cells. Palpable subcutaneous tumors had developed over a period of
approximately 10 d.

Three types of dual-labeled Ps (100 mg/kg) as well as the stealth liposomes (70 mg/kg) in
HEPES (200 pl) were administered via the tail vein. Blood samples were obtained via cheek
puncture after 1 h, 4 h and 8 h. After 24 h, 48 h and 72 h, mice were sacrificed to sample the
blood, the organs and tumors, and the wet weight of the tissues was measured. Soluene®-350 (2
ml) was added to the blood and tissue samples, and the mixtures were incubated until the tissues
were completely solubilized yielding yellowish solutions. To decolorize the samples, hydrogen
peroxide (35 %) was added and these mixtures were incubated at room temperature overnight.
Hionic-Fluor™ (10 ml) scintillation cocktail was added to these samples and the resulting
mixture was counted for radioactivity. The total volume of blood in a mouse was estimated by
the following equation [14]:

Total blood volume (ml)=body weight (g) x 0.0845 ml/g (7.1)

The percent injected dose (% ID) and the percent ID per gram (% ID/g) values were calculated
using the following equations:

Dose in blood/tiss ue sample (Bq)

9% ID — x 100 (7.2)
Injected dose (Bq)
% ID
% ID/g =—— 0 5 (73)
Weight of tissue (g)
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Pharmacokinetic parameters such as t,,,, area under the curve (AUC), volume of distribution and

clearance (Cl) for Ps and stealth liposomes were calculated using PKSolver [24].

3H-Dextran
(70 Kg/mol)

© PDLLA — mPEG = aPEG

Figure 7.1. Schematic 2D-cross sectional illustration of dual-labeled Ps in which *H-D70 was
encapsulated in the core of Ps and '*C-TG coupled to acrylated PEG (aPEG).

Results and discussion
Characterization of block copolymers and Ps

mPEG-PDLLA and aPEG-PDLLA with number average molecular weights (Mn) of 41,800
and 41,700 g/mol, respectively, were synthesized by ROP and used for the formation of
polymeric vesicles (Table 7.1). '"H-NMR revealed that the length of the PDLLA blocks
corresponded well with the feed amount as a result of the high monomer conversion. As
previously reported, the volume fraction of hydrophilic polymer (f) and the MW of the block
copolymer will determine the shape of the self-assembled structures because the f'and MW are
influencing the curvature of the hydrophilic-hydrophobic interface of the self-assembled
structures [25]. In previous studies, it was shown that amphiphilic di-block copolymers with an f
between 10 and 40 % and a MW ranging from ~2700 to 50,000 g/mol were able to form Ps [1,
26]. The volume fraction of the PEG block (fpzs) of both mPEG-PDLLA and aPEG-PDLLA was
11.8 % as calculated from the composition according to the '"H-NMR analysis.

Ps with an average diameter less than 100 nm and a narrow size distribution (Table 7.2) were
spontaneously formed by the THF injection method. It has been previously reported that large

block copolymers with small hydrophilic volume fractions (' < 20 %) form Ps by injecting a
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polymer-containing organic solvent into an aqueous phase [27]. Fig. 7.2 shows a TEM image of
the Ps and it can be seen that the Ps are spherical nanovesicles with a membrane thickness of
about 15 nm. The thickness of the membrane did not vary much with the size of the vesicles. In a
control experiment, the release of encapsulated FD70 from Ps at 37 °C in PBS was monitored
and less than 5 % of FD70 was released over a period of 3 d. This may be explained by the
release of small amounts of FD70 incorporated in the Ps membrane during the encapsulation
process. TG was coupled to the acrylamide groups of PEG on the surface of Ps and the zeta
potential was well controlled by the molar ratio of mPEG-PDLLA and aPEG-PDLLA used for
the preparation of the Ps and the amount of TG added to the Ps dispersion as -7.6 (FD70/TG-
Ps10), -25.3 (FD70/TG-Ps50) and -38.7 mV (FD70/TG-Ps100). DLS experiments showed no
significant change in mean diameter, PDI and Ps concentration before and after the labeling
process and when FD70/TG-Ps dispersions were incubated for 3 d at 37 °C in HEPES, indicating
that the FD70/TG-Ps were colloidally stable. For in vivo studies, the same method was used to
prepare dual-labeled Ps but now the internal core of Ps was loaded with *H-D70 and the shell
was labeled with '*C-TG.

Figure 7.2. TEM images of Ps on carbon grids. mPEG-PDLLA was used to prepare Ps in DI
water. A dispersion of Ps was placed on a 200 mesh normal carbon grid without using a staining
agent and dried at room temperature. Size bar represents 200 nm.
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Table 7.1. Characterization of mPEG-PDLLA and aPEG-PDLLA

Monomer Mn of PDLLA Mn of PDLLA freg
conversion® (%) (theor.)b (g/mol) (lH-NMR)c (g/mol) (%)

mPEG-PDLLA 99 42,000 41,800 11.8

aPEG-PDLLA 98 42,000 41,700 11.8

“Determined by 'H NMR.

® Calculated from the initial ratio of monomer to PEG hydroxyl groups.

¢ Determined from '"H-NMR analysis by calculating the ratio of the PEG methylene peak to the main peak of the
polyester.

4 Calculated volume fraction of PEG in block copolymers.

Table 7.2. Size and zeta potential of FD70/TG-Ps

FD70/TG-Ps10 FD70/TG-Ps50 FD70/TG-Ps100
Size® (nm) 96.3+6.6 955+5.0 92.7+1.8
PDI’ 0.06 0.04 0.04
Zeta potential® (mV) -7.6 -25.3 -38.7
* Measurements were performed 30 times and averaged.

® Polydispersity index.

Cell toxicity of Ps in vitro

The cytotoxicity of FD70/TG-Ps was studied using cultured HUVEC and HeLa cells. Cells
were incubated with FD70/TG-Ps at the same concentrations as the samples used for in vivo
mice experiments. As shown in Fig. 7.3, FD70/TG-Ps10, FD70/TG-Ps50 and FD70/TG-Ps100
showed no cytoxicity for both HUVEC and HeLa cells after 3 d exposure. The Ps have an
anionic PEGylated surface and the surface charge as well as the presence of the PEG chains at
the surface of the Ps may contribute to a weak interaction with cells. An electrostatic repulsion
between Ps and cell membranes, normally negatively charged, may occur and the PEG layer
itself is well known to reduce the interaction with cells [28]. PEG-PDLLA, which was used to
form Ps, is a biocompatible material and PEG-PDLLA with a wide range of MWs has been

employed for the preparation of various nano and micro-sized drug delivery carriers.
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Figure 7.3. Cytotoxicity of FD/TG-Ps (3 mg/ml) for HUVEC and HeLa cells after 3 d exposure.
HUVEC (m) and HeLa cells (m). The data given are mean values and the error bars are the
standard deviations of the mean.

Blood circulation time

The circulation kinetics of Ps in mice was investigated and stealth liposomes with a diameter
of 103 £ 8.0 nm were used as a control. The % ID of tritium of the blood samples in time is
presented in Fig. 7.4a and the pharmacokinetic parameters are listed in Table 7.3. Stealth
liposomes exhibited a t;, of 10.6 h in the blood circulation, whereas Ps10 yielded a prolonged
Ti, of 47.3 h under the same conditions. Pharmacokinetic analysis revealed that the rate of
clearance of Ps10 was more than two times lower as compared to stealth liposomes. This result
may be related to the differences in MW and the surface concentration of PEG between Ps10 and
stealth liposomes. Ps10 has a 100 % dense PEG brush with a MW of 5000 g/mol, whereas less
than 10 mol % of PEG with a MW of 2000 g/mol was applied for the stealth liposomes. In
principle, the clearance process of stealth liposomes from the circulation can be mediated by an
array of blood components that interact with the stealth liposomes [29-31]. Similar blood
components may also interact with Ps. Plasma proteins such as opsonins and dysopsonins that
are adsorbed onto or incorporated in the PEG brush can interact with the hydrophobic core of the
membranes [32]. However, this process can be influenced by the MW and surface concentration
of PEG molecules. Previous studies showed that PEGs with a longer chain length at constant
PEG surface concentration are more effective for reducing protein adsorption than PEGs with
shorter chain lengths [33]. Meng et al. reported that long PEG molecules (3400 or 5000 g/mol)
are much more effective in reducing protein adsorption than short PEG (1500 g/mol) [4]. When
PEG with a similar length (2000 £ 300 g/mol) is introduced either on Ps or on liposomes, Ps

exhibit a 1, of 28 h, while stealth liposomes show a 1, of 10-15 h in rats suggesting that the Ps

146



Polymersomes with Modulated Surface Charge in Tumor-Bearing Mice

membranes adsorb less and/or different plasma proteins due to a higher surface concentration of
PEG [5]. Although MW and surface concentration of PEG are important for the protein
resistance, pegylation of liposomes is limited to PEGs with a MW lower than 2000 g/mol and a
mole fraction of PEG lower than 11 % due to micellization [34].

Efficient drug carriers for intravenous administration have to increase the drug concentration
at the target site. In order to accomplish this, the carrier should have a high drug retainability as
well as colloidal stability in the blood circulation. To investigate the behavior of Ps in vivo, two
radioactive molecules, *H-D70 and '*C-TG, were used to dually label Ps. Figs. 7.4a and 7.4b
represent the % ID of blood samples calculated by the measured radioactivity of *H and '*C,
respectively. Comparing Figs. 7.4a and 7.4b it can be concluded that for each sample the
difference in the % ID either based on the radioactivity of *H or on that of "*C was less than +
5 %. This is clear evidence that Ps used in the study maintained their colloidal stability during
the circulation in blood because *H-D70 was not or only to a very small extent released from the
Ps. Free D70 has a relatively fast plasma clearance with a 1), less than 2 h in rats [35]. The
colloidal stability of the Ps may be explained by the presence of a relatively thick membrane

with a hydrophobic interior and the presence of a relatively long and dense PEG brush.

Table 7.3. Pharmacokinetic parameters for Ps and stealth liposomes

Stealth liposomes Ps10 Ps50 Ps100
112 (h) 10.6 £ 1.8 473 +12.7 21.6+£3.6 10.8 £ 1.6
AUCq 721 (% ID*h/ml) 790 + 43 1666 £+ 141 1139+ 71 632 £ 57
AUCy (% ID*h/ml) 797 + 46 2634 £258 1282 +119 641 £ 61
Volume of distribution (ml) 2.18£0.23 2.06+0.14 2.15£0.17 2.12%0.16
CI (ml/h) 0.13+0.01 0.06£0.01 0.09+0.01 0.16£0.01

Log-linear kinetics fit for all carriers r">0.9.
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Figure 7.4. Circulation kinetics of anionic Ps and stealth liposomes in mice measured by
radioactivity of *H (a) or '*C (b) in blood samples. Ps were dual labeled with *H and *C, and
stealth liposomes were labeled with H. Ps10 (m, -7.6 mV), Ps50 (A, -25.3 mV), Ps100 (e, -38.7
mV) and stealth liposomes (0, -6.0 mV). The experiments were carried out in triplicate. The data
given are mean values and the error bars are the standard deviations of the mean.

Tumor accumulation and organ distribution

Tumor targeting can in principle be achieved by passive accumulation (EPR) of nanocarriers
depending on their shape and size [36]. Spherical Ps with hydrodynamic diameters less than 200
nm are suitable to localize these Ps in tumor tissue by the EPR effect. The results of a
biodistribution study with Ps with different surface charge using tumor-bearing mice are given in
Fig. 7.5. Ps10 were taken up by the tumor with about 13.5 % ID/g after 1 d circulation and the
uptake increased up to 18.6 % ID/g after 3 d, demonstrating that the tumor accumulation of Ps is
relatively high. A maximal value of tumor accumulation of micelles and stealth liposomes of less
than 15 % ID/g has been reported [14, 37, 38]. The relatively long circulating times of Ps led to a
high accumulation in the tumor. This is in agreement with the results for poly(ethylene oxide)-b-
poly(aspartic acid)-doxorubicin (PEO-PAsp-DOX) micelles and stealth liposomes, which show

an enhanced tumor accumulation with prolonged circulation times [14, 39]. Stealth liposomes

148



Polymersomes with Modulated Surface Charge in Tumor-Bearing Mice

with a shorter 1, in the blood circulation than Ps, were taken up by tumor tissues for about
11.2 % ID/g after 3 d under the same conditions.

Ps were found to accumulate primarily in the liver similar to stealth liposomes (Fig. 7.5).
However, Ps10 showed a relatively low uptake of 28 % ID in the liver after 3 d as compared to
stealth liposomes (40 % ID). It is known that adsorption of liver specific opsonins can enhance
the uptake of vesicles by liver macrophages, Kupffer cells, and this process plays a major role in
the hepatic uptake of the vesicles [15]. Therefore, it can be suggested that the relatively low
hepatic uptake is associated with a diminished interaction with opsonins or an increased
interaction with dysopsonins. Distributions of Ps and liposomes in the spleen, kidney and lung

were comparable and very low % IDs were measured.

Effect of surface charge of Ps on circulation and biodistribution

Three anionic Ps (size ~100 nm) with different zeta potentials were applied to investigate the
effect of surface charge on circulation times and biodistribution. Fig. 7.5 compares the % ID of
Ps10, Ps50 and Ps100, which are calculated from blood samples in time. Ps100 was relatively
rapidly removed from the circulation (0.16 ml/h, Table 7.3). Ps100 with a zeta potential of -38.7
mV had a 1, of 10.8 h and slightly negatively charged Ps10 (-7.6 mV) showed a more than 4-
fold longer t;/2. The 11/, of Ps50 was 21.6 h in between the 1, of Ps10 and Ps100. It is a general
view that an increase in the negative surface charge of carriers increases their clearance rate from
the circulation due to a higher hepatic uptake [40]. This is in agreement with our finding that the
highest liver uptake among Ps was observed for Ps100 (37.9 % after 3 d). Christian ef al. have
previously found an increased accumulation of anionic Ps in the liver of mice as compared to
neutral Ps [41]. A mixture of two block copolymers, poly(acrylic acid)-b-poly(1,4-butadiene)
(PAA-PBD, 5.4k-5.6k) and PEG-b-poly(1,2-butadiene) (PEG-PBD, 3.7k-6.8k) with a molar ratio
of 10:90 was used to prepare the anionic Ps with a zeta potential of -13.3 mV. Neutral Ps, which
were made of PEG-PBD in the absence of PAA-PBD, showed a reduction of the hepatic uptake
of more than 30 % as compared to the anionic Ps. Similar findings have been reported by
Romberg et al. for liposomes containing negatively charged phospholipids, which were very
rapidly removed from the blood showing an enhanced hepatic uptake [18].

One explanation possibly related to this result is that leukocytes, unique for the liver have

receptors which preferentially recognize anionic particles implying that the surface charge
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influences the opsonization of the particle and so enhances their phagocytosis [42]. It has also
been demonstrated that coating of negatively charged particles with a non-ionic polymer results
in a reduction of the particle charge and a reduced liver uptake [43]. As a consequence, it seems
likely that stealth properties may be optimized by introducing a low anionic charge on the
surface of drug carriers, leading both to less interaction with blood components and low hepatic
uptake. Takeuchi et al. and Yamamoto et al. previously suggested the role of a slight anionic
charge of drug carriers in avoiding rapid blood clearance and high liver uptake. Liposomes with
a surface charge of -4.4 mV exhibited longer circulation times and lower hepatic uptake in rats as
compared to highly anionic liposomes [13]. Tyrosyl-glutamic acid (Tyr-Glu) coated PEG-
PDLLA micelles (Tyr-Glu-micelles) with a zeta potential of -10.6 mV had similar circulation
times as neutral Tyr-micelles, but a significantly lower uptake by the liver as compared to neutral
ones [16]. Psl10 yielded the highest accumulation in the tumor due to the relatively long
circulation time as previously discussed. Splenic uptake among Ps10, Ps50 and Ps100 were

comparable ranging from 0.7 to 1.6 % ID and the uptake by the kidney and lung was less than
0.5 % ID.
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Figure 7.5. Biodistribution of dual-labeled Ps and stealth liposomes (SL) analyzed by the
radioactivity of *H in organs (% ID) and tumors (% ID/g). 24 h (O, open), 48 h (=, light gray)
and 72 h after injection (m, dark gray). The experiments were carried out in triplicate. The data
given are mean values and the error bars are the standard deviations of the mean.
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Conclusions

PEG-PDLLA polymersomes with a low zeta potential (-7.6 mV) and a diameter of
approximately 100 nm had a much longer half lifetime (1, 47 h) and a reduced liver uptake
(28 % ID after 3 d) as compared to stealth liposomes (11, 10.6 h and 40 % ID after 3 d). A
relatively high tumor accumulation of the polymersomes, probably via the EPR effect, was
associated with a long circulation time. A dual-labeling technique was applied to investigate
whether the polymersomes were able to carry an encapsulated high molecular weight model drug
(dextran 70,000 g/mol) to the target site and whether the model drug remained encapsulated in
the Ps during circulation. Co-localization of the two labels during circulation demonstrated that
the model drug-loaded polymersomes were colloidally stable in blood and that no significant
leakage of dextran occurred. The effects of the charge density of anionic polymersomes on
circulation kinetics and biodistribution showed that polymersomes with a slightly negative
surface charge are most suited for in vivo administration. It is concluded that long circulating
polymersomes, which are stable in blood and which strongly accumulate in tumor tissue, are
extremely promising as novel drug carriers. Further studies are required to evaluate the
therapeutic efficacy of drug-loaded polymersomes as well as to study the detailed effects of

surface structure and charge of polymersomes on opsonization and liver uptake processes.
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Conclusions and Future Perspectives

Polymersomes have received great attention as extremely interesting systems for various
applications in the past decade. The increasing number of publications on polymersomes
demonstrates such growing popularity (2000 papers mostly published during the last 5 years).
Polymersomes are able to encapsulate hydrophilic, hydrophobic and amphiphilic molecules like
any other vesicular structure, but their membrane tunability and superior stability are unique and
undoubtedly beneficial for potential applications in drug delivery, gene therapy and protein
delivery as well as medical diagnostics and nanoreactor technology. Polymersomes based on
biodegradable di-block copolymers were developed for the controlled delivery of model
lipophilic or hydrophilic drugs in the study. Release of model drugs from the polymersomes can
be modulated by either using different block copolymer compositions for the formation of
polymersomes or introducing stimuli-sensitive hydrogels in the polymersomes. The
biodegradable polymersomes have long circulating times and an excellent colloidal stability in
blood, yielding strong accumulation in tumor tissues in mice.

Recently, stimuli-responsive polymersomes of which the membrane permeability or the
stability of the membrane can be changed by external stimuli have received a lot of attention.
The design of these types of polymersomes remains a very interesting research area. Controlled
release of drugs at the site of action will enhance the efficacy and reduce the side effects. The
next generation of polymersomes will be polymersomes which selectively recognize specific
cells or receptors within the biological system. The combination of the use of stimuli-responsive
materials and targeting moieties will lead to polymersomes which can be targeted to the site of
action and which will deliver the drug at this site by an external stimulus. As one of the
candidates, peptide-containing polymersomes that are modified with an anti-epidermal growth
factor receptor antibody has been reported in this thesis. These polymersomes can be selectively
taken up by cancer cells via antibody-mediated endocytosis and subsequently release the
therapeutic drug inside the cells via membrane destabilization of the polymersomes in the
lysosomal compartments. The membrane destabilization will take place via cleavage by
lysosomal enzymes of the peptide sequence between the hydrophilic and hydrophobic blocks of

the amphiphilic block polymer, which forms the membrane.
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However, it should be noted that extensive preclinical evaluations are required for these types
of polymersomes before they can be considered to be used in patients. Subjects which have to be
evaluated are the pharmacokinetics of drug loaded polymersomes, effect of the surface-located
targeting molecules on the opsonization process and blood circulation times as well as the
efficacy and toxicity of the polymersomes in particular after repeated administration.
Mechanistic studies of the intracellular drug release from the polymersomes are also required to
further unravel the kinetics of intracellular polymersome destabilization and intracellular drug

release.
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Summary

In this thesis, the development and characterization of biodegradable and/or enzyme-
triggered destabilizable polymersomes (Ps) for controlled and targeted drug delivery are
presented. In Chapter 1, a general introduction, the aim of the study and structure of the thesis
are given. Scientific background information on the criteria for the formation of Ps and methods
for their characterization are discussed in Chapter 2. In this chapter, also the recent progress on
and challenges for the design of biodegradable and/or stimuli-sensitive Ps in the field of drug
delivery are reviewed.

In Chapter 3, the preparation of biodegradable Ps based on methoxy poly(ethylene glycol)-
b-poly(D,L-lactide) (mPEG-PDLLA), methoxy poly(ethylene glycol)-b-poly(e-caprolactone)
(mPEG-PCL) or a mixture of the block copolymers in a weight ratio of 50:50 (abbreviated as Ps
(L), Ps (C) and Ps (LC), respectively) is described. Oregon Green® 488 Labeled Paclitaxel
(Flutax) was loaded as a model drug by dissolving block copolymers and Flutax in THF and
injecting the THF solution into an aqueous phase. Flutax loaded Ps (Flutax-Ps) with a size less
than 150 nm were obtained and the entrapment efficiencies of Flutax were higher than 55 % at a
weight ratio of polymersomes to Flutax of 10. A sustained and complete release of Flutax was
observed for Flutax-Ps (L) over one month, while Flutax was released much slower from Ps (C)
(49.9 % after one month). The release rate of Flutax from Ps (LC) is in between those of Ps (L)
and Ps (C). Flutax-Ps (L) cause about 67 % reduction in the viability of SKBR3 cells at a Flutax
concentration of 5 pg/ml, whereas empty Ps (L) show a low cell toxicity (10 %).

Hydrogel-containing Ps (Hs, hydrosomes) are reported in Chapter 4. PNIPA Am-containing
Ps (N/Ps) were prepared by injecting a THF solution of mPEG-PDLLA and PNIPAAm into
water to incorporate a PNIPAAm solution into Ps. At 37 °C, Hs with an average diameter of 127
nm were obtained. Confocal laser scanning microscopy (CLSM) and fluorescence correlation
spectroscopy (FCS) of N/Ps revealed co-localization of the PNIPAAm and the Ps. For CLSM,
dual-labeled N/Ps (rhodamine B (RB) in the membrane and fluorescein-conjugated PNIPAAm
(FITC-N) in the aqueous core) were applied. Micron-sized giant Ps with a diameter of 5-10 um
containing FITC-N were prepared using CHCls as the organic phase. The presence of FITC-N in
these giant Ps as well as the phase separation of the internal FITC-N solution above the lower

critical solution temperature (LCST) was also shown by CLSM. In the presence of the hydrogel
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in the Ps, a sustained release of fluorescein isothiocyanate tagged dextran (FITC-dextran (MW
4000 g/mol), FD4) up to 30 d with a low initial burst effect was obtained while the release from
bare Ps was completed after 6 d. The hydrogel formation of a PNIPAAm solution in Ps was
further investigated by using time resolved fluorescence studies. The results of time-resolved
fluorescence as well as the time-resolved fluorescence anisotropy of FITC-N in Ps as a function
of temperature are given in Chapter 5. FITC-N encapsulated in Ps (FITC-N/Ps) shows a
decrease of the rotational motion upon increasing the temperature. The long rotational
correlation time (¢,) of FITC-N increases 3 fold when raising the temperature from 15 °C to 40
°C, reflecting a reduced rotational mobility as a result of coil to globule transition. The residual
anisotropy () of FITC-N/Ps increases from 0.11 to 0.21, indicating that a transition from coil to
globule takes place and the transition is followed by possible phase separation and hydrogel
formation.

As presented in Chapter 6, novel peptide-containing Ps (Ps (pep)) have been developed and
characterized. A peptide sequence, Phe-Gly-Leu-Phe-Gly (FGLFG) was introduced in between
mPEG and PDLLA (mPEG-pep-PDLLA) and Ps (pep) with an average diameter of about 124
nm were prepared by injecting a THF solution of the block copolymer into DI water. Ps (pep)
can be destabilized by the presence of lysosomal enzyme cathepsin B (Cath B) as a result of the
enzymatic hydrolysis of the peptide linker. A gradual decrease in kilo counts per second (Kcps)
of the Ps (pep) over 7 d was observed after incubation of the Ps (pep) dispersions with 5 units/ml
of Cath B at pH 5.5 and 37 °C. The size distribution became also bimodal indicating that
aggregation and precipitation of Ps (pep) occurred by disintegration of the Ps (pep). Acridine
orange (AO) was encapsulated in Ps (pep) as a model drug and rapid release of AO triggered by
Cath B degradation of Ps (pep) was observed at pH 5.5. The surface of Ps (pep) was further
modified by coupling with anti-epidermal growth factor receptor antibody (abEGFR) to enhance
their interaction with cells. The abEGFR immobilized Ps (pep) (abEGFR-Ps (pep)) were
endocytosed more efficiently by SKBR3 cells than Ps (pep) without abEGFR. FD40 (FITC-
dextran (MW 40,000 g/mol)) was encapsulated in the Ps (pep) and intracellular release of FD40
was observed suggesting that disruption of the Ps (pep) membranes also took place in the cells.

In Chapter 7, the results of in vivo studies of Ps prepared from PEG-PDLLA in tumor-
bearing mice are compared with those of stealth liposomes. The effects of the surface charge of

the Ps on circulation kinetics, organ distribution and tumor accumulation were evaluated. The Ps
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were dually labeled by encapsulating *H-dextran (70,000 g/mol) in the aqueous core and by post-
coupling of *C-thioglycolic acid onto acrylated PEG chains of the Ps. Stealth liposomes (103
nm, -6 mV) based on dipalmitoyl phosphatidylcholine (DPPC)/cholesterol with 7.5 % of PEG
distearoyl phosphatidylethanolamine (PEG-DSPE) were prepared for the comparison. A
substantial longer half lifetime (t;2) (47.3 h) and a reduced liver uptake (27.9 % of injected dose
(% ID)) of Ps with a zeta potential of -7.6 mV were observed as compared to those of stealth
liposomes (10.6 h, 39.8 % ID). As a result of their longer circulation times, a high tumor
accumulation of 18.6 % ID was obtained for these Ps after 3 d circulation, while only 11.2 % ID
of stealth liposomes accumulated in the tumors because of their relatively short t;». By
increasing the zeta potential on the Ps, more rapid clearance of Ps from the blood circulation was
found due to an enhanced uptake by the liver. Co-localization of the two labels of Ps was
observed during circulation indicating that dual labeled Ps were colloidally stable in blood

without leakage of *H-dextran.
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Samenvatting

In dit proefschrift worden de ontwikkeling en karakterisering beschreven van
biodegradeerbare en/of door enzymen destabiliseerbare polymersomen (Ps) voor gecontroleerde
en gerichte medicijnafgifte. Hoofdstuk 1 bevat een algemene inleiding, het doel van de studie en
de structuur van het proefschrift. Wetenschappelijke achtergrondinformatie betreffende de
voorwaarden voor de vorming van Ps en methoden voor hun karakterisering worden behandeld
in Hoofdstuk 2. In dit hoofdstuk worden ook recente ontwikkelingen en toekomstige uitdagingen
besproken betreffende het ontwerp van biodegradeerbare en/of stimulus gevoelige Ps voor
medicijnafgifte.

Hoofdstuk 3 behandelt de synthese van biodegradeerbare Ps gebaseerd op methoxy
poly(ethyleen glycol)-b-poly(D,L-lactide) (mPEG-PDLLA), methoxy poly(ethyleen glycol)-b-
poly(e-caprolacton) (mPEG-PCL) of een combinatie van deze blokcopolymeren met een
gewichtsverdeling van 50:50 (respectievelijk afgekort als Ps (L), Ps (C) en Ps (LC)). Oregon
green” 488 gelabeld PTX (Flutax) werd geincorporeerd als model medicijn door de blok
copolymeren en Flutax in THF op te lossen en de THF oplossing te injecteren in een waterfase.
Er werden Flutax-beladen Ps verkregen (Flutax-Ps) met afmetingen kleiner dan 150 nm, en meer
dan 55 % van het aangeboden Flutax werd opgenomen (gewichtsverhouding polymersomen/
Flutax 10). Een constante en volledige afgifte van Flutax werd gevonden voor Flutax-Ps (L)
gedurende 1 maand terwijl Flutax veel langzamer werd afgegeven vanuit Ps (C) (49.9 % na 1
maand). De afgiftesnelheid van Flutax uit Ps (LC) ligt tussen die van Ps (L) en Ps (C) in. Flutax-
Ps (L) veroorzaken een afname van ongeveer 67 % in de levensvatbaarheid van SKBR3 cellen
bij een Flutax concentratie van 5 pg/ml terwijl ongeladen Ps (L) een lage cel toxiciteit laten zien
(10 % afname).

Hydrogel-bevattende Ps (Hs, hydrosomen) worden besproken in Hoofdstuk 4. PNIPAAm-
bevattende Ps (N/Ps) werden gemaakt door een THF oplossing van mPEG-PDLLA en
PNIPAAm te injecteren in water om zo de PNIPAAm oplossing in Ps te incorporeren. Bij 37 °C
werden Hs met een gemiddelde diameter van 127 nm verkregen. Confocale laser scanning
microscopie (CLSM) en fluorescentie correlatie microscopie (FCS) van N/Ps toonden aan dat co-
lokalisatie van PNIPAAm en de Ps optrad. Voor de CLSM metingen werden tweevoudig
gelabelde N/Ps (thodamine B (RB) in het membraan en FITC-N in de waterrijke kern) gebruikt.
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FITC-N bevattende reuzen-Ps met een diameter van 5-10 um werden verkregen door CHCl; als
organische fase te gebruiken. De aanwezigheid van FITC-N in deze reuzen-Ps alsmede de fase
scheiding van de interne FITC-N oplossing boven de laagste kritische oplossingstemperatuur
(LCST) werden ook aangetoond met CLSM. In aanwezigheid van de hydrogel in de Ps werd een
constante afgifte van fluoresceine isothiocyanaat gelabeld dextraan (FD4, FITC-dextraan (MW
4000 g/mol)) bereikt gedurende 30 dagen met een laag initieel ‘burst’ effect, terwijl de afgifte
vanuit ongeladen Ps volledig was na 6 dagen. De hydrogel vorming van een PNIPAAm
oplossing in Ps werd verder onderzocht met behulp van tijdsopgeloste fluorescentie
experimenten. De resultaten van de tijdsopgeloste fluorescentie evenals van de tijdsopgeloste
fluorescentie anisotropie van FITC-gelabelde PNIPAAm (FITC-N) in Ps als functie van de
temperatuur worden gepresenteerd in Hoofdstuk 5. FITC-N opgenomen in Ps (FITC-N/Ps)
vertoont een afname van de rotatiebeweging als de temperatuur stijgt. De lange rotatie correlatie
tijd (¢,) van FITC-N verdrievoudigt als de temperatuur stijgt van 15 °C naar 40 °C. Dit wijst op
een verminderde rotatiemobiliteit van FITC-N als gevolg van een overgang van een ‘coil’ naar
een ‘globule’ conformatie. De resterende anisotropie (7.) van FITC-N/Ps neemt toe van 0.11 tot
0.21 hetgeen aantoont dat er een overgang van ‘coil’ naar ‘globule’ optreedt en dat de overgang
mogelijk gevolgd wordt door fase scheiding en hydrogel vorming.

Hoofdstuk 6 behandelt de ontwikkeling en karakterisering van nieuwe peptide-bevattende Ps
(Ps (pep)). Een peptide sequentie, Phe-Gly-Leu-Phe-Gly (FGLFG), werd tussen mPEG en
PDLLA geplaatst (mPEG-pep-PDLLA) en Ps (pep) met een gemiddelde diameter van ongeveer
124 nm werden verkregen door een THF oplossing van het blok copolymeer in demiwater te
injecteren. Ps (pep) kunnen worden gedestabiliseerd door de aanwezigheid van het lysozomaal
enzym cathepsin B (Cath B) als gevolg van de enzymatische splitsing van de peptide linker. Een
geleidelijke afname in kilo counts per seconde (Kcps) van de Ps (pep) gedurende 7 d werd
gevonden na incubatie van de Ps (pep) dispersies met 5 units/ml Cath B bij pH 5.5 en 37 °C. De
deeltjesgrootte verdeling werd ook bimodaal wat aangeeft dat aggregatie en precipitatie van Ps
(pep) optrad als gevolg van desintegratie van de Ps (pep). Acridine orange (AO) werd
opgenomen in Ps (pep) als model medicijn en een snelle afgifte van AO werd waargenomen als
gevolg van de door Cath B geinduceerde degradatie van Ps (pep) bij pH 5.5. Het oppervlak van
Ps (pep) werd verder gemodificeerd door koppeling met anti-epidermaal groeifactor receptor

antilichaam (abEGFR) om de interactie van de Ps met de cellen te verbeteren. De Ps (pep) met
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gekoppeld abEGFR (abEGFR-Ps (pep)) werden efficiénter opgenomen in SKBR3 cellen dan Ps
(pep) zonder abEGFR. FD40 (FITC-dextraan, MW 40,000 g/mol) werd opgenomen in de Ps
(pep) waarna er een intracellulaire afgifte van FD40 werd waargenomen, wat suggereert dat
beschadiging van de Ps (pep) membranen ook in de cellen optrad.

In Hoofdstuk 7 worden de resultaten van in vivo experimenten met Ps gemaakt van PEG-
PDLLA in muizen met tumoren vergeleken met die van stealth liposomen. De effecten van de
oppervlaktelading van Ps op de circulatie kinetiek, de verdeling over organen en de ophoping in
tumoren werden onderzocht. De Ps werden tweevoudig gelabeld door *H-dextraan (MW 70,000
g/mol) in de waterrijke kern op te nemen en door koppeling van '*C-thioglycolzuur aan
gedcryleerde PEG ketens van de Ps. Stealth liposomen (103 nm, -6 mV) gebaseerd op
dipalmitoyl  phosphatidylcholine = (DPPC)/cholesterol met 7.5 % PEG distearoyl
phosphatidylethanolamine (PEG-DSPE) werden gemaakt als vergelijkingsmateriaal. Een
duidelijke langere halfwaardetijd (t;,) van 47.3 uren en een verminderde opname door de lever
(27.9 % van de geinjecteerde dosis (% ID)) werden waargenomen bij gebruik van Ps met een
zeta potentiaal van -7.6 mV vergeleken met die van stealth liposomen (10.6 uren, 39.8 % ID).
Als gevolg van hun langere circulatietijd werd een hogere opname in de tumor (18.6 % ID)
gevonden voor deze Ps na 3 d circulatie terwijl slechts 11.2 % ID stealth liposomen terechtkwam
in de tumoren vanwege hun relatief korte t,,. Bij verhoging van de zeta potentiaal van de Ps
werd een snellere verwijdering van Ps uit de bloedsomloop waargenomen als gevolg van een
verhoogde opname door de lever. Er werd co-lokalisatie van de twee labels van Ps in de
bloedsomloop waargenomen, wat aangeeft dat de tweevoudig gelabelde Ps colloidaal stabiel

waren in bloed en dat er geen lekkage van *H-dextraan plaats vond.
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