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Chapter 1

Introduction



CHAPTER 1. INTRODUCTION

1.1 Drug delivery at the interface of academic research and

industrial development

Pharmaceutical companies underwent massive economic pressure in the last decades. The
major reasons for this were and still are varying challenges which comprise of 1) increasing
regulatory hurdles to enhance drug safety, 2) decreasing effectiveness of industrial research
and development processes in receiving drug approvals and 3) decreasing financial resources

of the society which is less able to fund drug innovations.

The less effective efficacy of development processes was impressively shown by Mullard
[1]. From 1996 to 2010 the number of the yearly drug approvals by the Food and Drug
Administration (FDA) declined from 53 (in 1996) to 15 (in 2010) in a time period of only
14 years. Simultaneously the development costs and the market entry time for each new
drug candidate were continuously rising resulting in less profitability of the newly approved
medicines [2]. In this connection the questions becomes relevant: Why do so many novel
drugs fail? Kola and Landis [3| reviewed this issue in 2004 and presented the most prominent
reasons for drug attrition upon approval. These comprised of factors such as 1) insufficient
clinical efficacy, 2) undesirable pharmacokinetics and low bioavailability, 3) unexpected toxic
side effects, 4) insufficient formulation stability as well as economical reasons like 5) low
marketing success or 6) unjustifiable cost of goods. It can be suggested that these issues
were not limited to drug attrition but also were important factors for the failure of discovery

compounds in early phases.

Looking again at the facts 1) to 6) that Kola and Landis reported, the question arises
which impact novel drug delivery technologies might have to reduce drug failure rates.
Based on the idea of targeted, organ specific delivery, nanoparticles have the potential to
change drug disposition in the body compared to freely administered small molecules [4].
The controllable size, charge and material properties of nanoparticles allowed for potential
changes in biodistribution of the encapsulated drugs. Consequently by controlling the
pharmacokinetic properties of the drug by the carrier system, the drugs’ efficacy, bioavailability
and toxicology profile can be altered (factors 1, 2 and 3 reported by Kola and Landis [3]).
Summarizing all these factors, by increasing the efficacy of development processes, all

participants, pharmaceutical companies and society, will benefit.

Polymeric micelles present a promising tool to increase bioavailability and alter the toxi-
cological profile of the encapsulated drug. Based on above suggestions, the topics of this
thesis comprised of solubilization of hydrophobic drugs combined with in vitro and in vivo
approaches to investigate the micelles’ targeted delivery potential. As many discovery com-
pounds in pharmaceutical industry are hydrophobic [5, 6], polymeric micelles are a highly

interesting drug delivery system which requires intensive fundamental research prior to their
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implementation in industrial development processes. Specific knowledge gaps to date are
in the fields of drug-polymer, micelle-blood and body-polymer interactions. The thesis will
focus on some aspects of these interactions such as 1) drug loading, 2) stability in biofluids, 3)
potential cytotoxic and immunogenic reactions and finally 4) in vivo performance regarding

pharmacokinetics.

Despite the specific gaps in fundamental understanding of micellar systems, a few products
already entered the market: the anticancer drugs Paclitaxel/Docetaxel containing micellar
drugs Genexol-PM® and Nanoxel-PM®. Both drugs reduce the toxicity of the original
formulation Taxol® containing a mixture of Cremophor EL® and ethanol as solubilizers.
Finally these novel formulations led to increased tolerated doses and therefore higher efficacy

compared to the original one [7].

To pick up the thoughts outlined above, the multiple interactions of colloidal carriers with the
biological systems to which they are applied, determine efficacy and safety of nanomedicine.
The fate of nanoparticles upon injection is still quite unknown but definitely will have a strong
influence on both, the particles and the biological system. Enlightenment regarding this topic
will be delivered by analyzing the stress mechanism which colloidal carriers encounter upon
injection. For this purpose, literature was revisited and analyzed in section 1.2 which finally
led to the question what factors can be made responsible for successful accumulating colloidal

carriers in tumor tissue.
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CHAPTER 1. INTRODUCTION

1.2.1 Abstract

Polymeric micelles are ideal carriers for solubilization and targeting applications using
hydrophobic drugs. Stability of colloidal aggregates upon injection into the blood stream is
mandatory to maintain the drugs’ targeting potential and to influence pharmacokinetics. In
this review the most relevant stress mechanisms that polymeric micelles and related colloidal
carriers encounter upon injection are analyzed and discussed (Fig. 1.1), including: 1) dilution,
2) interactions with blood components and 3) immunological responses of the body. In
detail the opsonin-dysopsonin hypothesis was analyzed that points at a connection between
a particles’ protein-corona and its tissue accumulation by the enhanced permeability and
retention (EPR) effect. In the established theory size is seen as a necessary condition to
reach nanoparticle accumulation in disease modified tissue. There is, however, mounting
evidence of other sufficient conditions (e.g. particle charge, receptor recognition of proteins
adsorbed onto particle surfaces) triggering nanoparticle extravasation by active mechanisms.
In conclusion, the analyzed stress mechanisms are directly responsible for in vivo success or

failure of the site-specific delivery with colloidal carrier systems.

Serum protein
interactions

Dilution I

Complement
activation

Direct attraction of
unspecific antibodies
Anti-PEG antibody

attraction

Successful accumulation at
target site?

O Corpuscular blood
components

‘}:‘(\ Serum proteins

g Complement factors
Unspecific antibodies

> (1gG, IgM-type)
Anti-PEG antibodies
(1gM type)

Figure 1.1: Summary of stress factors which colloidal carriers encounter upon injection.
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1.2.2 Introduction

Polymeric micelles currently receive the widespread attention of the scientific community as a
drug carrier system for parenteral delivery. This technology is seen to be as equally promising
compared to the well-investigated liposomes in terms of the two major driving forces for their
development: solubilization and site-specific delivery. Compared to other nanoparticulate drug
delivery systems, polymeric micelles exhibit many unique properties that make them an ideal
approach in the treatment of unmet medical needs. These properties generally comprise of 1)
particle sizes below 150 nm (preferentially 100 nm), which allows for escape of the mononuclear
phagocyte system (MPS) [8], 2) multiple possible core properties and morphologies due to
a variety of applicable chemistries which can increase drug loading and circulation half-life
of the systems [9], and 3) stimulus responsive release of the drug payload in dependence of
particle environment [10]. However, the first micellar products on the market (Genexol—PM®,
Nanoxel—PM®) and ongoing clinical investigations (e.g., NK-105, NK-911, DACH-Platin,
Lipotecan) seem to justify this view on the superiority of polymeric micelles. But only few of
these products alter drugs’ pharmacokinetics significantly and successfully target their site
of action. Reaching both goals by formulation approaches still remains highly challenging.
The main reason for this is that some of the most urgent questions in the application of
nanoparticulate delivery systems have not yet been sufficiently addressed: 1) the idea of
drug targeting is based on the questionable stability of cargo incorporation and consequently
protection from premature release and from circulation elimination, 2) the mechanisms that
accelerate particle accumulation into target tissue are still not fully understood and 3) the
body’s responses to nanoparticle therapies seem unpredictable and exhibit high inter- and
intrapatient variability. Moreover, the interactions between colloidal carriers and living
organisms are very complex and many of them will change the integrity and structure of
such systems in the bloodstream. Dominant stress factors among these interactions comprise
of the following: 1) immediate high dilution of the formulation, 2) interaction with blood
components, as well as 3) rapid responses by the immune system. All of these factors play a
key role in nanomedicines’ safety and efficacy. A powerful protective tool against the influences
of stress factors is a nanoparticle design that reduces the rapid remodeling of the drug delivery
system. In the special case of polymeric micelles, cargo protection is achieved by encapsulation
of the active pharmaceutical ingredient in the hydrophobic particle core which is surrounded
by a hydrophilic shell that prevents rapid clearance by the MPS from the bloodstream [11].
Consequently, the drug-loaded particles exhibit a prolonged circulation time. This necessary
condition is seen to be responsible for site-specific delivery into tumors [12, 13, 14| or arthritic
tissue [15] based on the enhanced permeability and retention effect (EPR) [16, 17, 18|. In the
EPR concept, particle sizes are assumed to be the decisive factor for this passive type of drug

targeting. Maintaining colloidal stability to allow for passive guiding of drugs by the carrier
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system led to a number of micellar products. However, many of these products have not
been approved yet by the health regulatory authorities, although some of them are subject
to clinical trials. A micelle-related colloidal drug delivery system that successfully targets
the drug to tumors received FDA approval in 1995: this liposomal product is marketed as
Doxil® or Caelyx®. It contains the anticancer agent doxorubicine encapsulated in liposomes
made from a mixture of PEGylated and non-PEGylated lipids of 1,2- distearoyl-sn-glycero-3-
phosphoethanolamin (mPEG-DSPE/DSPE) that exhibits excellent in vitro stability [19]. A
number of pharmacokinetic studies with this product have been conducted in animals and
humans. The resulting data contribute significantly to the understanding of nanoparticle
biodistribution and its underlying mechanisms. It was found that a rapid primary blood
clearance of nanoparticles occurred within the first 2 h and was followed by a terminal
clearance after 26 h [20]. In the discussion of these biphasic pharmacokinetics, opsonization
and dysopsonization came into play. Both terms rely on the fact that plasma proteins
adsorb onto nanoparticle surfaces. Opsonins ultimately lead to enhanced phagocytosis of
the tagged particle, whereas dysopsonins prevent particle uptake [21, 22|. Depending on the
nanoparticle properties, one of these species was preferentially attracted onto the surfaces
[23]. This balanced composition is known to be time-dependent [24]. In the case of Doxil®,
one explanation for its pharmacokinetics was thought to be rapid complement activation
[25, 26] combined with opsonization within the first 2 h leading to increased liver uptake
of the liposomes. However, it was found that the adsorption of opsonins was saturable and
incomplete so dysopsonins could attach onto the particle surfaces [20]. Finally the dysopsonins
were seen to be responsible for the increased circulation time. Apart from nonspecific serum
protein interactions another important aspect was revealed for PEGylated nanoparticles:
upon multiple dosing of placebo liposomes, anti-PEG-antibodies were produced as a bodily
response, this phenomenon is also known to arise from the multiple-dosing of PEGylated
drugs [27]. This example makes it quite clear, that a colloidal system undergoes significant
changes once it is exposed to biological systems that lead to alterations in its surface chemistry
completely. This will have a strong impact on the in vivo disposition of such systems. It is,
therefore, the intention of this review to analyze these rapidly occurring mechanisms upon
injection of colloidal systems with special emphasis on polymeric micelles. Furthermore, it
is aimed to revisit the impact of such stress mechanisms on current hypotheses regarding
passive particle targeting in the last section of this article. Such a detailed analysis can
contribute to a better understanding of nanoparticle biodistribution, premature clearance
mechanisms and in vivo failure of targeting. It is intended to renew the views on the design

of in wvitro and in vivo experiments when working with colloidal drug delivery systems.
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1.2.3 Analysis of stress mechanisms occurring immediately upon injection of
polymeric micelles

1.2.3.1 Physical events during injection - formulations entering the body

The most relevant physical stress factor appearing upon injection is immediate dilution of the
formulation. Dilution effects of colloid dispersions are highly crucial to the integrity of micellar
formulations. In regards to this, the most important ones are the thermodynamic and kinetic
stabilities of colloidal associates. Thermodynamic stability is related to the critical association
concentration (CAC) of the micelle forming block copolymers. Upon immediate dilution
which obviously takes place during injection, low molar mass surfactant micelles disintegrate
very quickly [28]. It is well-known that block copolymer micelles exhibit much lower CACs
compared to these low molar mass surfactant micelles |29, 30|. Another advantage of block
copolymers is the possibility to modify the hydrophobic core: an increase in the length of the
hydrophobic block generally leads to a decrease in CAC [31]. Consequently, block copolymer
micelles with long hydrophobic blocks typically exhibit an enhanced thermodynamic stability
and therefore dilution has less of an impact on their stability. These are results from
experiments conducted by Kang et al. who synthesized varying PEGylated polylactic acid
(PEG-PLA) block copolymers and studied their micellar association and kinetic stability [32].
Specific interactions between hydrophobic blocks increased association tendency as studied
with mixed micelles composed of PEGylated poly-D-lactic acid (PEG-PDLA) and PEGylated
poly-L-lactic acid (PEG-PLLA) [33]. Other groups made similar observations and based the
increased stability on an increased number of hydrogen bonds in the core forming blocks
[34, 35|, m—m-stacking [36], hydrophobic interactions [37], ionic interactions in the core [38],
and core cross-linking (39, 40|. Typically CAC values of block copolymers are between 1 and
5 mg/L [41]. Consequently, maintenance of polymer blood concentrations above the CAC
level requires a minimum polymer dose between 6 and 30 mg for an average adult (6 L blood
volume assuming immediate complete distribution). These numbers clearly demonstrate
the importance of association properties especially at low concentrations. Another point is
the kinetic stability of micelles upon dilution in the bloodstream. If micelles are kinetically
stable, dilution below CAC does not necessarily lead to an immediate dissociation of the
polymeric associates. This has been proven by Hans et al. who investigated the in vitro drug
release from micelles upon dilution below CAC in PBS buffer [42]. In this study, mPEG-
PLA micelles with varying hydrophilic/ hydrophobic ratios were loaded with haloperidol
physically or by combining covalent coupling with physical incorporation. Depending on
the core—shell ratio, the physically incorporated drug haloperidol was released immediately
upon dilution (55% w/w PEG) or released in a sustained fashion over days (68% w/w PEG).
These observations were confirmed by fluorescence probe studies that measured the integrity

of micellar associates and found that 55% w/w PEG ratio micelles disassembled into unimers
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whereas 68% w/w PEG ratio micelles remained intact. Interestingly the group concluded
from the combination of drug physical and chemical coupling that an initial burst release even
from the 68% w/w PEG ratio micelles occurred from intact micelles. In their experiments
an enhancement of the hydrophobic block lengths of the polymer did not lead to a decrease
in the burst release as expected. Apart from dilution, kinetic stability also implies stability
against detergents like surfactants [43] or proteins [44, 45]. In this field, the physicochemical
status of the micellar core plays a key role besides the properties of the micellar shell. Micelles
with cores that exhibit high glass transition temperatures, a high degree of crystallinity, or
low interfacial tension of the hydrophobic block with water (“frozen micelles”) [46] reduce the
tendency of disassembly into single polymer chains upon dilution. Another micelle-like carrier
system is dendritic “unimolecular micelles” [47], which exhibit a hydrophobic core as well
as a hydrophobic shell. Due to their unimolecular nature, they do not show disassembling
properties upon dilution but are similarly effective in drug loading of hydrophobic compounds
[48, 49|. Furthermore, they are stable against shear forces and show drug release in a
sustained fashion [50]. To summarize, the existing strategies to increase micellar stability
and reduce premature disassembly upon dilution are based on the following: 1) increasing
hydrophobic block lengths, 2) altering hydrophobic/hydrophilic ratios, 3) selection of the
type of hydrophobic block in terms of physical status and 4) core cross-linking. Another
strategy to overcome the disadvantages of stability upon dilution of such self-assembling
systems could be the preparation of the above mentioned unimolecular micelles. For all of
the above mentioned strategies when fine-tuning the micellar properties, one has to consider
an altered drug release and drug loading capacity [42]. Existing products in clinical testing
that have shown to be successfully at targeting, currently rely on ionic interactions in the
micellar core for stabilization (NK-105, NK-911) by using PEG-polyamino acids [51, 52].
Biodegradability and biocompatibility are excellent for these systems. Evaluations of the
other stabilization strategies such as particle crosslinking seem to strongly increase particle
stability and require further investigations in vitro (drug load, release) as well as in vivo

(degradability and compatibility).

1.2.3.2 Biophysical events upon injection

Apart from immediate dilution of the applied formulation during its injection, polymeric
micelles come in contact with corpuscular blood ingredients as well as humoral components
such as serum proteins, enzymes, electrolytes, lipid particles, and cells. Indeed, these factors
represent a strong stress for micelles and challenge the maintenance of stability. Consequently,
a detailed understanding of the processes appearing at the interface between nanoparticle
surfaces and surrounding biological media is of high relevance. While dealing with this

question the major blood components with strong interaction potential have been identified:

10
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Figure 1.2: Scenario analysis of micelle-protein interactions. PEG-coating of the particles was
made to avoid protein adsorption. Nevertheless, this seems to happen not entirely.
However, proteins can 1) destabilize the colloidal aggregates, 2) extract the drug
from the micellar core due to small diffusion length or 3) completely cover the
nanoparticle. The latter mechanism might lead to a prolonged circulation and
decreased MPS uptake or extended phagocytosis.

certain fractions of serum proteins seem to have a very deep impact on micellar stability and
carrier properties whereas several studies revealed the low influence of corpuscular blood
ingredients [45, 53]. As summarized in Figure 1.2, multiple interaction scenarios of serum
proteins with micelles are possible: 1) destabilization followed by disintegration, 2) drug
distribution from particle core toward proteins by maintaining particle stability, and 3)
opsonization/dysopsonization of particles leading to phagocytosis by the MPS or to extended

circulation.
Stability against serum proteins

Theories of nanoparticle-protein interactions as explanation for disassembly of micelles
The prevention of premature disassembly of the nanoparticles is extremely important for

their in vivo success. A number of studies in the past years have focused on this analytically

11
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challenging issue. Recently, some progress has been made due to the development of easy to
access in vitro experiments for screening the colloidal carrier systems’ serum stability. These
techniques focus on 2D-PAGE analysis [54, 55, 56|, Foerster Resonance Energy Transfer
[53, 57|, dialysis against serum proteins [58|, and separation-based approaches such as size
exclusion chromatography [59], asymmetrical field flow fractionation [57], or fast protein liquid
chromatography [45]. One of the first investigations of interactions between hydrophobic
surfaces and proteins was carried out by Leo Vroman [60]. The Vroman effect describes
protein adsorption onto a limited number of hydrophobic surfaces and a competition was
found between various protein types depending on their affinity to this surface. Directly
upon exposing the surface to serum or plasma, proteins with low affinity adsorb rapidly and
are replaced later by proteins with higher affinity to this surface. This phenomenon had
been studied with fibrinogen [61] that exhibited high initial adsorption onto surfaces, which
decreased over contact time. The adsorptive properties depended on serum concentration
(dilution) [62, 63]. High serum concentrations led to low fibrinogen adsorption, whereas low
concentrations exhibited the opposite effect. Destabilization of colloidal aggregates by proteins
can only take place when proteins are allowed to adsorb onto the surfaces of the nanoparticles.
The suppression of serum protein adsorption from the particle surface is typically thought to
be achieved by a PEG shielding. Complete particle surface coverage and a minimal thickness
in a “brush”-like conformation of PEG chains is seen as the ideal condition to obtain long
circulating particles [64]. If the surface is perfectly protected, thermodynamically triggered
repulsion [64] forces and entropically mediated interfacial water layers [65] prevent proteins
from adsorption. Additionally, Lasic et al. [66] developed an extension of the DLVO theory
for liposomes which helps to explain the repulsive effects of non-ionic surfaces. This theory
already considers colloidal particle surfaces of micelles or liposomes that exhibit a dynamic
equilibrium of associated macromolecules with rather fluidic surfaces. Another theory to
explain extended circulation properties denies the stealthiness of particles themselves and
speaks of a saturable protein opsonization phenomenon. This opsonin—dysopsonin theory was
formulated first by Moghimi and Patel [67] in 1989 based on experimental observations from
1983 with liposomes [68]. It was found that cholesterol-rich liposomes exhibited longer blood
circulation times due to lower protein opsonization compared to liposomes with lower or no
cholesterol content. Furthermore, once the particles were opsonized they showed preferred
accumulation in the liver or spleen [69]. Interestingly, opsonization experiments with serum
from healthy and tumor-bearing rats showed remarkable differences in terms of their blood
clearance by liver and spleen macrophages [70], indicating altered pharmacokinetics in diseased
animals. However, the nature of proteins that act in a similar way to opsonins/dysopsonins
remains partly unknown. Studies have reported calcium-dependent proteins as opsonins [71],
whereas other investigations limited the knowledge of dysopsonins to their molar masses

above 100 kDa [22|. Fibrinogen was found to be an opsonin |72] and albumin was believed to
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be a dysopsonin [23]. In theory, after clearing the pool of protein-opsonins in the bloodstream,
the remaining particles showed prolonged circulation. This hypothesis was used to explain the
biphasic pharmacokinetic of the liposomal drug Doxil® [20]. Other studies with liposomes
supported this hypothesis [73]. Doubts on the perfect stealth properties of PEG surfaces have
arisen from several groups in the past: Vert et al. [74] showed the high compatibility of serum
albumin to PEG of certain molar masses. For specific PEG molar masses (<8 kDa), the group
postulated perfectly albumin covered surfaces. Consequently, the resulting particle mimicked
“native” albumin particles. This hypothesis is supported by the recent studies of Tenzer
et al. [75]. The group investigated the protein-corona of modified silica nanoparticles and
identified albumin as the most abundantly absorbed protein on the surface. Furthermore, they
impressively showed the major influence of particle size and the minor role of particle surface
charge on protein adsorption. In total, more than 125 different proteins could be identified
on the surfaces. Emmenegger et al. investigated anti-fouling properties of PEG-coated gold
chips in the presence of serum proteins. They found that a certain serum fraction (>350
kDa) was adsorbed onto the surface of PEG with varying molar masses |76]. Also, a similar
yet unusual behavior of fibrinogen on hydrophilic surfaces was found to be modulated by high
molecular weight kininogens [24, 77|. Fibrinogen, albumin, and complement adsorption were
also found on PEG surfaces in dependence of PEG density, as studied by Unsworth et al. with
PEGylated gold nanoparticles [78]. This effect was also observed on other particle species,
such as solid lipid nanoparticles |79, 80|. Summarizing these studies on the stealthiness of
PEG surfaces, legitimate doubts could arise if this material is able to completely prevent
protein adsorption and consequently allows for selective opsonization/dysopsonization. In
this connection, the observations of Vroman can be used to explain time-dependent changes
of opsonin and dysopsonin adsorption. Moreover, many different proteins participate in the
formation of this effect and it is not completely clear which role each species plays with regard
to opsonization-dysopsonization. In this context, the questions arise how stealthy PEGylated
micelles are and what impact the repulsive properties have on micellar stability. However,
once proteins are allowed to adsorb to the surface, cohesive forces of the micellar core decide
about the particle stability. Again, similar issues are responsible for nanoparticle stability as
previously discussed for thermodynamic and kinetic stability. Furthermore, it is remarkable
that this physicochemical status can be altered by residual solvents [81] from preparation
and water, as well as drug incorporation. These moieties can act as plasticizers and increase
or decrease carrier stability. For example, Chen et al. identified a- and B-globulines that led
to fast disassembly of PEG-PDLLA micelles [53]. Similar observations and impacts of these
serum fractions were found by Diezi et al. who investigated PEG-DSPE micelles that showed
rapid disintegration [82]. In the same study, PEG-block-poly-(N-hexylstearate-aspartamide)
(PEG-b-PHSA) micelles exhibited high stability against serum proteins. As indicated by

these studies, micellar architectures are very heterogeneous, and there seems to be no direct
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correlation between a particular physicochemical parameter and serum stability [57]. Apart
from this, the mechanism of micellar disassembly upon contact with serum proteins has
not been fully understood yet. However, the examples above make it clear that the results
concerning influence of the PEG shell on micellar stability are quite heterogeneously shown
and discussed in literature. Prediction seems to be challenging if the protein coating acts as

stabilizer or increases the tendency of the system to disassemble.

Stability of drug incorporation against extraction As previously analyzed, protein binding
to nanoparticle surfaces is an important event upon injection. The most abundant protein in
serum is albumin. Generally the diffusion pathways of small molecules between micellar core
and proteins adsorbed on nanoparticle surfaces are short because PEG shieldings exhibit
typical thicknesses of about 15 nm [83]. Consequently, the question arises if additional
distribution phenomena from nanoparticle cores toward adsorbed serum proteins play a role.
In the following section it is intended to point out drug properties that are associated with
nanoparticle design to finally clarify the role of such distribution phenomena. Originally,
the motivation for developing polymeric micelles was solubilization and bioavailability en-
hancement for poorly soluble drugs. However, most drugs in pharmaceutical development
with solubility issues are hydrophobic as well and therefore eligible for encapsulation into
nanocarriers. But, in line with hydrophobicity, the drug’s protein binding affinity is increasing:
Ritchie and Macdonald [84] have shown by analyzing ~8000 drugs in the GlaxoSmithKline
library that the probability of low aqueous solubility increases with the number of aromatic
rings in the drug molecule and simultaneously goes along with stronger albumin binding.
On average, albumin binding of these compounds is heavily increased, up by 75% when 1—3
aromatic rings are present and even up to 95% or more when 4 aromatic rings appear in
the drug molecule structure. Consequently, drug disposition within colloidal carriers toward
extraparticulate acceptors like proteins pose a dynamic equilibrium. Especially in the case of
polymeric micelles, this equilibrium can shift upon injection from the hydrophobic particle
core toward surrounding proteins depending on the affinity of the drug. Generally, in the
circulating bloodstream the number of proteins that could serve as a drug acceptor exceeds the
reservoir of nanoparticles. Concluding from this it would be an appropriate scenario that long
circulating particles can lose their drug payload due to simple distribution toward serum pro-
teins and continue circulating as “empty carriers”. First observations of this issue were made
by Burt et al. [85]. The group loaded 3H-labeled Paclitaxel into *C-labeled mPEG-PDLLA
micelles and followed biodistribution in rats. As a result of their studies the authors found a
discrepancy between drug and micelle biodistribution even after a couple of minutes upon
injection. The group concluded that Paclitaxel was rapidly released from the micelles, while
the carrier system was circulating for a longer time (~15 h). Later Burt’s group investigated

the Paclitaxel plasma distribution in vitro in dependence of drug formulation. Drug solution
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was compared to 2 PEG-poly-(e-caprolactone) (PEG-PCL) formulations [86]. After 1 h
of incubation with human plasma, the drug encapsulated in mPEG14-b-PCL1g micelles
showed a similar protein distribution compared to drug solution. Prolonging the hydrophobic
block to mPEG114-b-PCLjg4 led to the majority of drug remaining in the micelles. A highly
interesting finding came from the inverse designed experiment in which Paclitaxel solution was
incubated with plasma and blank mPEG14-b- PCL1¢4 micelles were added. Unexpectedly,
the results showed that drug distribution from plasma proteins toward micelles appeared in
the other direction as well. The group suggested from their findings that the redistribution
and accumulation of Paclitaxel from proteins took place at the interface between PCL core
and PEG shell. The recent investigation of Letchford and Burt [87] proved this hypothesis of
drug extraction in vivo. The authors included the previously described block copolymers in
their study and investigated mPEG114-b-PCL1g4 and mPEG114-b-PCL1g on in vitro serum
stability and in vitro drug release, as well as in vivo biodistribution. As expected, the polymer
with the longest hydrophobic block exhibited higher in wvitro serum stability assessed by the
FRET technique [53], which had been previously used to study micelles on their stability in
biofluids. Moreover, the particles from this polymer species released the drug Paclitaxel in a
more sustained fashion compared to the polymer with shorter hydrophobic block length. By
employing radiolabeling of polymer and analyzing the distribution combined with the drug,
the in vivo biodistribution revealed rapid dissociation of the micellar adducts: independently
of their in vitro properties, 99% of the drug was eliminated from plasma within 15 min upon
injection, whereas the polymeric carrier systems remained circulating for several hours. These
results were very awakening and questioned the overall concept of drug targeting with drugs
encapsulated in self-assembling systems. However, as shown in the studies of Burt et al.,
drug distribution from micelles to protein fractions in blood is a dynamic equilibrium. The
investigated drug Paclitaxel is highly lipophilic with ~95% protein binding affinity, primarily
to albumin and a-1-acid glycoprotein [88]. Liu et al. [89] observed similar distribution
phenomena with PEG-poly-(5-benzoyloxytrimethylene carbonate) (PEG-PBTMC) micelles
loaded with ellipticine. In this study, drug release was found to be strongly dependent on
protein concentration. A similar observation of drug extraction from carriers was made by
Chen et al. who investigated PEG-PDLLA micelles loaded with two dyes exhibiting a FRET
pair (Dil and DiO) [53]. After a short period of time (15 min) upon injection into mice, the
FRET effect decreased strongly, indicating loss of dye payload. The group also investigated
the in vitro serum stability of these micelles with the same dyes and found them to be quite
stable. A possible explanation for this observation could be the high lipophilicity of the dyes
and, consequently, a high affinity to lipid bilayers. Furthermore, in systemic circulation, the
amount of proteins is certainly higher than in in vitro experiments. Summarizing the cited
studies above it is clear that the relevance of drug distribution between nanoparticles and

serum proteins is highly important. According to the contemporary literature, it seems as if
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this problem is underestimated. A strong drug—polymer interaction is essential for stable
drug incorporation into nanoparticles. In the case of low interaction forces between the drug
and the nanoparticle core, premature drug release combined with continued “empty” particle
circulation could occur. As previously shown in published literature, this effect takes place and
has two major consequences on the results of in vivo experiments: 1) the highly hydrophobic
drug is released and can be distributed toward serum proteins that are able to carry it to the
target site and 2) if biodistribution of the carrier is followed, an accumulation of the carrier at
the target site does not necessarily lead to an accumulation of its cargo. Consequently, carrier
and payload follow completely different biodistribution patterns. As indicated by the studies
of Burt et al., the distribution effect is very fast. This generally questions the application
of self-assembling systems with physically incorporated drugs that rely on weak interaction
forces such as hydrophobic interactions for altering drugs’ pharmacokinetics. A strategy to
avoid this release was shown by the product NC-6004, which incorporated Cisplatin in a
coordinative complex with a polyglutamine micellar core. Pharmacokinetic studies showed

an incredible extension of circulation time compared to drug solution [90].

Immunological responses Strong immunological responses of the body upon nanoparticle
injection is a major mechanism that triggers rapid particle clearance from circulation. In
Figure 1.3 the most relevant interactions are portrayed. In the following sections of the

article, the most relevant effects will be highlighted.

Complement activation Introduction of foreign macromolecular materials into a living
body leads to an activation of the humoral immune system [91, 92, 93]. As a part of this
system, complement activation is an efficient mean for the immune system to recognize and
initiate clearance of particle-like organisms such as viruses or bacteria from the bloodstream
[94]. Tt is worth mentioning the fact that typical sizes of viruses are equal to that of colloidal
systems [95]. As discussed above, PEG is a widely used material to achieve stealthiness
that aims at avoiding opsonization and, consequently, rapid uptake by the MPS. The mode
of binding of complement factors onto the particle surface was nicely reviewed by Karmali
and Simberg [93|. Furthermore, the investigations of Szebeni and Moghimi contributed to
the knowledge and understanding of complement activation by PEGylated surfaces. The
authors revealed that, as a special type of hypersensitivity reaction, CARPA (C-activation
related pseudoallergy) is associated with nanoparticles [96]. This reaction is known to be
non-IgE based but initiated by the classical, alternative, or lectin pathway of complement
activation (C3a-, Cha-activation). Upon injection of nanoparticles, complement activation
appears rapidly which finally activates immune competent cells such as mast cells or other
granulocytes. In sensitive patients this could lead to anaphylactic reactions [97]. Several

in vitro tests were proposed for screening the tendency of nanoparticulate formulations on
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Figure 1.3: Immunological effects that are responsible for premature nanoparticle clearance.
The most impacting mechanisms are shown: 1) complement activation, 2) unspe-
cific antibody attraction and 3) anti-PEG antibody attraction.

complement activation [98, 99|, as well as a porcine in vivo test [25]. The high relevance of
complement activation in humans was already investigated with the liposomal drug delivery
system Doxil® [100]. Apart from severe hypersensitivity reactions complement activation
plays an important role in particle opsonization followed by phagocytosis in the MPS and
is therefore an important mechanism that can alter particle biodistribution and circulation
kinetics. Once “detected” by the complement system, rapid clearance can occur.94 Considering
this idea, Yang et al. performed an in vitro study to answer the question of complement
activation and phagocytotic uptake in relation to PEG block lengths on the particle surfaces
[101]. The group prepared PLGA nanoparticles with and without varying PEG chains and
incubated them with different sera types. The incubated and opsonized particles were studied
on phagocytosis by murine peritoneal macrophages. To distinguish between effects caused
by 1) antibodies or 2) the complement system, the authors applied murine anti-IgG (model
protein for inhibiting antibody response), EGTA (inhibits classical complement pathway),
and EDTA (inhibits both pathways). As a result of their study, decreasing phagocytotic
uptake of nanoparticles was found less dependent on anti-IgG but more on complement
system. Furthermore, widely accepted “stealth” PEG block lengths (2 and 5 kDa) and
hydrophilic/hydrophobic ratios (from 2.5% to 10%) played a significant role in reducing
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adsorption of opsonins due to complement activation onto particle surfaces. The influence of
the PEG chain on nanoparticle distribution compared to bare PCL nanoparticles dependent
on complement activation was also studied by Shan et al. [102]. Although PEG is known as
a complement activator, lower opsonization and phagocytotic rates by macrophages (bare
NP, 90% phagocytosed 5 min upon injection; PEGylated NP, 45% phagocytosed 5 min
upon injection) were found for the PEGylated species that reduced complement activation
significantly and finally increased circulation time of PEG-PCL particles. Polymeric micelles
also present PEG at their surfaces and therefore could be able to activate the complement
system. As indicated by the cited studies, complement activation upon nanoparticle injection
plays an important role in their safety and biodistribution. Although the liposomal product
Doxil® showed strong complement activation in vitro [98] and most likely in vivo by causing
anaphylactic reactions in certain patient groups [26], these liposomes showed a prolonged
circulation time in the second part of their biphasic pharmacokinetics [20]. Consequently,
the influence on circulation times of nanoparticles seems to be more or less unpredictable.
Opsonization by complement can lead to rapid particle phagocytosis and the underlying

mechanisms have not been fully understood yet.

Unspecific antibody attraction and opsonization Apart from antibody opsonization upon
complement activation, very little is known about the direct interaction between circulating,
unspecific antibodies and nanoparticle surfaces. Some studies reported in the past an influence
of Immunoglobulin G [103, 104, 105] and M [106] on particle opsonization. From the cited
studies it is very speculative to make a conclusion on the relevance of this phenomenon.
Finally, it is hard to distinguish in experiments between complement activation followed by
immunoglobulin attraction or immediate immunoglobulin attraction without any complement
activation. Nevertheless, it has been shown in these studies that PEGylated surfaces can
inhibit very strong immunoglobulin attraction and, consequently, maintain the stealth effect

of the particles.

Anti-PEG-antibodies When PEGylation arose as a strategy to prolong circulation and
decrease degradation of therapeutic proteins, in 1983 Richter and Akerblom found an anti-PEG
antibody formation in rabbits and mice by coupling different PEG chain lengths with varying
adjuvant proteins [107]. As a result of their study, they could harvest anti-PEG antibodies and
concluded that a sequence of 6—7 ethylenoxide units was the “antigen determinant”. One year
later, in 1984, the same authors investigated the natural occurrence of anti-PEG antibodies in
allergic and healthy patients and identified them mainly as IgM isotype [108|. The prevalence
in allergic patients was significantly higher than that in healthy ones. Nevertheless, upon
PEG-hyposensitization nearly 50% of the patients showed an anti-PEG antibody response.

This number declined over 2 years of treatment to ~28%. Overall, titer of these anti-PEG
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antibodies in patients’ serum was very low. Therefore, the authors concluded that their
findings were of no clinical significance. By increased usage of PEGylated drugs, knowledge
on clinical relevance increased simultaneously. Ganson et al. described the formation of IgM
and IgG anti-PEG antibodies in a phase I clinical study with PEG-uricase upon a single
s.c. injection [109]|. The authors identified two patient collectives: the first with high drug
titers after 3 weeks of injection and the second with no detectable drug titers after 10 days of
treatment. Consequently, the second specific patient group was more susceptible to antibody
formation that led to rapid clearance of the drug. Interestingly, the analyzed anti-antibodies
were of two species: one against the drug uricase and the other against PEG. Armstrong
et al. analyzed serum samples from patients treated with PEG-asparaginase [110]. It was
previously reported that therapy with this drug could fail due to antibody formation in
25% of the patients. Armstrong et al. found a strong positive correlation between antibody
formation and rapid drug clearance and finally advised an anti-PEG antibody screening
prior to the therapy for every patient. Nowadays the formation and appearance of anti-PEG
antibodies upon multiple dosing of nanoparticles is still intensely discussed in literature; it
has been found that such antibodies have a huge impact on nanoparticle distribution: The
effect is called “accelerated blood clearance (ABC) phenomenon”; and is caused by anti-PEG
IgM formation and was first observed for nanoparticles in rodents and rhesus monkeys
[27, 111]. This antibody formation takes place in the spleen where a certain amount of all
nanoparticles, depending on their size, accumulate [112]. Recent studies in B- and T-cell
deficient mice make splenic B-cells responsible for this IgM secretion, whereas the detailed
mechanisms of this phenomenon yet remain unclear [113]. The studies of Ishida et al. with
liposomes revealed a dose dependency of the lipid inducing antibody formation. Predosing
low lipid amounts (1 ymol per kg) without drug (blank liposomes) induced increased antibody
concentrations, whereas higher doses (5 pmol per kg) of lipids showed lower IgM response.
When doxorubicine-loaded liposomes were applied, even in low lipid doses, the IgM formation
was decreased compared to empty liposomes. Upon injection of the liposomal drug Doxil®
for several times into animals, blood concentrations of doxorubicine, as expected, did not
decrease with every injection [113]. It was suggested in this study that the encapsulated
anticancer drug led to an inhibition of antibody induction by reducing the number of B-cells
as a result of cytotoxic effects. Similar observations of this ABC phenomenon were also made
by the group of Romberg et al. [114]| with liposomes and by Ishida et al. for PEG-PLA
nanoparticles [115], as well as for siRNA-loaded cationic liposomes [116]. The relevance for
polymeric micelles was investigated and a strong size dependency was found. For micelles
<~30 nm in diameter it was believed that the ABC phenomenon has no relevance [117].
The question remains as to what extent these results are unexpected and what impact
they have on multiple dosing in humans. From the current point of view, the probability

and clinical significance of anti-PEG antibody formation seems to be underestimated. A

19



CHAPTER 1. INTRODUCTION

detailed understanding of the formation mechanisms is the basis for the avoidance of therapy
failures. The results from further studies could give an answer to the question if PEG was
the only highly suitable material to achieve stealth properties. Development of ELISA test
kits to screen anti-PEG antibodies state the upcoming clinical relevance of this issue [118].
Furthermore, Koide et al. [113] argued that this phenomenon is not seen for the liposomal
Doxil® due to cytotoxic effects of the anticancer agents on antibody producing splenic cells.
If this hypothesis is true, then the question is, if nanomedicine is only applicable for cancer

treatment or for other indications too?

1.2.4 Implications for passive targeting

Generally, there are two strategies available that allow for drug targeting to disease-modified
tissue. Active targeting focuses on the coupling of targeting moieties onto nanoparticulate
surfaces. The moieties represent ligands to cell-specific antigens that mediate coupling and
uptake of colloidal associates into the target cells [119, 120]. Contrary to this concept is the
passive targeting that utilizes the unique size properties of colloidal carriers. In the following
sections it will be focused on the passive targeting concept because the above stress factor

analysis contributed most to this concept.

1.2.4.1 Evidence of EPR effect for macromolecules

Accumulation of macromolecules in disease-modified tissue like tumors or arthritic tissue
is believed to be based on the Enhanced Permeability and Retention (EPR) effect. The
concept of EPR was formulated in 1986 by Maeda and Matsumura based on the observations
that macromolecules (e.g., albumin, dyes attached to albumin, IgG) show an enhanced
tumor accumulation and could sustain in tumor tissue for long periods of time [16]. The
group of Maeda et al. [18, 121, 122, 123, 124| named the following anomalies that could
be found in various disease-modified tissues “EPR”: 1) high vascularization density, 2)
leaky vasculature, 3) decreased lymphatic drainage, and 4) participation of certain tissue
inflammation mediators (e.g., NO, Bradykinin, VEGF, Prostaglandins) that support the
formation of 1) and 2). Further studies showed that a minimum molar mass for this tumor
accumulation is mandatory: macromolecules above 40 kDa cannot be excreted via free
filtration from the kidneys and represent the molar mass minimum [16]. The EPR effect
with macromolecules has been shown numerous times in diverse disease models and has
been reviewed extensively [12, 17, 125, 122, 126]. Apart from molar mass considerations,
the group of Dellian et al. [127] reported differences in tumor accumulation of BSA and
IgG that were chemically modified. The modifications changed the electrical charges of the

proteins by keeping their molar mass nearly constant. The results of their study showed,
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that the cationic particles of BSA and IgG exhibited the shortest serum half-life yet and
the highest tumor accumulation compared to the anionic species. Simultaneous uptake in
healthy tissue increased as well. This observation corresponded to the anionic surface charge
of endothelium cells in healthy and tumor tissue, which consequently increased the retention
of cationic particles. An often cited experiment in this context to prove the accumulation of
macromolecules in tumor tissue is based on experiments with the SMANCS adduct consisting
of poly-(styrene-co-maleic acid) (SMA) copolymer coupled to neocarzinostin (NCS) [18].
Maeda et al. compared tumor accumulation of the polymer adduct with the unbound NCS.
It was shown that the SMANCS adduct (16 kDa) was retained more effectively in the
tumor tissue compared to NCS (12 kDa) due to the SMANCS’ high affinity to albumin
[128, 129]. Consequently, the efficacy of SMANCS was based on the utilization of albumin
as a “ferry” (final molar mass: ~92 kDa). This hypothesis was supported by Pimm and
Hudecz [130] who compared the tumor accumulation of varying serum proteins with that
of synthetic macromolecules. The results were acquired from radiolabeling natural proteins
(albumin, IgG, transferrin) and synthetic macromolecules (polypeptides with poly-L-lysin
backbone). The protein and macromolecular species were injected into tumor bearing mice
(subcutaneously implanted tumors) and tumor/blood concentration ratios were utilized to
evaluate the accumulation efficiency. As expected, the results showed a strong accumulations
of transferrin and albumin in the tumor tissue. Compared to the accumulation values of
these natural macromolecules, the synthetic macromolecules accumulated to a lesser extent
in the tumor tissue, even when exhibiting long blood circulation times (~26 h and more).
The authors were aware of the fact that their polymers might not be suitable for such
distribution experiments, but according to the EPR theory, long circulating macromolecules
should invade the tumor extensively. Charge effects were included in the study by utilizing
two different labels (Iodine-125 and Indium-111). The authors raised the question how
permeability “enhancement” can be defined and what factor one could use to evaluate this
(organ/blood concentration ratios, control groups with serum proteins). The group concluded
that enhancing tumor uptake of macromolecules could simultaneously enhance uptake in
the liver, spleen, or kidneys as well. The authors stress the need for consideration of this
matter when deliberating passive tumor delivery of macromolecules. So far, there has been

no evidence of nanoparticle formation in the studies mentioned above yet.

1.2.4.2 The EPR effect in case of nanoparticles

It is generally believed that similarly to macromolecule accumulation in tumors one can
conclude that nanoparticle accumulation is based on similar effects, especially that long
circulation necessarily leads to superior tumor accumulation [131]. However, this remains

questionable due to the high molar mass differences between macromolecules in the several
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hundred kDa range and nanoparticulate associates with masses of possibly several millions
of kDa. In this context, the investigations of Dreher et al. [132] revealed that, for dextran
macromolecules, the optimal tumor accumulation molar masses range between 40 and 70 kDa.
Although the plasma half-life of dextrans with higher molar masses up to 2 MDa resulted in
an extended blood circulation time, it still led to a less-effective extravasation and penetration
into tumor tissue. In detail, 2 MDa dextran exhibited the longest circulation time but did not
reach the extravasal tumor accumulation of 70 kDa dextran. Consequently, the often described
paradigm [12, 18, 122| that long blood circulation relates to high tumor accumulation of
macromolecules does not necessarily work. When high molar mass macromolecules show a
decreased extravasation compared to low molar mass species, then what does this mean for
nanoparticles? Many studies have revealed without any doubts that increased accumulation
of nanoparticular formulated drugs is related to the EPR effect [133, 134]. Other authors
that investigated particulate tumor accumulation were much more reserved in concluding
and supporting the existence of an EPR effect [135, 136] based on their observations. So far,
the proposed mechanisms leading to nanoparticle extravasation from bloodstream comprise
of leakage from blood vessels through fenestrations, transendothelial channels, and anomalies
in the endothelial basement membrane [137, 138]. When talking about nanoparticle tumor
accumulation, the question of size ranges for the tumor blood vessel fenestrae comes up.
Due to the varying expression of tissue anomalies in different tumor models, the information
reported in the literature is strongly scattered. The proposed size ranges for particles utilizing
the EPR effect range from several nanometers for macromolecules over 200—300 nm [134] to
2 ym [139]. Yuan et al. [140] proposed pore cutoff sizes between 400 and 600 nm. Hobbs
et al. [138] investigated the leaky vasculature extensively and revealed intercellular gaps
between 200 nm and 1.2 ym. The group also found an impact of hormones on the vascular
leakiness of hormone-dependent tumors. As an example, in a testosterone-dependent tumor
hormone withdrawal led to a decrease in the pore size from 200 to 7 nm within 48 h. Another
discrepancy was found between the same tumors in different locations within the animal.
Tumors grown in the cranial environment had smaller pore sizes compared to subcutaneously
implanted ones. Interestingly leakiness for albumin was found to be equal in all investigated
tumor models [138]. Xiao et al. [141] showed dependence of tumor size on the extent
of accumulation of polymeric micelles. Larger tumors showed a higher extent of particle
accumulation compared to smaller tumors which were related to “underdeveloped vasculature”
[141] in small tumors. Apart from this Feng et al. [142] found that tumor vessel fenestration
was highly dependent on the tumor model. It was previously shown by Maeda et al. [122]
that a vascular endothelial growth factor (VEGF) was of high relevance for the EPR effect.
The group of Feng et al. [142] investigated two well-known VEGF-secreting tumor models
and revealed fenestrations in only one of these models. By checking both tumor models

on vascular permeability with a plasma protein, extravasation was found in both models.
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The group especially argued for and proved the presence of endothelial cell vesiculo-vacuolar

organelles that allowed macromolecules to extravasate from vessels.

1.2.4.3 Additional factors shaping EPR effect

Upon discussing morphological and physiological issues of tumor tissue the question now
arises which additional mechanisms could play a role in accumulation of nanoparticles in
disease modified tissues? A point which has not been highlighted in this article yet is the role
of tumor nutrition: Rapidly proliferating cells obviously have an increased need of nutrients.
The review of Stehle et al. [143] nicely summarized tumor uptake of varying nutrients from
the bloodstream. The group concluded that glucose and albumin were the most relevant
molecules that maintain rapid cell growth in tumor tissue. The authors proposed that the
high albumin consumption of the tumor cells provided a negative nitrogen balance in a late
tumor state and that, therefore, tumors were often called “nitrogen traps”. In this case,
the effect could lead to cachexia. Additionally, the group described the accumulation of
albumin in the well oxygenated periphery of the tumor tissue due to the lack of lymphatic
drainage. Evidence for this phenomenon was provided by radiolabeled serum albumin,
which showed enhanced tumor accumulation [144], leading to increased osmotic pressure
in tumor tissue based on this natural macromolecule accumulation. Consequently, in the
tumor periphery, cell energy is generated from protein metabolism. It was presented by
Stehle et al. that uptake of albumin in tumor cells took place by pinocytosis, indicating
a nonspecific mechanism. Albumin accumulation in other disease modified tissue plays an
important role too, for example, in rheumatoid arthritis. Patients in their acute disease state
exhibited a hypoalbuminemia and an extremely high accumulation of albumin in inflamed
joints [145]. However, this physiology could favor the delivery of nanoparticles into disease
regions by utilizing proteins as “ferries”. The underlying physiology in arthritis and therefore
the retention of colloidal carriers were found to be based on a different mechanism compared
to the EPR effect: the reason for extravasation was seen in “leaky vasculature and subsequent
inflammatory cell-mediated sequestration (ELVIS)” [146]. Depending on the disease state
(acute vs chronic), lymphatic drainage is counterbalanced: in acute states the lymphatic
flow was increased, whereas in the chronic state the number of mainly leaky lymphatic
vessels increased [147, 148]. Consequently, the overall lymphatic flow is not decreased as
it was found in solid tumors. Therefore, enhanced retention in arthritic joints was found
to be increased by the uptake of colloidal systems into synovial cells [149]. Coming back
to the original discussion on tumor accumulation and retention, recent investigations with
Paclitaxel-coupled albumin nanoparticles (Abraxane®) suggest the involvement of active
mechanisms that guide albumin nanoparticles into the tumor region. According to Desai

et al. [150, 151], the following two mechanisms are involved: 1) transcellular uptake by
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gp-60 receptor on endothelial cell surfaces and 2) SPARC (secreted protein acidic and rich in
cysteine) overexpression in tumor cells with increased albumin retention. The group [150]
came to this conclusion on the gp-60 receptor mechanisms by performing in vitro uptake
experiments with Abraxane® compared to Taxol® (Cremophor EL® / ethanol formulation).
Inhibition of gp-60/caveolar transport by addition of S-cyclodextrin decreased the transcytotic
transport of Abraxane®. SPARC was found to be secreted in many different tumor cell
lines [152] and to be a strong affinity albumin binding protein [153]. The group of Desai et
al. [151] investigated tissue samples from patients suffering from head and neck cancer that
were treated with Abraxane® on SPARC expression levels. They showed a correlation of
enhanced SPARC expression in head and neck cancer patients with increased response rate of
Abraxane® nanoparticles (83% responders in SPARC overexpression group vs 25% in SPARC
normal expression group). As indicated by this analysis of mechanisms upon injection, it is
highly unlikely that injected nanoparticles arrive at the tumor tissue in their original form.
Greish et al. [154] investigated styrene-maleic acid micelles for encapsulation of pirarubicin
and confirmed the high albumin binding capacities of the micelles. Upon albumin adsorption
the micelles reached a molar mass of around 94 kDa and were found to accumulate successfully
in tumors. So what role does the protein corona play in tumor accumulation? Walczyk
et al. published in 2009 their results on the “rigidity” of the protein corona adsorbed onto
nanoparticle surfaces. From studying several modified polystyrene (PS) and SiO9 particles
concerning their protein surface adsorption properties they revealed a “hard” corona (protein
double or single layer) protein species pattern that was highly dependent on the particle
type [155]. Due to the high stability of attached proteins they proposed that biodistribution
could be altered by protein adsorption and that this corona might change again once it has
reached the target cells. Most likely the target cells did not “see” the bare nanoparticles but
most likely these highly complex protein shells [156]. Ehrenberg et al. [157] investigated the
relation of nanoparticle surface properties (e.g., charge) and protein adsorption patterns on
the particle binding to a human endothelium cell line in vitro. The group found a direct
correlation between surface properties, protein content adsorbed onto the particles and
binding to endothelium cells. Upon depletion of the most abundant proteins from serum
and incubation with this depleted serum, the adsorption pattern on the surfaces changed as
expected. Unexpectedly, the binding properties to endothelium cells remained unchanged.
From their experiments the group concluded on the high relevance of unspecific uptake
mechanisms for particles with high protein coverage. For particles with low protein coverage
active receptor-mediated uptake could not be excluded. The dysopsonic [158] properties of
albumin were subject of further investigations by Furumoto et al. [159]. The group coupled
albumin onto the surfaces of PEG-liposomes and investigated biodistribution in rats. In
fact, albumin coupling prolonged circulation time of albumin-PEG-liposomes compared to

bare PEG-liposomes. Simultaneously, liver deposition of the albumin-bound PEG-liposomes
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decreased. The investigations of Crielaard et al. are in contrast to these, they utilized surface
plasmon resonance to elucidate PEG-liposome attachment on protein-coated chips [160].
They revealed high affinity of PEG-liposomes to apolipoprotein E and ag-macroglobulin
and a low affinity to human serum albumin. Both proteins are known to be opsonins. In
in vivo experiments, the interaction of several proteins with liposomes were successfully
correlated with plasma clearance. Considering these studies, there is strong evidence that
target accumulation of nanoparticles in tumor tissue is not only a matter of particle size, but
also depends on the protein corona adsorbed onto the particle surface. Albumin and other
proteins seems to play a highly important role as dysopsonins by prolonging the circulation
of nanoparticles and might present a nutrient for tumors or inflamed tissue, thus, being
preferentially phagocytosed by rapidly proliferating cells. The importance of other serum
proteins on tumor accumulation needs to be further elucidated. Furthermore, extended
circulation times of particles seem not to be a prerequisite to making use of the EPR effect;
it is rather a matter of surface attached dysopsonins that finally guides the particles to
the target organs. Apart from this, there are successfully targeting drugs on the market
or in research that are bound to albumin (Abraxane®) or bind to the protein in situ (e.g.,
Doxo-EMCH) [161]. Overall, the dysopsonin theory is not that new and was used to explain
the biphasic pharmacokinetics of Doxil® [20].

1.2.5 Conclusion

In this review it was analyzed relevant and important stress factors that colloidal drug delivery
systems encounter upon injection with special emphasis on polymeric micelles. High dilution,
multiple interactions with serum proteins, complement activation, and antibody attraction
can accelerate premature particle and drug clearance from the bloodstream. The mechanisms
involved are rather complex but should be considered when designing nanoparticles and
eventually in evaluating the failure of nanomedicines during n vivo experiments. In this
context it seems that protein adsorption has a strong impact on nanoparticle biodistribution
and their uptake into diseased tissue. Due to advances in analytical techniques, interactions
of nanoparticles with serum proteins can be monitored in vitro. The role of premature drug
redistribution from nanoparticles toward serum proteins remains unknown. In the case of
drugs with high protein binding affinities, successful transport to the target site of action
could be carried out by such drug—protein adducts. However, some studies indicate that
nanoparticle sizes and the selection of an appropriate tumor model state were necessary
conditions but not the only factors that affect the EPR effect. It is suggested to consider the
opsonin—dysopsonin model to explain the pharmacokinetics and tumor uptake of existing

successfully targeting systems as well.
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1.2.6 Future perspective

The performance of nanoparticles for intravenous drug delivery should be carefully evaluated
in terms of their 1) colloidal stability upon dilution and contact with serum proteins, 2)
drug incorporation stability, and 3) relevance of immunological responses of the human body.
Most of these questions can only be answered in vivo (preferentially human), but in vitro
approaches could give valuable hints (e.g., in vitro complement activation, serum incubation).
A subject of future investigations will be the appearance of nanoparticles (protein corona) at
their target site of action. A detailed understanding of all relevant uptake mechanisms into
tissue is extremely important. Additionally, future clinical trials must reveal the relevance
of the EPR effect in humans for colloidal nanoparticles to give evidence, if the promising
developments and theories from the past decades contribute significantly to the efficacy and

safety of drug therapies.
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1.3 Research objectives of the thesis

The research focus of this thesis was the preparation, characterization and investigation of
polymeric micelles for organ specific drug delivery purposes. This challenging issue was to be

clarified based on the following pillars:

1. Drug loading efficacy: Concerning therapeutic efficacy of colloidal carriers their
loading with the drug (drug/polymer ratio) is a crucial parameter [8]. Typically drug
loads in polymeric micelles are quite low and need enhancement by novel polymer
architectures or drug loading techniques. One example for this are griseofulvin loaded
PEG-PLA micelles with a load of 0.65% [162]. Other systems were more successful
and there are reports in literature which describe impressive loading rates e.g. of 10%
for taxane derivatives [163] or 19% for cyclosporin A [164]|. Consequently one goal of
the thesis was the investigation of drug loading mechanisms into micelles which finally

could enhance the drug/polymer ratio (chapter 2).

2. Stability of polymeric micelles in biofluids: Stability of colloidal carriers is
essential to assure the long-circulating properties and to prevent premature drug release
upon injection. This issue can be addressed in vitro by incubation with relevant media.
One approach from literature is an analytical technique based on Foerster Resonance
Energy Transfer (FRET) [165, 53]. This method was selected as a starter. One aim
was to find a correlation between serum stability and physicochemical properties of
polymeric micelles and to select suitable candidates for in vivo applications (chapter
3).

3. Toxicological concerns and immunological responses against colloidal carri-
ers: Acute and chronic toxicity as well as reactions by the immune system prominently
by the complement system are severe drawbacks of micellar systems [166, 167, 168, 93].
For this purpose particle toxicity was to be elucidated in vitro on primary cells/cell lines
and in presence of serum. The goal was to discriminate between different polymeric
compositions in terms of cytotoxicity and complement activation. Both issues deliver

valuable information about drug safety of nanomedicines (chapter 4).

4. Drug targeting into tumor tissue: In case of high colloidal stability of drug-loaded
polymeric micelles upon injection it is believed that such PEGylated nanoparticles with
sizes below 200 nm were very effective in tumor targeting [131]. This passive targeting
concept was originally invented for macromolecules by Maeda and Matsumura [16] and
should allow for superior cancer treatment. Both assumptions, 1) colloidal stability
upon injection (chapter 6) and 2) passive targeting by size, were followed in vivo by
radiolabeling of carrier and payload. If both species, carrier and payload, reach their

target site of action in sufficient concentrations compared to other organs, this would
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indeed show rationale for improved cancer treatment (chapter 5 and 7). So far, only

a couple of studies were dealing with this extremely relevant question [53, 87].

Summarizing these research objectives, it is obvious that for addressing the open scientific
questions in vitro as well as in vivo experiments were necessary to conduct. Moreover, this
thesis could deliver the answer if the existing micellar technologies were sufficient for targeted

delivery or if further modifications of the systems have to be considered.
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CHAPTER 2. DRUG LOADING OF POLYMERIC MICELLES

2.1 Abstract

With this study it was intended to gain mechanistic insights into drug loading and lyophiliza-
tion of polymeric micelles. PEGylated poly-4-(vinylpyridine) micelles were loaded with the
model drug dexamethasone. Three different methods were applied and compared: 1) O/W
emulsion technique, 2) direct dialysis and 3) cosolvent evaporation (Fig. 2.1). Micellar disper-
sions with the highest drug load were lyophilized with varying lyoprotectors, including polyols
like sucrose, trehalose, maltose, a polyvinylpyrrolidine derivative as well as S-cyclodextrin
derivatives. For comparison other PEGylated block copolymers (PEGylated polylactic acid,
polylactic acid-co-glycolic acid, poly-e-caprolactone) were freeze-dried. Drug loading via direct
dialysis from acetone was a less effective loading method which led to dexamethasone loads
<2% (w/w). O/W emulsion technique from dichlormethane increased the drug load up to
~13% w/w whereas the optimized cosolvent evaporation increased the load up to ~19% w/w.
An important step for the cosolvent evaporation was the solubility screen of the drug prior to
preparation. The high drug load was maintained upon lyophilization with S-cyclodextrins
which proved to be excellent, versatile stabilizers for other block copolymer micelles as well.
In conclusion careful solvent selection prior to cosolvent evaporation was a beneficial approach
to load hydrophobic drugs into polymeric micelles. Moreover, 8-cyclodextrins could be used

as versatile lyoprotectors for these micelles.

Drug-polymer Micelle formation, Drug incorporated Lyophilization with
solution drug still dissolved into micelles B-cyclodextrins

Purification
Evapo Evapo urificatio
ration ration via dialysis

23 9N
* D
* * £
* S
* L -
Residual organic solvents * Drug
Polymer

j B-cyclodextrin

Figure 2.1: Summary of the most successful micellar preparation approach in the study:
cosolvent evaporation followed by lyophilization.
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2.2 Introduction

High Throughput Screening (HTS) of drug candidates increased the number of hydrophobic
new molecular entities in drug discovery [169, 170]. The amount of hydrophobic drugs
among development compounds was estimated by Lipinski in 2002 to be around 40% [5].
Recent investigations showed that the actual number of drug candidates which can be
categorized in class IT or IV in the Biopharmaceutics Classification System (BCS) [171] was
75% and higher. However, low aqueous solubility resulting from HTS remains a challenge
in pharmaceutical industry leading to higher costs in development and drug attrition rates
upon approval [6]. Despite huge progress in advanced solubilization technologies, the options
for hydrophobic compounds aiming on intravenous injection are still limited [6] and often
bought dearly with toxic side effects of utilized excipients (e.g. Cremophor EL® /ethanol in
Taxol® [172]). Therefore nanosized approaches to overcome solubility issues became more
and more important over the last decades. However, encapsulation of therapeutically relevant
drug doses are a basic requirement for reasonable treatment and has been regarded as one
of the major drawbacks of nanoparticulate delivery systems [173]. Among nanoparticles a
very promising technology with high solubilization potential is based on polymeric micelles.
However, preparation of such micellar systems with high drug loads remains still challenging
[174, 8]. A number of different drug loading procedures were elaborated but often were
based on trial and error experiments and lack of a more systematic approach. The major
reason is the limited knowledge of the underlying mechanisms leading to sufficiently high
drug loadings. The organic solvent by which the drug loading process is initiated plays a
key role in all preparation methods: According to the solvent properties (water-miscibility)
an appropriate candidate is usually selected which finally defines the processing steps to
follow. In this context the following drug loading methods have commonly been used:
1) O/W emulsion techniques [175], 2) W/O/W emulsion techniques [176, 177], 3) direct
dialysis [178], 4) cosolvent evaporation techniques [179] and 5) loading via lyophilization [180].
Among those procedures especially 1), 3) and 4) are highly compatible with hydrophobic
drugs whereas 2) focuses on the encapsulation of more hydrophilic compounds and 5) has
limitations concerning polymer water solubility [180]. In this study the methods 1), 3) and
4) were selected as ideal loading methods for hydrophobic drugs and micelles were prepared
by encapsulating the model drug dexamethasone. With its aqueous solubility of 80 pg/mL
[181] it is a typical hydrophobic model compound which is in addition highly interesting for
parenteral application. For the encapsulation study the PEGylated poly-(4-vinylpyridine) was
selected that was known to form stable micelles in water [57|. As micelles are fragile dynamic
systems it is highly desirable to stabilize the particles after freeze-drying. It is known from
literature that besides classic lyoprotectors like sucrose or trehalose especially 8-cyclodextrins

are suitable lyoprotection excipients [182, 183]. Consequently the question became relevant
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which kind of stabilizing mechanisms cyclodextrins might have compared to classical polyols
and if they might be helpful as versatile protectors for PEGylated block copolymer micelles.
The purpose of this study was to gain mechanistic insight into the micellar encapsulation
process of hydrophobic drugs by applying different preparation techniques using various
organic solvents. In addition, 5-cyclodextrins were compared to standard lyoprotection agents
for their stabilizing properties. Such mechanistic insights in both the loading procedure and
lyoprotector stabilization are of immediate relevance for the development of novel preparation

techniques for polymeric micelles.

2.3 Materials and methods

2.3.1 Materials

PEGylated poly-(4-vinylpyridine) (PEG-PVPy) [5-b-20|, PEGylated poly-(lactic acid) (PEG-
PLA) [5-b-23] and PEGylated poly-(e-caprolacton) (PEG-PCL) [5-b-32.5] were purchased
from Polymer Source, Inc., Montreal, Canada. PEGylated poly-(lactic-co-glycolic acid)
(PEG-PLGA) [5-b-28] (Resomer RGP d 50155) was delivered from Boehringer Ingelheim,
Ingelheim, Germany. Dichlormethane (DCM), tetrahydrofurane (THF), acetonitrile (ACN),
methanol, ethanol, dimethylsulfoxide (DMSO) were obtained from VWR, Darmstadt, Ger-
many. Dexamethasone (Ph.Eur.) was delivered by Euro OTC Pharma from a local pharmacy
store. Dulbeccos Saline PBS buffer concentrate was obtained from Sigma Aldrich, Rossdorf,
Germany. Float-A-Lyzer G2 dialysis tubes (MWCO 8-10 kDa) and standard dialysis tubes
(MWCO 6-8 kDa) were obtained from Spectrumlabs Inc., Breda, The Netherlands. For
filtration of the micellar dispersions 0.2 pm Pall Acrodisc syringe filters with GHP membrane
were used (Pall Life Sciences, Ann Arbor, MI, USA). Sucrose, trehalose, glucose, lactose,
maltose and D-(-)-mannitol were obtained from VWR, Darmstadt, Germany. Kollidon 17PF
was delivered from BASF, Ludwigshafen, Germany. Kleptose® (HPBCD) was obtained from
Roquette, Frankfurt, Germany. Captisol® (SBESCD) was delivered from Cydex, Lenexa,
KS, USA. Water was of MilliQ grade.

2.3.2 Methods
2.3.2.1 Preparation of drug loaded micelles
Direct dialysis from acetone 10 and 20 mg of block copolymer and 1 and 4 mg DXM,

respectively, were dissolved in 1 mL acetone. This solution was filled into a dialysis bag and

sealed. Dialysis was carried out over 24 h against 5 L water which was changed once after 4 h.
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The dispersion was filtered through a 0.2 pm membrane to remove drug precipitates. Finally

the mass of the resulting micellar dispersion was adjusted to 2 g by dilution with water.

O/W emulsion technique Micelles without DXM were prepared as described above in
the section “direct dialysis from acetone” without drug. For drug loading, 2 mg DXM was
dissolved in 1 mL DCM. This solution was injected under constant stirring to 2 mL aqueous
micellar dispersion containing the “empty” micelles. After stirring over night the resulting
dispersion was filtered through a 0.2 pm filter membrane to remove drug precipitates and the

mass was adjusted to 2 g by dilution with water.

Selection of appropriate solvent for cosolvent evaporation The following water miscible
organic solvents were included in a solvent screen for DXM: THF, ACN, acetone, DMSO,
DMF, methanol, ethanol. The screen was carried out by using the following procedure at
25°C: 1) Dissolving 1mg of drug in 100 pL organic solvent, 2) stepwise addition of 10 pL
water to this solution, 3) determination of drug precipitation by optical visibility of particles.
Precipitation was investigated against a black background with sample illumination by cold
light. The solvent in which the drugs exhibited the highest optical solubility was selected for

preparation in the solvent evaporation step.

Cosolvent evaporation Drug loaded micelles were prepared by the combination of solvent
evaporation followed by dialysis. 10 mg block copolymer and 2 mg drug were dissolved in
6 mL THF or 8 mL acetone; this solution was mixed with 2 mL. water. The mixture was
transferred into a round bottom flask and evaporated by applying vacuum of 30 mbar at 25°C.
To remove the maximum amount of solvent this vacuum was kept constant for 10 min. The
remaining aqueous formulation was then transferred into a Float-A-Lyzer G2 tube for dialysis
to remove residual solvents. The formulation was dialyzed against 5 L DXM saturated water
for 24 h. Finally the formulation was filtered through a 0.2 pm membrane and mass adjusted

to 2 g.

2.3.2.2 Drug load determination

100 puL of the final micellar formulation was dissolved in 900 pnL acetonitrile. This solution
was injected in a HPLC system (Merck Hitachi La Chrom Elite) equipped with a UV detector
(detection wavelength: 282 nm) and a Agilent Eclipse Plus C18 column (3.5 pm coarse, 5
cm length) at 35°C. A gradient method was used for separation where the mobile phase A
consisted of 90% (v/v) ACN/ 10% (v/v) ammonium acetate buffer (pH 4.5, 10 mM) pH 4.5;

mobile phase B had the opposite composition. DXM concentration was determined by drug
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substance calibration curve. The polymer concentration was calculated from the initially
used polymer feed prior to the preparation of micelles. Drug load was calculated according

to equation 2.1:

Drug concentration [ ]

g 100% (2.1)
mL

Drugload %] =

Polymer concentration

2.3.2.3 Particle size measurement

Dynamic light scattering (DLS) was used to determine hydrodynamic diameter of the
nanoparticles. Therefore, a Zetasizer-ZS from Malvern Instruments, UK, was selected and

used in the backscattering mode. Measurements were performed in triplicate.

2.3.2.4 Lyoprotector screening via Differential Scanning Calorimetry (DSC)

10% w /v aqueous solutions of the selected lyoprotectors served as reference and were filled into
100 pL aluminum pans. Micellar formulations of DXM-loaded PEG-PVPy (0.5% w/v) were
mixed with the lyoprotector solutions (10% w/v) 1:1 to reach a final lyoprotector concentration
of 5 % (w/v). Each aluminium pan was filled with 80 pL and sealed. Thermoanalysis was
performed on a Mettler Toledo DSC 821e (Mettler Toledo GmbH, Giessen, Germany). The
samples were frozen from 25°C to -50°C with a cooling rate of 10 K/min followed by an
isothermal step of 5 min. The samples were heated to 25°C with a heating rate of 10 K/min.
After an isothermal step at 25°C of 5 min the whole procedure was repeated. Onset of glass
transitions were evaluated in the thermograms of the heating step. For stabilizer screening

each experiment was carried out in triplicate.

2.3.2.5 Lyoprotector screening via lyophilization of placebo micelles

Polymeric micelle formulations (0.5% w/v polymer) were prepared employing the cosolvent
evaporation method from THF, including either the DXM-loaded PEG-PVPy micelles or
unloaded PEG-PDLLA, PEG-PLGA and PEG-PCL micelles. The dispersions were premixed
with adequate amounts of S-cyclodextrin derivative solutions to reach final lyoprotector
concentrations of 5% w/v. The prepared solutions were transferred into 2R-glas vials; filling
height was adjusted to 1.0 mL for all samples. Lyophilization was carried out on a Christ
Epsilon 2-6 D freeze-dryer (Martin Christ GmbH, Osterode am Harz, Germany). The samples
were frozen over 2 h to -40°C, primary drying was achieved at -38°C (according to previous Ty’
determination) and 0.05 mbar over 48 h and followed by secondary drying step at 30°C and
0.005 mbar for 24 h. After drying was finished, all sample vials were sealed under nitrogen

atmosphere at 500 mbar. The lyophilized samples were reconstituted with 500 pL. water
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and analyzed by DLS measurements. Data evaluation was carried out by the calculation
of a particle size increase factors as proposed by Abdelwahed et al. [184]. Following their
proposal the size increase factors were calculated as the ratio between initial particle sizes

prior to lyophilization and particles sizes upon reconstitution of the samples.

2.3.2.6 Influence of lyoprotector concentration on micelle reconstitution

Investigation of the influence of lyoprotector concentrations on the drug-loaded micelles was
carried out by preparation of lyophilizates with varying S-cyclodextrin concentrations. For
this purpose the dexamethasone-loaded PEG-PVPy micelles were freeze-dried with 0.5%, 1%,
2.5% and 5% of HPBCD and SBESCD. Reconstitution properties were investigated by DLS.

2.3.2.7 Cryo-Transmission Electron Microscopy (cryo-EM)

Drug-free and DXM-loaded PEG-PVPy nanoparticles as well as nanoparticles upon reconsti-
tution of the lyophilizates with SBESCD as cryoprotector were subjected to cryo-EM analysis.
To this end, 4 pl of sample were pipetted onto a glow-discharged holey-carbon copper grid,
blotted with filter paper and plunge-frozen in liquid ethane. EM grids were stored in liquid
nitrogen until imaging. Images were taken under cryo conditions in a Tecnai T12 (FEI,
Eindhoven, The Netherlands) electron cryomicroscope equipped with a MultiScan 794 CCD
camera (Gatan, Pleasanton, CA, USA) using a side-entry cryoholder (Gatan). Individual
nanoparticles were selected from the raw images, and the dimensions of the nanoparticles
were determined by comparing with reference binary discs of different diameters using a
multi-reference alignment [185|. The determined particle sizes were used to calculate cumulant
frequency curves for each sample. From these cumulant curves, the dqg, dsg, dgg values as the
size distribution paramters of the samples were calculated as the size distribution parameters

of the samples.

2.4 Results

2.4.1 Solvents for cosolvent evaporation

Based on previous reports that the preparation of drug loaded-micelles [179] requires a high
solubilization capacity of the selected organic solvents, the drug solubility was screened in
common fully water-miscible organic solvents. Fig. 2.2 shows the maximum volume of water
which could be added to 7 solvents without drug precipitation. From this screening it was
obvious that THF had the best solubilization properties in connection with water. Conse-

quently this solvent as the most appropriate one was selected for the cosolvent evaporation.
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However, for comparison purposes the preparation was additionally carried out using acetone

which has a still reasonable solubilization capacity and low toxicity [186].
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Figure 2.2: Solubility screening of 1 mg DXM in 100 pL of varying organic solvents upon
addition of water. Drug precipitation was detected visually against a black
background and illumination of the sample with cold light. The experiments were
carried out in triplicate (mode + range).

2.4.2 Preparation of drug loaded micelles

The micelles were prepared and drug loaded according to the 3 selected methods. Table 2.1
reports the analytical results for the drug load determined by HPLC-UV, particle sizes and

size distributions obtained from DLS technique.

2.4.3 Lyoprotector screening via DSC and lyophilization of placebo micelles

DXM-loaded PEG-PVPy micelles prepared by cosolvent evaporation technique from THF
were selected for freeze-drying due to their high drug content compared to micelles made by
other methods. Prior to lyophilization the lyoprotector solutions were prepared, mixed with
micelles and analyzed by DSC measurements for their thermal properties. The thermograms

revealed the glass transition temperatures of the maximally freeze concentrated solutions T’
[187] (Fig. 2.3).
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Figure 2.3: T’ determination for the lyoprotectors included in the study (results: mean =+
SD, n=3) determined by DSC.

The T, values of the pure excipient solutions and of the excipient micelle mixtures are
reported. Sucrose had the lowest Ty’ with ~-32°C; the highest was reached with HPSCD at
~-9°C. When the influence of nanoparticle presence was investigated by mixing DXM-loaded
PEG-PVPy micelles with lyoprotector solutions, the maximum deviation in Ty’ comparing
with and without micelles was found for SBESCD, where the micelles led to 2 K lower
glass transition temperatures. Based on these results the primary drying temperature for a
generic lyophilization process was set to -38°C (-33°C for lowest T’ and 5 K safety margin).
This maintained the “glassy” state of the freeze-dried solution and prevented influence of
physical changes in the lyoprotector structure which could lead to micellar rupture and
non-redispersibility. The DXM-loaded PEG-PVPy micelles were dried in a lyophilization
process and screened with the selected lyoprotectors for reconstitution properties. The
screening results are shown in Fig. 2.4A. As a quality parameter the particle size increase
factor was calculated to compare the stabilizing properties of each lyoprotector with the
investigated micelles, a method that was proposed by Abdelwahed et al. [184]. As evaluation
criteria a change of hydrodynamic diameter of 10% compared to the micellar size before
lyophilization was considered to be acceptable. The PEG-PVPy micelles increased in size
by more than a factor of two when sucrose or Kollidon 17PF was used for stabilization.
Maltose led to non-redispersible lyophilizates whereas trehalose did not stabilize the micelles
sufficiently which can be seen by an increase in the size factor to 1.4. The investigation
revealed that HPSCD and SBESCD stabilized micelles quite well, apart from HPSCD that

38



2.4. RESULTS

decreased particle size by ~30% after reconstitution. SBESCD was able to stabilize the
micelles excellently. The question became relevant if the results of lyoprotector screening

were only valid for PEG-PVPy micelles and each polymeric micellar species requires a new

screening.

26 1A 281 B V27 PEG-PLA [5-b-23]
el T 26+ " B4 PEG-PLGA [5-b-28]
244 2,4 E=—JPEG-PCL [5-b-32.5]
224 T 2,2
2,0 2,0

S 184 S 18] =

|5} o — -

& 1,6 & 16 [ —]

[ T @ — —

§ 1,44 § 1,44 = =

5 127 5 1.2 = =

E 1,0 - ag) 1049 =, ﬁE = =

N o8] N gg] — H H

»n - _g « — — —
0,6 5 0,6 = — =
0,4 I 0,4 — — =
02 - % 024 *  * * % R 1 % *x [ * *
’ e ’ — — —
0,0 = 00 =

Sucrose  Trehalose SBERCD  HPRCD  Maltose Kollidon PF17
Lyoprotector type Lyoprotector type

Sucrose  Trehalose SBERCD ~ HPRCD ~ Maltose Kolidon PF17

Figure 2.4: A. Size increase factors of micelles upon reconstitution of the lyophilizates of
DXM-loaded PEG-PVPy [5-b-20] micelles prepared with varying lyoprotectors
(results: mean £ SD, n=3). B. Size increase factors of drug-free micelles upon
reconstitution of the lyophilizates of PEG-PDLLA [5-b-23|, PEG-PLGA [5-b-28|
and PEG-PCL [5-b-32.5] micelles prepared with varying lyoprotectors (results:
mean + SD, n=3).

To answer this question three different micelle forming block copolymers were selected and
screened accordingly on their reconstitution properties (Fig. 2.4B). The results showed
that HPSCD stabilized PEG-PLA, PEG-PLGA and PEG-PCL micelles excellently whereas
SBESCD were only sufficient for PEG-PLGA micelles. Moreover, sucrose led to full reconsti-
tution of freeze-dried PEG-PLA and PEG-PLGA but could not stabilize PEG-PCL micelles.
Trehalose, maltose and the Kollidon derivative did not stabilize any of the investigated mi-
celles. Based on these results further mechanistic investigations of DXM loaded PEG-PVPy
micelles with both -cyclodextrin derivatives HPSCD and SBESCD in varying concentrations

were performed.

2.4.4 Optimum concentration of lyoprotector

Lyoprotector concentration played an important role for particle reconstitution. Consequently
varying concentrations of HPBCD and SBESCD were screened to determine the optimal
ratio. As a result drug loaded PEG-PVPy micelles were reconstitutable in the selected

concentration range between 0.5% and 5.0% (w/v) of lyoprotectors concentrations (Fig. 2.5).
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CHAPTER 2. DRUG LOADING OF POLYMERIC MICELLES

The hydrodynamic diameter of the reconstituted micelles decreased for both stabilizers from
0.5% to 5.0%. It was remarkable that the micelles stabilized with 0.5% HPSCD exhibited
strongly scattering particle sizes (reported as size increase factors) upon reconstitution
whereas the micelles with 5.0% HPSCD were found to have strongly scattering particle
size distributions widths. Lyoprotector concentrations between 1.0% and 2.5% were ideal
to achieve reproducible hydrodynamic diameter and particle size distribution values. The
question remained which influence the presence of -cyclodextrins have on the recovery of
dexamethasone before and after lyophilization. The results (data not shown) revealed the
robustness of the HPLC method against the presence of S-cyclodextrins in liquid formulation
(recovery: ~102%). Moreover, upon reconstitution of lyophilizates the recovery decreased to
~93%-95% from the initial liquid formulation.
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Figure 2.5: Size increase factors of micelles DXM-loaded PEG-PVPy micelles upon reconsti-
tution of lyophilizates with varying HPSCD and SBESCD concentrations (results:
mean + SD, n=3).

2.4.5 Morphological and size analysis by cryo-EM

Previous studies indicated that the PEG-PVPy material was able to form various particle
morphologies [188, 189]. For elucidation of the particle morphologies in the experiments
cryo-EM as the method of choice was selected. As shown in Fig. 2.6A-C (left and middle)

cryo-EM revealed spherical particles in the nanometer range for all analyzed samples.

Drug-free and DXM-loaded particles revealed a similar morphology, and the shape of the

micelles was independent of the particle processing steps, i.e drug-loading and lyophylization
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Figure 2.6: Cryo-EM analysis of PEG-PVPy micelles. The scale bar of the overview images
(left) corresponds to 40 nm, and the box length of the single-particles (middle)
corresponds to 53 nm. The size distribution of the respective sample is provided
on the right. A. Drug-free PEG-PVPy micelles. B. DXM-loaded PEG-PVPy
micelles. C. PEG-PVPy micelles loaded with DXM upon reconstitution of
lyophilizates stabilized with SBEGCD.

with lyoprotectors. Upon computational measurement of the particles, the distribution of
sizes was plotted. In line with the visual impression, this analysis confirmed that drug-free,
drug-loaded and reconstituted PEG-PVPy micelles exhibited comparable sizes (Fig. 2.6A-C,
right and Fig. 2.7). In particular, particles obtained by lyophilization and reconstitution of
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particles revealed similar particle sizes and size distributions. Size distributions obtained

from micrograph analysis are summarized in Table 2.2.
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Figure 2.7: Cumulant frequency curves of particle sizes obtained from cryo-EM image analysis.
Drug-free PEG-PVPy micelles (black), DXM-loaded micelles (red) and DXM-
loaded micelles upon reconstitution of lyophilizates stabilized with SBESCD
(blue).

2.5 Discussion

The purpose of this study was to gain mechanistic insights into the drug-loading procedure
and the stabilizing mechanisms of S-cyclodextrins during lyophilization of polymeric micelles.
Three different preparation techniques for the DXM-loading of PEG-PVPy micelles were
studied. All these methods had in common that organic solvents were used to load the
micelles whereas the loading principles were completely different. The relevance of the organic
solvent during micellization process was subject of previous investigations in the literature:
Self-association of amphiphilic block copolymers in mixtures of organic solvents with water
was first described by Selb and Gallot in 1975 [190]. The authors investigated the influence
of the methanol/water ratio on the association properties of a polystyrene-poly-(vinyl-N-
alkylpyrididniumbromide) copolymer. From their results they concluded that decreasing the
methanol /water ratio led to the formation of star-shaped micelles due to the reduced solubility
of the hydrophobic part of the polymer in the more aqueous solvent mixture. A change in
intrinsic viscosity depending on the solvent composition (methanol/water) was additionally

highlighted. Intrinsic viscosity of the micellar core also played an important role during drug
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Table 2.2: Particle size distribution parameters obtained from cryo-EM micrograph analysis.

Number of

d d d particles
Sample 10 50 90 evaluated from
[nm] [nm] [nm] .
micrograph
analysis
Drug-free
PEG-PVPy 19 22 27 216
DXM-loaded
PEG-PVPy 18 22 28 1881
DXM-loaded
PEG-PVPy 18 22 27 208
SBESCD lyo

loading process. Organic solvents could act as plasticizers, making the core susceptive for
hosting drugs. This phenomenon was described by Cinelli et al. [191]|. Furthermore, the
group of Zhao et al. [192] studied polystyrene-polyacrylate micelles with a fluorescent probe
concerning kinetic effects of molecule encapsulation. To this end, pyrene was selected as a
molecule which reported information about the micropolarity of its surrounding environment
by changes in fluorescence emission spectra based on the method of Wilhelm et al. [41]. In
Zhao’s study solvent mixtures of dimethylformamid/water with varying compositions were
used to reveal the partitioning of the probe into the micelles. By calculating the drug load of
pyrene as “number of molecules per micelle”, the authors concluded that a gradually change
in composition of organic/water solvent mixtures during preparation of the micelles led to
higher loading rates in polymeric micelles. Furthermore, the type of organic solvents was
known to have an influence on particle sizes of resulting micelles: Vangeyte et al. [193]
investigated PEG-poly-(e-caprolactone) and PEG-poly-(v-methyl-e-caprolactone) in terms of
particle sizes as a function of organic solvent type and mixture ratios. In their preparation
THF, DMF, dimethylacetate (DMAc) and dimethylsulfoxide (DMSO) was included. The
nanoparticles were prepared by 3 different methods: 1.) direct dialysis, 2.) addition of water
to organic solution and 3.) addition of organic solution to water. For the methods 2 and
3 the ratio organic solvent/water was fixed (1:4). The group showed, that direct dialysis
did not work reproducibly resulting in large particles in submicron range to micron range,
whereas the solvent evaporation techniques worked well (sizes < 100 nm). The resulting
particle sizes varied in this study depending on the used solvent. A size correlation was
found: THF (80-100 nm) > DMSO (70-80 nm) > DMF (30-60 nm) = DMAc. The group of
Aliabadi et al. picked up these thoughts about solvent influences and investigated the impact
of the solvent type on drug loading into polymeric micelles [179]. Cyclosporine A which was

encapsulated into PEG-poly-(e-caprolactone) served as a model payload. Selected cosolvents
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were acetone, THF and acetonitrile. The group worked with fixed organic/water mixtures
1:6 and 1:2. For micellar preparation, either the organic/water mixture was injected into
water or it was prepared vice versa. In line with the studies of Vangeyte et al. [193], Aliabadi
et al. [179] found solvent dependent particle size of drug-free micelles in the order: THF >
acetone > acetonitrile. The authors selected acetone as the solvent of choice due to the nearly
unimodal size distribution of the formed micelles from this solvent. The system was then
investigated for drug loading and highest drug load as well as encapsulation efficiency was
found for the preparation method acetone injection in water (final acetone water ratio 1:6).
In their discussion the authors argued for a positive effect of gradually increasing the water
content in a micellar system during preparation that prevented the hydrophobic drug from
precipitation and consequently enabled encapsulation. Jette et al. [59] employed this cosolvent
evaporation technique from acetonitrile/water to load fenofibrate into PEG-PCL micelles
and drew similar conclusions on this method compared to Aliabadi et al. Summarizing these
studies it was obvious that the organic solvent selected for the preparation of a micelle had a
strong influence on drug load as well as particle sizes. Furthermore, the preparation technique
was decisive for the successful encapsulation even if the solvent was selected appropriately.
In this context the cosolvent evaporation technique employed e.g. by Aliabadi et al. [179]
seemed to be superior over the other techniques due to the wide spectrum of organic solvents
that can be used and its increased controllability by measurable physical factors during
preparation. However, while the findings afore mentioned are highly significant there are a
number of aspects they do not cover. This inspired us to further look into the drug loading
techniques for polymeric micelles. Most important is the influence of organic solvents and
preparation methods on the drug load of micelles. It was deemed necessary that it should be
clarified if the preparation technique, the organic solvent within the preparation technique or
the drug-polymer compatibility is most decisive for successful drug loading of micelles. To
address this point three different preparation methods were selected for this purpose: 1) O/W
emulsion technique, 2) direct dialysis and 3) cosolvent evaporation technique and assayed their
potential for loading polymeric micelles with drug. The O/W emulsion technique is based on
the use of water non-miscible solvents. By applying this method the organic phase (Fig. 2.8)
which dissolved the drug was injected into an aqueous phase under constant agitation (e.g.
stirring, ultrasound). Due to mechanical agitation the organic phase is distributed as small
emulsion droplets in the aqueous phase. Consequently this effect increased the surface area
of the organic phase. At those interfaces between organic and aqueous phase the distribution
of the drug from organic emulsion droplets towards micellar core was possible. Furthermore,
the slow evaporation of the organic solvent increased the time for this distribution process

compared to simple mixing of both phases with small interface areas.

This method resulted in quite high drug loads for DXM in PEG-PVPy micelles (up to ~13%

w/w). Variation of the initial drug-polymer ratio from 1:10 to 4:10 increased the drug load
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from ~10% (w/w) to ~13% (w/w). This was concomitantly found to be the upper limit for
this method due to the occurring drug precipitation upon solvent evaporation. A completely
different loading mechanism exhibited the direct dialysis method (Fig. 2.9): Once the organic
drug/polymer solution was filled into the dialysis bag, the overall system immediately came

into contact with an aqueous phase during dialysis.

The exchange of organic solvent at the interface of the dialysis tube could be very fast and
less controllable. Finally the solution conditions of the drug decreased strongly which led
to immediate drug precipitation and resulted in a low drug load (~2% w/w) independent
of the drug-polymer ratio. Once precipitated, the drug was not available for encapsulation
anymore. For the cosolvent evaporation mechanism there was a variety of water-miscible
organic solvents available in which the drug solubility was screened prior to micelle preparation
(Fig. 2.2). Compared to the direct dialysis premature drug precipitation was avoided during
the cosolvent evaporation by the selection of a “good” solvent for the drug DXM (Fig. 2.10).

The cosolvent evaporation was carried out from an initial solvent/water ratio which was able
to still solubilize both, drug and polymer. During evaporation the micelles were preformed
but simultaneously the drug was still dissolved at this point. This procedure enabled the
distribution from the outer aqueous/organic phase into the micellar core. By continuing the
evaporation the drug solubility decreased in the organic/water phase which finally shifted
the distribution equilibrium further towards the micellar core. At the end of this step the
formulations contained only low amounts of residual solvents which were further cleared
by dialysis. The dialysis step was implemented to overcome the disadvantage of cosolvent

formation: azeotropic mixtures [59]. These mixtures made it impossible to evaporate the
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Figure 2.8: Schematic drawing of the O/W emulsion process.
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Figure 2.9: Schematic drawing of the direct dialysis process.

solvents completely. Overall the superior properties of cosolvent evaporation are reflected
by these results: the drug load of the system increased up to ~19% w/w DXM for ~1%
PEG-PVPy (w/v). As a next step, stabilization of this high drug load inside the micelles was
a focus of this study. Freeze-drying was selected as the method of choice to gain a storage
stable product. Maintaining full reconstitution properties of micelles with high drug load
is generally very challenging: during freezing of micellar dispersions varying stress factors
could appear which are of physical or chemical nature and which are well investigated for
therapeutic proteins [187|. For nanoparticles, they usually comprise: 1) particle aggregation
due to the loss of repulsive properties of steric stabilizers [194], 2) nanoparticle reassembly
and remodeling after reconstitution [195], 3) loss of encapsulated drug due to changes in the
physical status of the nanoparticle [196] as well as 4) chemical degradation of the carrier
polymer and the encapsulated drug [184]. Prevention of these stresses and full reconstitution
properties can be achieved by the addition of cryo- and lyoprotectors to the formulation [187].
There were two well established hypotheses for the explanation of the efficacy of protectors
which were nicely summarized by Abdelwahed et al. [184]: the water substitution model
explains protection during the drying step whereas the vitrification model highlights on the
stability during freezing [184|. The water substitution model suggests that water molecules
are substituted by OH-groups from molecules which are similarly hydrophilic e.g. polyols like

sugars which are widely used as lyoprotectors. This is known to assure chemical and physical
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Figure 2.10: Schematic drawing of the cosolvent evaporation process.

integrity of proteins [187] and consequently should be one approach to stabilize nanoparticles.
The vitrification model describes nanoparticle embedding into an amorphous stabilizer matrix
which finally prevents aggregation [184, 197]. Moreover, Allison et. al [198] brought the
“particle isolation hypothesis” [198| into play which argued for the isolation of particles in the
non-frozen fraction by polyols. It is worth mentioning that the above cited studies investigated
nanoparticles like liposomes or nanocapsules and did not highlight on the mechanisms of
freeze-drying of polymeric micelles. Since this is an important issue it will be discussed
below in more detail. Abdelwahed et al. [184] selected various sugars (maltose, sucrose,
trehalose) as cryo- (prevents from freezing stress) and lyoprotectants (prevents from drying
stress), a stabilizer and “collapse temperature modifier” [184] vinylpyrrolodin macromolecule
(PVP PF 17) and cyclic oligosaccharides (HPSCD, SBESCD) (also “collapse temperature
modifier” [184]) for a lyoprotector screening. As a first step all considered lyoprotectors were
screened via DSC concerning their optimal freezing-properties. T, was selected as a reporting
parameter for the optimization of the lyophilization process. Whereas HPSCD revealed a
Ty’ of ~-10°C which could assure a short, effective and less costly lyophilization process all
the Ty’ values for the other investigated lyoprotectors scattered between ~-22°C and ~-33°C.
Consequently to run a generic lyophilization process for all stabilizers the primary drying
temperature was selected at -38°C. Interestingly the presence of micelles did not strongly

change the freezing properties of lyoprotectors. Obviously S-cyclodextrin derivates seemed to
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have excellent stabilization properties for various micellar species (Fig. 2.5B) and seemed to
be versatile lyoprotectors. Support of this hypothesis came from the investigations of the
other pegylated block copolymers PEG-PDLLA, PEG-PLGA and PEG-PCL (Fig. 2.5B).
HPBCD stabilized all investigated micelles very well and led to completely redispersable
formulations while SBESCD excellently stabilized PEG-PLGA and PEG-PVPy micelles.
Especially the results acquired from HPBCD led to the assumption that for S-cyclodextrin
derivatives there might be an additional mode of action concerning stabilization besides
the water molecule substitution and vitrification model. All the investigated polymeric
micelles present PEG chains on their surfaces. It is known from the literature that PEG
and cyclodextrins are able to form inclusion complexes called pseudopolyrotaxanes [199, 200].
Less was known if this phenomenon appeared on micellar surfaces as well. Joseph et al.
described inclusion complexes of a cyclodextrin derivative with Pluronic® block copolymer
molecules which they proved by small angle neutron scattering (SANS) experiments [201].
The authors hypothesized that the S-cyclodextrin derivative preferentially covered the more
hydrophobic PPO block of the polymer. This observation was found for single polymer chains
and for micellar aggregates, but increasing S-cyclodextrin concentrations led to increased
complexation and finally to dissociation of the micelles. These phenomena were highly
temperature dependent; below room temperature pseudopolyrotaxane formation appeared
whereas above 50°C precipitation/gelation occured. Qin et al. investigated the interaction of /-
cyclodextrin with varying Pluronic® derivatives as well and confirmed the pseudopolyrotaxane
formation by two-dimensional NMR spectroscopy [201]. A strong dependency of cyclodextrin
concentration and temperature on the aggregate size was found. Moreover, such an inclusion
phenomenon was found to be very fast (< 3 min), preferentially below 25°C and could be
disturbed by changing the water cluster structure by chaotropic solutes (e.g. urea) [202].
The presence of pseudopolyrotaxanes on PEG brushes was at first described by He et al.
in 2005 [203]. The general question remains if pseudopolyrotaxane formation is beneficial
for the lyophilization of polymeric micelles and what makes them superior compared to the
other polyols? In this connection the influence of solutes on the water cluster structure
comes into play. Generally solutes can have “structure-making (kosmotropic)” [204] and
“structure-breaking (chaotropic)” [204] properties on the water cluster structure. Sugars
lead to kosmotropic structures as has been shown for trehalose, maltose and sucrose [205].
Trehalose is known to be a very effective cryoprotectant and superior to the other two sugars.
Investigation of the reasons for this observation was performed by Lerbret et al. [205]. These
three sugars were investigated and compared to each other on their changes in water cluster
structure by means of molecular dynamic simulations. As a result the group found trehalose
to form larger water cluster sizes compared to the other sugars. Consequently more water
atoms were associated by hydrogen bonding to trehalose molecules and the amount of bulk

water which induces nucleation during freezing was reduced. The group concluded on less
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drying stress and less risky ice formation to explain the superior cryoprotective properties of
trehalose. Coming back to the polypseudorotaxane formation of PEGylated block copolymer
micelles with S-cyclodextrins, the facts appear in a different light: Generally cyclodextrin
derivatives are known to be strong kosmotropic solutes [206]. In contrast, Sano et al. [206]
revealed by Raman spectroscopy that the formation of polypseudorotaxane recovered the
original cluster structure of pure water and denied a kosmotropic influence of cyclodextrin
derivatives. Consequently the water cluster model cannot be used for polypseudorotaxanes to
explain the results obtained from lyophilization. An alternate explanation is provided by Liu
et al. [207] who investigated the change of material properties of such inclusion complexes.
The group prepared guest-host complexes from an ABA triblock copolymer (poly-[(R,S)-
3-hydroxybutyrate]-poly(ethylene glycol)-poly|[(R,S)-3-hydroxybutyrate| [PHB-PEG-PHB])
containing PEG as block B. They confirmed the selective formation of the inclusion complexes
with block B (central block) with an a-cyclodextrin derivative by differential scanning
calorimetry (DSC), 'H-NMR and X-ray diffraction (XRD) studies. As a result the partial
degree of crystallinity of PEG was strongly reduced and could not be detected after formation
of polypseudorotaxanes. Consequently the material properties were altered and the PEG part
was embedded into an amorphous matrix. Therefore it is postulated that the PEG shield
which covers the hydrophobic cores in the used systems is undergoing polypseudorotaxane
formation. Consequently freezing stress and crystallization of water that challenges the
core stability could be prevented by creating this kind of amorphous shield. Furthermore,
desiccation stress from the particles can be reduced by the amorphous matrix as well. Based
on these results and previous studies from literature there is mounting evidence for a direct
interaction between (-cyclodextrins and PEGylated block copolymers (Fig. 2.11) which could

explain the excellent results from lyophilization.
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Figure 2.11: Schematic drawing of the S-cyclodextrin inclusion complexes with PEGylated
surfaces (pseudopolyrotaxane formation).

The formation of PEG-B-cyclodextrin inclusion complexes had a beneficial effect on the
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reconstitution properties of pegylated block copolymer micelles. Consequently these molecules

can be proposed as versatile lyoprotectors for such micellar systems.

2.6 Conclusions

In this study three different drug loading mechanisms for hydrophobic drugs into polymer
micelles were compared. Among those the cosolvent evaporation technique was superior
compared to O/W emulsion technique and direct dialysis technique. The reasons for these
observations were the possibility of appropriate solvent selection as well as a better control of
the evaporation step during preparation. This combination kept the drug as long as necessary
in solution during micelle formation and prevented premature precipitation. This high drug
load can be stabilized by final micelle freeze-drying. It was found that 8-cyclodextrins are
versatile lyoprotectors for pegylated polymeric micelles due to a possible direct interaction
between PEG corona chains and the hydrophobic S-cyclodextrin cavity. The special stabi-
lization properties of -cyclodextrins was seen to be based on 1) embedding of the PEG
parts into an amorphous matrix, 2) prevention from formation of crystalline PEG during
freezing and 3) stabilization of the hydrophobic core during freezing by prevention of water

crystallization in the hydrophilic shell.
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CHAPTER 3. IN VITRO SERUM STABILITY

3.1 Abstract

Stability of polymeric micelles upon injection is essential for a drug delivery system but
is not fully understood. An analytical test was optimized allowing for quantification of
micellar stability in biofluids and applied to a variety of block copolymer micelles with
different hydrophobic block architechtures. Polymeric micelles were prepared from four
different polymers and investigated via encapsulation of two fluorescent dyes. Samples
were incubated in human serum; changes in Foerster Resonance Energy Transfer (FRET)
were recorded as a function of time. This fluorescence-based approach was supported semi-
quantitatively by results from Asymmetrical Flow Field-Flow-Fractionation (AF4). After
incubation experiments, micellar stability was determined by calculation of two stability-
indicating parameters: residual micellar fractions (RMFs) and in vitro serum half-lives. Both
parameters showed that PEG-PVPy micelles rapidly destabilized after 3 h (RMF<45%),
whereas PEG-PLA, PEG-PLGA and PEG-PCL micelles were far more stable (RMFs 65 to
98%). This FRET-based assay is a valuable tool in evaluating and screening serum stability
of polymeric micelles and revealed low serum stability of PEG-PVPy micelles compared to

polyester-based micelles.
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3.2 Introduction

During the past 20 years of drug research, the number of newly developed poorly soluble
compounds has steadily increased. Estimations suggest that 40% of new chemical entities
have an aqueous solubility problem that consequently leads to insufficient bioavailability and
undesired low therapeutic effects [5]. Varying approaches have been investigated to conquer
solubility problems by formulation processes. Several highly fascinating and yet challenging
options can be found in the field of nanosized carrier systems. For example, polymeric micelles
seem to be highly promising for overcoming the problem outlined above. This drug delivery
system can be formed from amphiphilic block copolymers leading to spherical nanosized
particles with a hydrophobic core surrounded by a hydrophilic shell. In the core, these particles
can host hydrophobic drugs, whereas the shell-forming corona confers the drug delivery system
stealth properties and, as a result, a less distinct recognition by the mononuclear phagocyte
system (MPS) [208, 8, 209, 210]. Such pegylated nanoparticles could achieve long blood
circulation times and, thus, can target tumors passively by the enhanced permeability and
retention (EPR) effect [12] or actively using appropriate ligands [211, 14, 212]. Currently, the
most advanced micellar formulations encapsulating the hydrophobic taxol-derivatives have
already entered the market in India (Nanoxel®) and Korea (Genexol-PM®) [7]. Generally,
when working with polymeric micelles, there are two methods to encapsulate drugs: physical
entrapment in the hydrophobic core or chemically linking the drug to the polymer chain by a
covalent bond. Both approaches have their advantages. The physical entrapment of the drug
is generally easier to prepare and leads to higher loading rates, while the chemical coupling
confers the polymer-drug adduct a higher stability upon injection [213|. Consequently, the
fate of micelles with physically incorporated drugs after intravenous application is a very
critical issue. Generally, micelles are in dynamic equilibrium and tend to disassemble upon
dilution below their critical association concentration. Contrary to the low molar mass
surfactants, polymeric micelles are known to be kinetically stable, taking hours to disassemble.
However, while circulating in the blood, the polymeric micelles can lose their drug payload
due to multiple reasons, including: 1) diffusion of the drug due to the small diffusion length; 2)
partitioning between the hydrophobic micellar core and the surrounding aqueous phase, as well
as binding to serum proteins or lipid membranes; and 3) eventual disassembly of the micelles
themselves due to the strong dilution below their critical association concentration (CAC) [174].
Such premature release can lead to undesired pharmacokinetics and/or severe side effects,
including the triggering of immunotoxicological cascades [214]|. Considering these problems,
the aim of this study was to investigate the in vitro stability of polymeric micelles made
of different block copolymers, namely PEG-PVPy (PEG-poly-4-(vinylpyridine)), PEG-PLA
(PEG-poly-(lactic acid)), PEG-PLGA (PEG-poly-(lactic acid-co-glycolic acid)) and PEG-PCL

(PEG-poly-(e-caprolactone)) based on an analytical test was adapted from the literature
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[53, 165] and then further improved. Additionally, the stability of these polymeric micelles
were benchmarked against those of Tween 80®, which was selected as an ideal reference non-
ionic surfactant due to the presence of already published studies in humans. For these in vitro
studies, the two fluorescent dyes 1, 1°-Dioctadecyl-3,3,3",3 "-tetramethylindocarbocyanine
perchlorate (Dil) and 3,3 "-Dioctadecyloxacarbocyanine perchlorate (DiO) were incorporated
into micelles as a model for physically entrapped drugs. When both dyes are in close proximity,
Foerster Resonance Energy Transfer (FRET) can be measured and, hence, be used as a
marker for micellar integrity. To study the serum stability of PEG-PVPy micelles in vitro
and to compare the results with previously investigated block copolymers by other groups,
the FRET-based technique was refined in this study. In contrast to the existing studies of
Chen et al. [165] that calculate a FRET ratio from fluorescence maximum peak height, in
this study the recorded fluorescence spectra were integrated. This minimizes effects caused
by changes in Stokes shifts from fluorescence dyes due to hydrophobic interactions of dye
and polymer, as shown previously for poly-(4-vinylpyridine) by Kamat and Fox [215]. In
addition, it was possible to achieve complete dye release after incubation from the still intact
polymeric micelles by addition of 7.5% v/v TritonX-100 at 37°C. This non-ionic surfactant
leads to the dissolution of polymeric micelles, as indicated by Cerritelli et al. for PEG-PPS
micelles [43]|. The resulting FRET ratio after complete dye release and the initial ratio enable
the calculation of two parameters reflecting the stability of micelles: the in wvitro serum
half-life and residual micellar fraction (RMF). Some of the investigated materials (PEG-PLA,
PEG-PLGA and PEG-PCL) are well-known block copolymers, and their micelles have been
thoroughly investigated. Gref et al. studied the influence of PEG chain length, PEG surface
density, and different types of hydrophobic cores (PLA, PLGA and PCL) on plasma protein
absorption by two-dimensional electrophoresis. This group identified a pattern of different
proteins adsorbing onto the nanoparticulate surfaces [216]|. The different micellar hydrophobic
cores showed qualitatively similar adsorption patterns with varying degrees in quantity of
each serum protein fraction. Additionally, PEG-PCL micelles were investigated by Aliabadi
et al. concerning their in vivo pharmacokinetic behavior [58|. This was correlated with an in
vitro serum stability experiment in which micelles were dialyzed against serum proteins to
determine the non-encapsulated drug fraction. The authors correlated high micellar in vivo
stability with the occurrence of low unbound drug fraction. As previously mentioned, Chen
et al. [53] have already shown by using a FRET-based method for PEG-PDLLA micelles
that the stability depends on the influence of varying serum proteins and red blood cells.
This group calculated FRET ratios from the emission maxima in the fluorescence spectra and
discussed the impact of varying serum proteins and red blood cells on stability qualitatively.
Furthermore, this technique has been applied to trace cellular uptake of intact micelles which
physically encapsulate the dyes by confocal laser microscopy [165]. Savic et al. conjugated a

fluoresceine derivative covalently to PEG-PCL micelles and performed cellular uptake studies.
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They were able to distinguish between intact micelles and single polymer chains [217]. These
existing methods, however, lack the possibility to quantify the micelles in human serum
and to directly compare between formulations composed of block copolymers with different

architectures.

3.3 Materials and methods

3.3.1 Materials

The following block copolymers were purchased from Polymer Source Inc., Montreal, Canada:
mPEG-PLLA [5-b-4.7|, mPEG-PDLLA [5-b-23|, mPEG-PCL [5-b-32.5], mPEG-Poly-(4-
vinylpyridine) [mPEG-PVPy| [2-b-5.5], mPEG-PVPy [2-b-10] and mPEG-PVPy [5-b-20].
mPEG-PLGA [5-b-28] (Resomer RGP d 50155) was obtained from Boehringer Ingelheim,
Ingelheim, Germany. Pyrene, tetrahydrofurane (THF) and acetone were delivered by VWR,
Darmstadt, Germany. Tween 80®, human serum from male (blood group AB), and fluorescent
dyes Dil and DiO were obtained from Sigma Aldrich, Rossdorf, Germany. SpectraPor dialysis
tubing with MWCO 3.5 kDa was delivered by Spectrum Laboratories Inc., Breda, The
Netherlands. Water was of MilliQ grade.

3.3.2 Polymer characterization by differential scanning calorimetry (DSC)

Thermoanalysis was performed on a Mettler Toledo DSC 82le scanning calorimeter to
investigate glass transition temperatures and melting points of the polymers. All dry block
copolymers were weighed into 100 uL aluminium pans. These samples were heated two times
from —50°C to 100°C (PEG-PVPy samples to 200°C) with a heating and cooling rate of
10 K/min. After each heating or cooling ramp, an isothermal step of 5 min was implemented.
The first heating and cooling cycle was used to clear thermal history of the polymers; the
second heating cycle was used to evaluate thermal events. All experiments were performed in

triplicate.

3.3.3 Micelle preparation
3.3.3.1 Samples for determination of critical association concentration (CAC)

For the determination of the CAC, the pyrene probing method described by Wilhelm et al.
was used and further adapted to the requirements of the tested polymer types [41]. This
method is based on the change of vibrational fine structure of the fluorescence light emission

spectra, which depends on the polarity of the probe environment [218]. Micelles were prepared
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by dissolving the polymers in acetone, reaching a final concentration of 0.5% w/v. This
organic solution was directly dialyzed against 5 L. water for 7 h. The water was changed
twice. This preparation step forms dye-free micelles with very low residual solvent (data not
shown). In the second step, a pyrene stock solution was prepared and added to the dye-free
polymeric micelles in a third step. The pyrene solution was prepared by dissolving the dye in
tetrahydrofurane (THF, 6x 102 mol/L). This solution was injected into water with a final
pyrene concentration of 6x10~% mol/L (stock solution). THF was removed by evaporation
at 40°C and 50 mbar over 1 h. As a third step, the dye-free polymeric micelles were diluted
corresponding to a polymer concentration range from 1.0 mg/mL to 5x10~* mg/mL. The
samples were incubated over 12 h with the pyrene stock solution, enabling the partitition of
pyrene into the micellar core. The pyrene concentration was kept constant in all samples at
1.2x10~7 mol/L.

3.3.3.2 Samples for serum incubation studies, Asymmetrical Flow Field Flow
Fractionation (AF4) experiments, and Transmission Electron Microscopy
(TEM)

Dil- and DiO-loaded polymeric micelles were prepared by solvent evaporation and finally a
dialysis technique. Both dyes and the polymer were dissolved in acetone and added to water
under stirring to reach a polymer target concentration of 2 mg/mL loaded with 0.0015% w /v
of each dye. PEG-PVPy-based micelles were loaded with 0.0045% w/v donor (DiO) and
0.0015% w/v acceptor (Dil). The latter donor/acceptor (d/a) ratio was selected due to the
light absorption properties of the vinylpyridine part in the block copolymer in contrast to
the nonabsorbing aliphatic polymers, such as PEG-PLLA, and is in line with investigations
of Berney and Danuser [219]. After evaporation overnight, the resulting micellar dispersion
was filled into a dialysis bag and dialyzed over 4 h against 5 L. water. This step was carried
out to remove unentrapped fluorescence dye and residual solvent. Finally, the dispersion was

filtered through a 0.2 ym celluloseacetate filtermembrane.

3.3.4 Micelle characterization
3.3.4.1 Determination of critical association concentration (CAC)

Fluorescence excitation spectra of the pyrene-loaded micelles were recorded on an Aminco
Bowman luminescence spectrometer (Aminco Bowman, Urbana, Illinois) at 390 nm emission
wavelength and excitation wavelengths ranging from 300 nm to 360 nm using a spectral
bandwidth of 1 nm and 2 nm for fluorescence excitation and emission, respectively. The scan
rate was 0.5 nm/s. According to the method of Wilhelm et al., the I338 nm/I334 nm ratio was

evaluated for the determination of CAC [41]. Each experiment was performed in triplicate.
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3.3.4.2 Particle size measurements

The dynamic light scattering (DLS) technique was used to investigate the micellar average
diameter. For the measurements, a Zetasizer Nano ZS90 from Malvern, UK, was set to 173°
backscattering mode. The mean size and polydispersity index (PDI) were calculated by

cumulants analysis using ZetasizerNano® software.

3.3.4.3 Transmission Electron Microscopy (TEM)

Micellar size and morphology were investigated by transmission electron microscopy using
a negative staining technique. The samples were dried on the surface of carbon-coated
copper grids (400 mesh; Plano, Wetzlar, Germany) for electron microscopy. For staining of
PEG-PDLLA [5-b-23], a solution of 2% uranyl acetate solution in water (pH 4.5) was used,
while all the other samples were stained using an aqueous solution of 2% phosphor tungistic
acid (PTA; titrated to pH 7, using NaOH). The PEG-PLLA [5-b-4.7] sample was incubated
with TritonX-100 for 20 min to examine the micellar destruction process as used in the
FRET assay. All electron micrographs were digitally recorded using a CCD camera (TVIPS,
Gauting) on a CM12 transmission electron microscope (FEI Electron Optics, Eindhoven,
The Netherlands). For particle size determination, 100 particles in a predefined area of the
electron micrograph were measured. Statistical evaluation was performed by calculation of

arithmetic mean and standard deviation.

3.3.5 Determination of micelles’ in vitro serum stability

3.3.5.1 Sample incubation, FRET ratio determination, calculation of stability

parameters

Set-ups of fluorescence experiments were similar to the CAC determination. In contrast,
excitation wavelength was set to 484 nm, and emission was scanned from 495 nm to 600 nm
(for PEG-PVPy samples to 620 nm). All samples were incubated at 37°C over 3 h. Emission
spectra were recorded after 0, 15, 30, 45, 60, 90, 120, and 180 min of incubation. Additionally,
for PEG-PLGA [5-b-28| micelles, spectra at 4, 5, 6, 9, 12, 15, 18, and 26 h were recorded.
After the last recording time point, micelles were dissolved by adding 7.5% v/v TritonX-100.
The incubation was maintained for 20 min and a final spectrum was recorded. Each single
spectrum was integrated using Origin® software to determine the peak area of FRET-acceptor

maximum and donor maximum. Calculating the FRET was done according to Eq. 3.1:

o7



CHAPTER 3. IN VITRO SERUM STABILITY

Spectrum end
D /Aborder

FRET ratio = | Acceptor] (3.1)
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intensity

For each polymer, the interception point of the time-resolved fluorescence emission spectra
was determined. By overlaying the recorded spectra, this interception point is defined before
the emission peak of FRET acceptor dye (varying around 545 nm). “Spectrum start” was 495
nm emission wavelength for all DiO/Dil loaded micelles, whereas “spectrum end” was 600 nm
apart from the PEG-PVPy micelles. For the latter, the spectra were integrated to 620 nm
due to a wavelength shift caused by quenching effects of the dyes’ fluorescent emission from
pyridines’ aromatic rings. For quantitative evaluation of the data, the resulting FRET ratios
were normalized to the TritonX-100 FRET ratio and the initial ratio at t=0 min by Eq. 3.2:

FRET T(]Jtiot:m min — FRET ration‘tonX—lOO

FRET TatiOtzo min — FRET TatiOTritoanIOO
(3.2)

Residual micellar fractions %] = 100 -

Residual micellar fractions (RMFs) were plotted and analyzed by Origin® software using
the first-order decay curve-fitting function. From the fitted curves at RMF5q9;,, the serum

half-life was calculated if possible. Additionally, the RMF1g9 min was analyzed.

3.3.5.2 Asymmetrical Flow Field Flow Fractionation (AF4)

Due to the great versatility of AF4 concerning particle and protein separation [220], this
method was selected to confirm the hypothesis of micellar disassembly in the presence of
human serum. Therefore, dye-loaded PEG-PVPy [5-b-20] micelles, which showed intermediate
stability in the described FRET assay, were incubated with human serum at 37°C. The
incubation sample was prepared with a polymer concentration of 2 mg/mL and diluted with
human serum (1:2). The samples were injected into a Wyatt Eclipse F module (Wyatt Inc.,
Santa Barbara, USA) with a 26.5 cm separation channel using a 350 pm polycarbonate spacer
and polyethersulfone membrane with 5 kDa molecular weight cut-off (MWCO). The pump
system consisted of an Agilent 1100 HPLC pump and degasser; detection was performed on a
Wyatt DAWN EOS MALS detector and a Shodex RI-101 detector. A 50 mmol NaCl solution
with 0.05% NaNj served as a mobile phase. The detector flow rate was 1.0 mL/min using
a cross flow gradient from 3.0 mL/min to 0 mL/min, and the injection volume was 100 uL.
The original incubated sample was separated using AF4 0, 90, 180, 270, and 1,440 min
after the beginning of incubation. During each separation run, the micellar fractions were

collected (from 28 min to 33 min) and concentrated using Vivaspin 6 tubes. The resulting
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5 mL sample volume from the first AF4 experiment was concentrated to 0.5 mL. Finally,
this fraction was injected and separated again. The presented size and size distribution
equations were performed with Astra® 4 software. The particle diameters were calculated
from RMS radii (dsp) in the particles mode, evaluating the angular dependence of scattered
light assuming spherical particles. Based on the Zimm equation [221], the “90° MALS detector

signal height” of the second separation step was used for semi-quantitative data evaluation of

the concentrated samples.

3.4 Results

3.4.1 Polymer and micelles characterization

The CAC of the tested block copolymers was studied due to its association with micellar
thermodynamic stability. The CAC values of the polymeric micelles ranged from 0.41 to
5.71 mg/L (Fig. 3.1), which is considerably low compared to Tween 80® micelles (11.16 mg/L)

and indicates a high stability upon dilution of block copolymer micelles.

PEG-PCL [5-b-32.5] | # 0.41
PEG-PDLLA [5-b-23] #%0.92
PEG-PVPy [5-b-20] " 209
o PEG-PVPy [2-b-10] = 236
(]
D—%‘ PEG-PLGA [5-b-28] W 3.53
PEG-PVPy [2-b-5.5] HH 3.92
PEG-PLLA [5-b-4.7] w571
Tween 80 i 11.16
T e e T T T T e

0 1 2 3 4 5 8 7 8 9 10 11 12 13
CAC [mg/L]

Figure 3.1: CAC values of the investigated polymers determined by the pyrene method.
Results are presented as mean + SD (n=3).

To validate the accuracy of the method used in this study, the CAC value for Tween 80®
was compared with literature data which determined the CAC value by other methods.
A good correlation was observed (e.g., surface tension measurement: 15.7 mg/L [222]).

Furthermore, from the CAC data of the different PEG-PVPy micelles, it was obvious that an
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increasing hydrophobic block length leads to a lower CAC, in agreement with published data
[223]. Comparing CAC values of micelles based on copolymers with similar hydrophobic to
hydrophilic ratios, a decrease of CAC from PEG-PLGA to PEG-PVPy and PEG-PDLLA was
observed. The architecture of the micellar core, which can be either crystalline or amorphous,
plays an important role in the stability of polymeric micelles [223]. Therefore, the thermal

properties of the dry polymers were investigated as received (Table 3.1).

Table 3.1: Physical state of used block copolymers (mean = SD (n=3)).

Polymer type Amorphous Crystalline Te [°C] Tm [°C]
PEG-PLLA [5-b-4.7] - X - 46.23 £ 0.24
PEG-PDLLA [5-b-23] X - 5.07 £ 0.13 -
PEG-PLGA [5-b-2§| X . 6.19 + 0.57 -
PEG-PCL [5-b-32.5] - X - 55.84 4 1.05
PEG-PVPy [2-b-5.5| X ; 101.83 + 4.58 -
PEG-PVPy [2-b-10] X - 109.19 + 2.54 -
PEG-PVPy [5-b-20| X - 136.36 + 1.36 -

Differential scanning calorimetry revealed that PEG-PLLA [5-b-4.7] and PEG-PCL [5-b- 32.5]
showed crystalline characteristics with melting points above room temperature, whereas for
the other investigated polymers glass transition temperatures that are typical for amorphous
materials were detected in their thermograms. The glass transition temperatures of PEG-
PDLLA [5-b-23] and PEG-PLGA [5-b-28| were below room temperature. In contrast, the
investigated PEG-PVPy showed glass transition temperatures above 100°C. It is worth
mentioning that the presence of water, encapsulated compounds, or residual solvents can act
as plasticizers and greatly affect the nature of the hydrophobic core, changing it from crystalline
to amorphous and/or reducing its glass transition temperature. Micellar morphology and
diameter were investigated by transmission electron microscopy (TEM) and dynamic light

scattering (DLS). Results are summarized in Table 3.2.

DLS revealed that Tween 80® forms the smallest micelles with a hydrodynamic diameter of
about 10 nm followed by the PEG-PVPy micelles ranging in size from ~28 nm to ~31 nm.
The micelles of PEG-PLA derivatives, PEG-PLLA and PEG-PDLLA were ~49 nm and
~45 nm in diameter, respectively. PEG-PCL and PEG-PLGA form larger micelles with a
diameter of around 80 nm. This trend in size can also be found in the TEM micrographs.
They revealed nanosized particles of spherical shape independent of the copolymers used
(Fig. 3.2).

The mean particle diameter observed by TEM is either smaller than or equal to the hydrody-
namic diameter measured by DLS. Both PEG-PDLLA [5-b-23] and all PEG-PVPy-based
micelles showed narrow and homogeneous particle size distribution in TEM micrographs,
although the PDI in DLS was relatively high. On the other hand, a wider size distribution
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Table 3.2: Particle Sizes and Size Distributions of Polymeric Micelles Resulting from TEM
and DLS (Mean + SD).

Polymer TEM size [nm] DLS size [nm] DLS PdI
Tween 80® n.p.? 10 £ 0 0.09 4 0.02
PEG-PLLA [5-b-4.7] 17+ 6 49 £ 7 0.26 £+ 0.01
PEG-PDLLA [5-b-23] 23 + 4 45 + 4 0.12 £ 0.03
PEG-PLGA [5-b-2§] 32 £ 10 83 +4 0.14 £+ 0.03
PEG-PCL [5-b-32.5] 38 7 82 +5 0.06 £ 0.03
PEG-PVPy [2-b-5.5] 19+ 4 30 = 3 0.10 £ 0.05
PEG-PVPy [2—b—10] 24 + 4 31 £ 2 0.18 + 0.01
PEG-PVPy [5-b-20] 24 + 5 28 + 1 0.17 & 0.01

@ not possible with the used experimental setup: for a Cryo-TEM micrograph of Tween 80® micelles please
refer to Sagalowicz et al. [224]

was obvious for PEG-PLGA [5-b-28]- and PEG-PCL [5-b-32.5]-based micelles in the TEM
micrographs. Taking the negative staining sample preparation technique into consideration,
the single particles showed a bright grey micellar core surrounded by a shell-forming corona
visible as dark shadows. This observation confirms the well-established core-shell model for
polymeric micelles and had been shown also in TEM micrographs for drug-loaded micelles
by Wang et al. [225]. The TEM micrographs of TritonX-100 and PEG-PLLA [5-b-4.7] were
recorded to document the dissolution of the micelles by this detergent. The micrograph of
TritonX-100 alone did not show any visible particles. Particle diameter obtained from DLS
for TritonX-100 micelles are below 10 nm (data not shown). Incubation and preparation
of PEG-PLLA and TritonX-100 show large particles in the micrograph without the typical
core-shell structure. The contrasting agent was able to diffuse inside this larger particle and

indicated the principle of micellar disintegration.

3.4.2 FRET stability assay

In this study, FRET as a direct marker of micellar integrity was used. Energy transfer from
the fluorescence dyes DiO (emission maximum: 505 nm) to Dil (emission maximum: 575
nm) without light emission of DiO appears only when the distance between both molecules is
in the lower nanometer range. Due to overlapping DiO emission and Dil excitation spectra,
the Dil emission can be only observed after exciting DiO. This is the case in the micellar
core. Results and basic principle of this FRET assay are outlined in Fig. 3.3 for Tween 80®
micelles. The final data evaluation process is presented in Fig. 3.4. All investigated polymeric
micelles were analyzed accordingly, and the resulting data are summarized in Table 3.3 and
Fig. 3.5.

The calculation of a half-life after incubation in human serum was possible for Tween 80®,
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Figure 3.2: TEM micrographs of block copolymer micelles, negatively stained using uranyl
acetate (PEG-PDLLA) or phosphor tungstate (all other samples). Scale bar
represents 100 nm. (A) PEG-PLLA [5-b-4.7|; (B) PEG-PDLLA [5-b-23|; (C)
PEG-PLGA [5-b-28]; (D) PEG-PCL [5-b-32.5]; (E) PEG-PVPy [2-b-5.5]; (F)
PEG-PVPy [2-b-10]; (G) PEG-PVPy [5-b-20]; (H) PEG-PLLA [5-b-4.7] incubated
with TritonX-100 for 20 min at 37°C; (I) TritonX-100.

PEG-PLGA, and all PEG-PVPy micelles, whereas for the other investigated polymers the
calculated RMF values did not fall below 50%. All micellar disassemblies followed a first-
order kinetic profile, with a good correlation observed (R?>0.90). The PEG-PVPy micelles
showed an increase in halflife with increasing molar masses of the hydrophobic part. The
longest half-life which could be achieved with PEGPVPy [5-b-20] was similar to Tween 80®
micelles. In contrast PEG-PLGA formed more stable micelles and exhibited a half-life in
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Figure 3.3: Fluorescence spectra overlay for Dil/DiO-loaded Tween 80® micelles in human
serum. The maximum at 570 nm emission wavelength originally comes from the
acceptor Dil, the one at 505 nm from the donor DiO. The decreasing acceptor
and increasing donor maximum indicate the micellar disassembly during sample
incubation. After 3 h incubation time TritonX-100 was added. This destroys the
micelles and leads to a complete dye release.
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Figure 3.4: RMF at different incubation times of Tween 80® micelles. Tween 80® micelles
show a first-order disassembly kinetic. To compare varying block copolymers from
the resulting graphs, the serum half-life (t95) and the RMFg¢ min were evaluated.
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Table 3.3: Stability of different block copolymers in human serum. All samples follow first-

order kinetics.

Quality of RMF 150 min [%

Polymer curve i:ttlng to.5[h] (Mean + S[[))]
(R%)

Tween 80® 0.9924 1.48 38.73 + 10.37
PEG-PLLA [5-b-4.7] 0.9886 >>262 98.38 & 1.00
PEG-PDLLA [5-b-23] 0.9901 >>262 91.60 + 1.28
PEG-PLGA [5-b-28| 0.9850 25.07 66.83 = 1.23
PEG-PCL [5-b-32.5] 0.9946 >>262 85.27 +£ 1.24
PEG-PVPy [2-b-5.5] 0.9923 0.68 23.27 + 10.37
PEG-PVPy [2-b-10] 0.9389 0.92 34.19 £+ 2.57
PEG-PVPy [5-b—20] 0.9659 1.72 44.19 4+ 4.26

& These micellar types exhibit very high serum stability in the assay; consequently, serum half-life was not

calculated due to necessary extrapolation of the existing data.

this assay larger than 24 h. The more stable micelles are characterized by the RMF values
above 50%. PEG-PCL, PEG-PDLLA, and PEG-PLLA micelles were the most stable ones

investigated in this study. Moreover, the best stability in human serum was detected using

PEG-PLLA-formed micelles showing nearly no influence of serum proteins on stability. Fig.

3.5 further illustrates that the investigated Dil/DiO-loaded polymeric micelles were stable

upon dilution in water above CAC over a time period of 180 min at 37°C.

MPEG-PLLA [5-b-4.7]
mPEG-PDLLA [5-b-23]
mPEG-PCL [5-b-32.5]
mPEG-PLGA [5-b-28]
mPEG-PVPy [5-b-20]
Tween 80
mPEG-PVPy [2-b-10]
mPEG-PVPy [2-b-5.5]

Incubation in water

MPEG-PLLA [5-b-4.7]
mPEG-PDLLA [5-b-23]
mPEG-PCL [5-b-32.5]
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Figure 3.5: Residual micellar fraction |%]| of the investigated polymers determined by the
FRET method in human serum compared to water. Results are presented as

mean + SD (n=3).
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3.4.3 Asymmetrical Flow Field Flow Fractionation (AF4)

AF4 measurements were performed as a reference method to confirm micellar disassembly in
the presence of human serum. Fig. 3.6 illustrates the results of the AF4 experiments. First,
the behavior of the dye-loaded PEG-PVPy [5-b-20] micelles and human serum under the
selected separation conditions was analyzed (Fig. 3.6a). The chromatogram of PEG-PVPy
micelles showed a main peak ranging between 24 min to 31 min retention time. A sharp
signal observed from the polymeric micelles indicated their high stability upon dilution in
AF4 experiments. Although serum and micellar signals are overlapping, Fig. 3.6A shows
the detection of micelles in the presence of serum was possible due to slightly different
hydrodynamic radii of serum proteins and micelles. Therefore, micelles and serum were mixed
and investigated simultaneously in a second experiment (Fig. 3.6B). As shown in Fig. 6a by
single micelles and serum fractograms, the micelles are detectable in the mixture at retention
time between 28 min and 33 min. This fraction was collected and separated again to improve
resolution. Finally, polymeric micelles were incubated in human serum at 37°C, and samples
were analyzed at different time periods as described above (Fig. 3.6C). Table 3.4 summarizes

the changes in particle sizes of each process step.

Table 3.4: PEG-PVPy [5-b-20] micelles diameter determined by MALS detector signal after
incubation in human serum at different time points.

Sample Sample status Particle diameter [d5o nm]|
Micelles (pure) Not processed 21.8
Micelles and serum t=0 min Untreated 50.5
Micelles and serum t=90 min Untreated 182.9
Micelles and serum t=180 min Untreated 183.8
Micelles and serum t=270 min Untreated 166.1
Micelles and serum t=1440 min Untreated 34.6

Pure micelles showed particle diameters of ~22 nm, whereas immediately after addition of
human serum the particle size increased to ~50 nm. During incubation, the particle diameters
of the untreated sample increased continuously after 180 min incubation time to ~184 nm
and declined to ~35 nm after 24 h. The particle size of the concentrated samples showed
a different trend. During the second separation, the dsg-size parameter scatters around 22
nm + 1.5 nm. This enabled the evaluation of the MALS detector peak height to correlate it
with the particle concentration. In Fig. 3.6D, 90° MALS detector signal height is shown for
the concentrated samples over time. Its decrease followed a first-order kinetics, which was

also observed in the FRET experiments.
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Figure 3.6: A. Overlay of light scattering detector trace of dye-loaded micelles and human
serum, B. dye-loaded micelles mixed with human serum, C. concentrated samples
of dye-loaded micelles in human serum over time, D. intensity decay of light
scattering detector signal height over sample incubation time, baseline corrected.

3.5 Discussion

In this study, different block copolymers were investigated for their applicability as a micellar
drug delivery system. For its clinical development, it is of high interest to understand the fate
of polymeric micelles after intravenous application [174]. This issue is also highlighted by the
regulatory authorities, as seen in the current guideline draft released by the EMA in the field
of micellar formulations [226]. Block copolymers were composed of different chain lengths
of polyethylene glycol as the hydrophilic part and varying hydrophobic parts with different
molar masses. Physicochemical characterization revealed that all polymers were able to form
nanosized micelles of spherical shape. The results show that particle size obtained from TEM
often is much smaller compared to the results from DLS. One explanation for this observation
could be the airdrying step involved in TEM sample preparation. The most probable reason

is the different measurement principle of DLS and TEM. DLS delivers an intensity weighed
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size distribution of hydrodynamic radii based on the Rayleigh approximation (scattering
intensity ~d®), which finally overestimates the presence of larger micelles. Considering this
factor, the large discrepancy between the results of both techniques is not unexpected. The
recorded TEM micrograph indicated that the addition of TritonX-100 to copolymer micelles
led to a fusion of micelles. This goes along with FRET dye release obtained by fluorescence
spectroscopy. The lysis of the nanoparticles was responsible for the decrease of the FRET ratio
after TritonX-100 incubation. Similar disintegration effects of lipid membranes by detergent
interaction have been described previously by Ahyayauch et al. [227]. Consequently, this
enabled the investigation of the stability of different polymeric micelles in human serum. Dual
dye-loaded polymeric micelles were analyzed with a FRET-based technique. After fluorescence
spectra integration and FRET ratio calculation, the two serum stability parameters residual
micellar fractions (RMF) and serum half-lives were determined. Both parameters revealed
highly relevant properties concerning stability. In the FRET assay, PEG-PLLA [5-b-4.7],
PEG-PDLLA [5-b-23|, PEG-PLGA [5-b-28|, and PEG-PCL [5-b-32.5] micelles exhibited
an extended half-life longer than 24 h, whereas Tween 80® and PEG-PVPy micelles were
more labile, with half-lives below 2 h. Fast disassembly of Tween 80® micelles was expected
(FRET assay half-life ~1.5 h). This non-ionic surfactant was chosen as an ideal reference
polymer to compare with the results from the block copolymers due to known very low in
vivo stability. For instance, Lasseter et al. performed a tolerability and bioequivalency study
of fosaprepitant compared to aprepitant, where the prodrug fosaprepitant was encapsulated
in Tween 80® micelles and applied to healthy subjects [228]. The pharmacokinetic data
revealed that after injection the prodrug was completely metabolized to the active drug by
ester hydrolysis in less than 45 min, indicating a full micellar destruction and drug release
from the Tween 80® micelles. Thus, a comparison between Tween 80® and the block
copolymer micelles in the developed in vitro assay was highly interesting and helps to better
interpret the obtained stability parameters. Comparing the stability based upon dilution
values of the polymers with the serum values, it is obvious that micellar disassembly did
not result from simple dilution phenomena as long as the final concentration is above the
CAC. A major change in FRET ratio was not detectable after dilution of the samples in
water still above CAC (Fig. 3.5). However, in this study it was furthermore investigated
which physicochemical properties of these micelle-forming block copolymers were strongly
linked with micellar stability: hydrophilic/hydrophobic ratio [229], particle sizes and particle
size distributions [229)], critical association concentration (CAC) [223], and thermal status of
the block copolymers [230, 46]. Riley et al. reported for PEG-PLA micelles a dependence
of serum stability on particle size and hydrophilic/hydrophobic ratio [229]. While keeping
a constant block length of the PEG part (5 kDa), an increase of hydrophobic block length
led to larger micellar cores and finally larger particles. Consequently, the PEG shell had

only a minor influence on the properties of micelles and can lead to incomplete coverage
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and protection of the core from environmental milieu (as postulated for PLA blocks larger
than 30 kDa). According to Riley et al., this partially leads to the presence of PLA carboxyl
groups on the surface and confers the particles a surface charge, as indicated by zetapotential
measurements. Proteins could thus adsorb onto the less PEG-protected surface. Colloidal
stability was investigated by addition of the nanoparticles to different amounts of NaySOy
solution and the determination of the critical flocculation points (CFPT). Interestingly,
copolymers with high molar mass PLA blocks (30 kDa and more) exhibited a lower CFPT
before protein incubation and similar CFPTs after protein incubation compared to lower
molar mass PLA blocks (<30 kDa). Riley et al.’s study revealed that incomplete PEG surface
coverage did not lead to lower colloidal stability when designing micelles with larger PLA
blocks [229]. This postulated mechanism could be one explanation for the high stability
of PEG-PDLLA [5-b-4.7] and PEG-PLLA [5-b-23| micelles, whereas thermodynamic and
kinetic approaches could not fully explain the high stability of PLA-based micelles. The
FRET assay showed that PEG-PLLA [5-b-4.7| with a molar mass of around 10 kDa and a
hydrophobic/hydrophilic ratio of nearly 1:1 exhibited much higher stability than PEG-PVPy
[5-b-20] with a molar mass of 25 kDa and a ratio 1:5. The same result was found with PEG-
PLGA [5-b-28] (lower stability) and PEG-PLLA [5-b- 23| (higher stability). Consequently,
the total molar masses and hydrophilic/hydrophobic ratios do not have a direct impact
on micelle serum stability when comparing different block copolymers. In contrast, it was
shown for the PEG-PVPy micelles with different PEG and vinylpyridine amounts in the
molecule that an increasing hydrophobic part also increased the serum stability. Although
PEG-PVPy [2-b-10] had a higher hydrophobic/hydrophilic ratio than PEG-PVPy [5-b-20],
the latter was more stable, indicating that the size of the hydrophobic part is more decisive
in determining the serum stability than the size of the PEG part. The same conclusion
was drawn by Toncheva et al. when investigating the stability of PEG-polyorthoester ABA
triblock polymers against bovine serum albumin [231]. Thermodynamic stability of polymeric
micelles is directly connected with the CAC. Data of CAC determination for the tested
polymers showed that PEG-PCL (CAC~0.41 mg/L) micelles had the lowest aggregation
onset, whereas PEG-PLLA (CAC~5.71 mg/L) micelles showed the highest CAC in this
study. In contrast to the block copolymers, Tween 80®, as a non-ionic surfactant, had an
aggregation onset at a much higher concentration (11.16 mg/L). Therefore, one would expect
PEG-PCL micelles to be most stable, and PEG-PLLA micelles would be associated with
lowest stability from a thermodynamic point of view. The crystalline and/or amorphous
nature of the dry polymer seems to have no connection with its in vitro serum stability. For
instance, the thermograms of PEG-PLLA [5-b-4.7] (T\,~46°C) and PEG-PCL [5-b-32.5]
(T~56°C) show melting events, while PEG-PLGA [5-b-28| (Tg~6°C), PEG-PDLLA [5-b-23]
(Tg~5°C), and PEG-PVPy (Tg~102-136°C) are amorphous. If the hydrophobic core of the

micelles was crystalline or frozen due to a high T, analogous to the dry polymer, then one
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would expect PEG-PVPy to be more stable than the “softer” polylactide copolymers, which
was not the case in this study. The effect of micellar stabilities cannot be fully explained by
the thermal properties, as is also shown by Jacquin et al. [230]. This is because the presence
of water or encapsulated material can act as plasticizer or crystallization inhibitor, thus
changing the state of the hydrophobic micellar core compared to the dry polymer. Finally, it
was to clarify if the observed time-dependent changes in FRET effects are exclusively due to
micellar disassembly in the presence of serum. There is still a possibility that the fluorescent
dyes redistribute from the micellar core towards serum proteins. AF4 measurements were
used to substantiate the FRET results and exclude the latter possibility. For this experiment,
PEG-PVPy [5-b-20] micelles were selected due to their intermediate stability in serum as
determined by FRET measurements. The fact that during the elution of the pure micelles no
peaks for the polymer appeared in the fractogram (before the micellar peak) shows that the
micelles remained intact under the high dilution processes in the AF4 experiments. While
incubating the micelles with serum over time, a method for semiquantitative data analysis
was identified involving the evaluation of signal height of light scattering. This light scattering
intensity decreases over time in a first-order decay, showing similar kinetics to those found for
the FRET experiments (Fig. 3.6D). It is highly probable that the effects seen in the FRET
experiments were caused by micellar disassembly. Interestingly, the protein adsorption on
the micellar shell can be followed via the particle diameter, which increased from the initial
particle size of ~51 nm to 184 nm after 180 min incubation time and subsequently decreased
down to ~35 nm after 24 h. FRET experiments confirmed that only minor changes in
micellar concentrations can be expected after 120 min due to the observed first-order kinetics
(Fig. 3.4). Saturation of micelles with serum proteins is highly probable. AF4 experiments
further revealed that there are residual micelles with comparable size to freshly prepared
ones still present after 24 h incubation time. Based on this observation, high adsorption of
proteins on the micellar surface most likely occurred during the first few hours. However,
when the stability influencing protein fraction is saturated with polymer monomers, the
reaction rate slows down to a first-order kinetic. Additional data will be needed to confirm
this hypothesis. In summary, it was shown that all investigated block copolymer micelles
exhibited relatively high thermodynamical stability against dilution, whereas the serum

stability differed extremely between the different polymers.

3.6 Conclusion

By using an improved FRET-based assay, it was possible to discriminate between different
block copolymers quantitatively in terms of in vitro serum stability. PEG-PVPy showed very
low serum stability compared to the PEG-PLGA, PEG-PLA, and PEG-PCL. Within the

same homologous series, the length of the hydrophobic chain was more decisive regarding
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the serum stability than the hydrophobic/hydrophilic ratio or the length of the PEG chain.
Additionally, the crystalline/amorphous state of the hydrophobic chain in the dry polymer
could not predict the serum stability of the polymeric micelles. AF4 experiments are one
approach to confirm that a decrease in FRET ratio is due to micellar disassembly. Although
further relevance of these studies has to be carefully investigated in in vivo experiments, the
presented techniques and results offer the possibility to screen novel polymers in terms of in

vitro stability.
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In vitro cytotoxicity and interactions with

the immune system
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CHAPTER 4. CYTOTOXICITY AND IMMUNOGENICITY

4.1 Abstract

In wvitro biocompatibility and potential immunological reactions upon application were
investigated prior to performing in vivo experiments for safety and ethic reasons. Different
test polymers of PEGylated poly-(lactic acid) (PEG-PLA), PEGlyated poly-(lactic acid-co
glycolic acid) (PEG-PLGA), PEGylated poly-(e-caprolactone) (PEG-PCL) and PEGylated
poly-4-(vinylpyridine) (PEG-PVPy) were investigated on their potential biological effects.
Several benchmark materials which are approved for use in humans were compared to the test
materials aiming on the delivery of information concerning toxic effects. These benchmark
materials comprise of Tween 80® and Cremophor EL® for the cytotoxicity studies and Doxil®
for the complement activation studies. Furthermore, branched PEI [25 kDa| and PEG-PEI
0.1/0.1 which was synthesized from PEI [25 kDa| served as positive controls in the cytotoxicity
assays. PEI |25 kDa] and Zymosan were positive controls for complement activation assays.
Investigations were carried out in two different setups: 1) cytotoxicity experiments on HepG2
cells (staining and hand-counting) and on primary rat hepatocytes (ATP test readout) as
well as 2) elucidation of complement activation (ELISA based). As a result of these studies it
was found that the test materials PEG-PVPy was less cytotoxic compared to Tween 80®
and Cremophor EL®. Distinct toxic effects could be detected from metabolically active rat
hepatocytes. The other PEGylated block copolymer micelles exhibited no toxicity on these
assays. Moreover, Doxil® showed stronger complement activation compared to most of the
investigated test polymers. Consequently the selected polymeric micelles were not expected

to exhibit strong cytotoxic effects and immunological responses in vivo.
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4.2 Introduction

The biological responses upon injection of nanoparticles can be assessed with various in vitro
test assays prior to in vivo experiments. Such a strategy contributes, therefore, as a major
part to drug safety. Although assays for the investigation of drugs’ cytotoxicity were standard
industrial procedures [232, 233|, the relevance for nanoparticles was not well investigated yet.
In this connection cytotoxicity can be either of acute [234] or metabolic type [235]: acute
toxicity leads to immediate cell death due to high specimen concentrations whereas metabolic
toxicity occurs after processing of the specimen by metabolizing cells also in subactutely
toxic concentrations. Consequently investigation of those cytotoxic effects is very important
to ensure safety for further in vivo experiments. For this purpose the HepG2 cell line and
primary rat hepatocytes were selected as suitable reporter cells for detecting cytotoxicity
of the nanoparticles. For the investigation of multiple dosing cytotoxicity, the HepG2 cell
line is an established reporter cell line [234]|. Both liver cell species are expected to have a
comparably high exposure of the micelles in vivo due to the strong phagocytotic activity of
the reticulo-endothelial system in this organ. The HepG2 cells were derived from human
hepatoblastoma and possess only minor metabolic activity for xenobiotics [234]. In contrast
to this the primary rat hepatocytes exhibit full metabolic activity [235]. The non-ionic
surfactants Cremophor EL® and Tween 80® were selected for reference purposes. Both
excipients have FDA approval for intravenous injectable products and are highly interesting
for benchmarking. Interestingly, Cremophor EL® for example is approved for iv infusion

with an impressively high concentration of 52.75% w/v in Taxol®.,

Apart from toxicity on cells, immunological reactions upon nanoparticle injection could be
severe and lead to death of the patient within minutes. Those rapid reactions are mainly
caused by responses of the complement system and are called CARPA (C-activation related
pseudoallergy) in literature [97, 99, 96, 25]. This allergic reaction is of non-IgE type and
therefore called a pseudoallergy. It was well described that liposomal (e.g. Doxﬂ@) and
micellar encapsulated drugs (e.g. Taxol®) could lead to strong responses of the complement
system [236]. The in vitro complement activation can be monitored by detection of varying
complement scission products. For this purpose the readout was focused on: C3a, Cbha
and SC5b-9. These three scission products are representative for the complement cascade
and can be detected by commercial ELISA test kits. Strong complement activation can be
a hint for potential immunological reactions which could lead to CARPA upon injection.
Therefore, it is essential to gather information about the test micelles in comparison to
other approved products. As a reference product Doxil® was selected due to the known

complement activation in vitro and in vivo [100, 99].
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4.3 Materials and methods

4.3.1 Materials

The following block copolymers were purchased from Polymer Source Inc, Montreal, Canada:
mPEG-PLLA [5-b-4.7], mPEG-PDLLA [5-b-23], mPEG-PCL [5-b-32.5], mPEG-Poly-(4-
vinylpyridine) [mPEG-PVPy] [2-b-5.5|, mPEG-PVPy [2-b-10] and mPEG-PVPy [5-b-20].
PEG-PLGA [5-b-28] (Resomer RGP d 50155) was obtained from Boehringer Ingelheim,
Ingelheim, Germany. DMEM F12 buffer, DMEM F12 Glutamax® buffer, gentamicin solution
(50 mg/mL) and sodium pyruvate solution (100 mM) were delivered by Invitrogen Inc.,
Darmstadt, Germany. HepG2 cell line was ordered from ATCC, Manassas, VA, USA. Human
serum and branched PEI [25 kDa| were purchased from Sigma Aldrich, St. Louis, MO,
USA. Penicillin-Streptomycin solution and ITS insulin solution were delivered by Sigma
Aldrich, Rossdorf, Germany. mPEG succinimidylester [5 kDa| (mPEG-NHS) was purchased
from NANOCS Inc., New York City, NY, USA. ELISA test kits for complement scission
product detection were delivered by Quidel Corp., San Diego, CA, USA. Doxil® was delivered
by Pharmarama Inc., Boston, MA, USA. Tween 80® and DO were obtained from VWR,
Darmstadt, Germany, and Cremophor EL® was delivered by BASF, Ludwigshafen, Germany.
Pall Acrodisc (GHP membrane) 0.2 pm filters were used for sterile filtration. Water was of
MilliQ grade.

4.3.2 Methods
4.3.2.1 Synthesis of PEG-PEI as reference material

PEG-PEI was selected as a reference material for the cytotoxicity studies. For material
synthesis the method of Hong et al. [237] was employed. In brief, branched PEI |25 kDa| was
PEGylated using a mPEG-NHS ester. The synthetic procedure was described in Fig. 4.1. For
this purpose different ratios of mPEG to PEI were selected: 1) 300 mmol PEI to 100 mmol
mPEG and (PEG-PEI 0.3/0.1) 2) 100 mmol PEI to 100 mmol mPEG (PEG-PEI 0.1/0.1).
Synthesis was carried out in PBS buffer pH 7.4. The appropriate reactants were dissolved
in 5 mL PBS buffer each, unified and stirred over 24 h. Finally the micellar dispersion was
dialyzed against 5 L. water over 24 h for purification purposes. As last step the polymer
was lyophilized at -35°C over 48 h to remove water. Polymer analytics was performed via
'H-NMR spectroscopy in DoO on a Bruker 400 MHz spectrometer.
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Figure 4.1: Preparation steps for PEG-PEI derivatives.

4.3.2.2 Micelle preparation

For cytotoxicity assays All preparation procedures were carried out under aseptic conditions
using sterilized glass ware and equipment where possible. The micelles as well as each of the
reference materials for these test assays were prepared in the appropriate cell line buffers for
the final cell tests. For the HepG2 cell line DMEM F12® buffer was selected as dispersion
medium, for the primary rat hepatocytes DMEM F12® Glutamax buffer was selected.
However, for the micellar preparation a nanoprecipitation technique was employed. In brief,
50 mg polymer was dissolved in 2 mL acetone. This solution was injected into 5 mL of the
aqueous buffer phases under constant stirring. The organic solvent was evaporated under
normal atmosphere under continued stirring overnight. Finally all micellar dispersions were
filtered through a 0.2 pm filter. The exactly resulting polymer concentrations were determined
by gravimetry. Dilution with the appropriate buffers was carried out accordingly prior to cell

incubation.

For complement activation assays Micelle preparation was performed employing the
cosolvent evaporation method (section 2.3.2.1) which was previously developed. Differing
from this procedure acetone instead of THF was used for the cosolvent preparation. Dialysis
for further purification was performed against 2 L water over 24 h. The micellar dispersions

were prepared with polymer concentrations at 10 mg/mL.

Selection and purposes of the investigated materials Table 4.1 summarized the investi-

gated materials with the intended purposes in each study.
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Table 4.1: Testing materials/particles in the cytotoxicity and complement assays.

Polymer /particle species Cytotoxicity Purposes Complement Purposes
assay assay
Negative control (no
mPEG-PDLLA [5-b-23] X cytotoxicity), approved in X Test micelles
market products
mPEG-PLLA [5-b-4.7] - - X Test micelles
PEGIDLLA [ s | | T e i
with HyN-PEG-PDLLA [5-b-28]
surface
Negative control (no
mPEG-PLGA [5-b-28] X cytotoxicity), approved in X Test micelles
market products
Negative control (no
mPEG-PCL [5-b-32.5] X cytotoxicity), approved in X Test micelles
market products
mPEG-PVPy [2-b-5.5] X Test material (unkown tox) X Test micelles
mPEG-PVPy [2-b-10] X Test material (unkown tox) X Test micelles
mPEG-PVPy [5-b-20] X Test material (unkown tox) X Test micelles
Reference material (approved up
Tween 80® X to 12.5% w/v for i.v. use by - -
FDA)
Reference material (approved up
Cremophor EL® X to 52.7% w/v for i.v. use in - -
Taxol®by FDA) [238]
Reference particles (FDA
Doxil® i i X approved drug), Hu.m.ﬁ-:wOmoBmm
known to exhibit strong
complement activation [97]
PEI [25 kDal X Positive control (known high tox) X Wﬂmwmwom particles, m%@mn.ﬁmg
[239] high complement activation
Positive control (known high tox,
mPEG-PEI 0.1/0.1 X expected lower compared to - -
PEI)
Reference standard, yeast
Zymosan - - X enzyme whith complement

cleaving properties
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4.3.2.3 Particle size measurements

The dynamic light scattering (DLS) technique was used to investigate the micellar average
diameter. For the measurements, a Zetasizer Nano ZS90 from Malvern, Worcestershire, UK,
was set to 173° backscattering mode. The mean size and polydispersity index (PDI) were
calculated by cumulants analysis using ZetasizerNano® software. The samples were measured
in cell culture buffer for the cytotoxicity experiments and in water for the complement

activation studies.

4.3.2.4 Cell incubation experiments

Primary rat hepatocytes Rat hepatocytes were taken from male Wistar rats, Charles River
Corp., Wilmington, MA, USA. Upon resection of the liver, the cells were seeded into 96
well plates which were previously treated as follows: Type I collagen from rat tail fibers
(lyophilizate from Roche Diagnostics Inc., Mannheim, Germany) was dissolved in 0.2% acetic
acid to a final collagen concentration of 110 nL./mL. This solution was transferred into each
well resulting in a target concentration of 20 pg/mL. Finally the well plate was dried over 48

h prior to seeding the cells.

Approximately 3.5 x 10% cells/well were seeded into the plate and cultivated in a mixture
of DMEM/F12 Glutamax® buffer with streptomycin (100 pg/mL), penicillin (100 IU/mL),
sodium pyruvate (0.5 mM), dexamethasone (100 pg/mL), ITS Insulin (110 pg/mL) as
additives. Prior to incubation with the micelles the buffer supernatant was removed and the
previously diluted and in buffer formulated micelles were incubated with the cells over 24
h. After incubation the cells were washed three times with buffer and non-vital cells were
stained with trypanblue. A representative number of cells was counted in a Fuchs-Rosenthal

chamber.

HepG2 cell lines For this experiment the cells were cultivated in a DMEM/F12® buffer with
streptomycin (100 pg/mL), penicillin (100 IU/mL), sodium pyruvate (0.5 mM), gentamycin
(50 pg/mL) as additives. 2 x 10* cells/well were seeded into a 96 well plate 24 h prior to
addition of the micelles. The buffer supernatent was removed and the previously diluted
and in buffer formulated micelles were incubated with the cells over 24 h. After incubation
the cells were washed three times with buffer and detection of vital and non-vital cells was

carried out by using an ATP assay (CeHTiter—Glo® Luminiscent, Promega, Madison, WI,
USA).
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4.3.2.5 Determination of complement scission products upon serum incubation

Incubation of the micellar dispersions was carried out in human serum. For this purpose,
250 pL micellar dispersion (10 mg/mL) or MilliQ water and 250 pL. human serum were mixed
and incubated at 37°C over 2 h. Zymosan, PEI [25 kDa| and Doxil® served as reference
materials. A Zymosan solution was prepared at 5 mg/mL (according to Szebeni et al. [99]),
whereas PEI [25 kDa| and Doxil® concentrations were set to 10 mg/mL polymer and lipid
content, respectively. Upon serum incubation the mixtures were immediately centrifuged at
10.000 g for 10 min and the supernatent of these mixtures was taken for further analysis on

complement activation.

According to the ELISA test assay description provided by Quidel Corp. the samples were
diluted as follows: 1:5000 (C3a), 1:250 (C5a) and 1:100 (SC5b-9). The test was performed
according to the manufacturers protocol and finally detection of optical density was carried
out at 450 nm. The complement activation of the micellar/liposomal species was referred to
the baseline activation detected from water incubation with serum. Complement results are
reported as the ratio between baseline and sample activation in percent. According to the
ELISA specifications, a test result which scatteres below 10% from this baseline activation

was not considered to be significant. Each experiment was carried out with n=6.

4.4 Results

4.4.1 PEG-PEI synthesis

The resulting PEG-PEI polymers were investigated on composition and block lengths by 'H-
NMR spectroscopy. Figure 4.2 reports an example spectrum for PEG-PEI 0.1/0.1. Table 4.2
presents the polymer compositions obtained from 'H-NMR spectroscopy. The low M,-values
(number average molar mass) for the PEG-PEI 0.3/0.1 species was not explainable from the

experiments. Therefore, PEG-PEI 0.1/0.1 was selected for further experiments.

4.4.2 Particle size of test materials

All materials were successfully prepared and analyzed for particle sizes and size distributions.

Table 4.3 summarized the results for the cell incubation and complement assays.

4.4.3 Cytotoxicity assay

The above described nanoparticles/polymers were assayed on HepG2 cells and primary rat

hepatocytes. Evaluation of the recorded data delivered sigmoidal curves from which the
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Table 4.2: PEG-PEI characteristics obtained from 'H-NMR spectroscopy.

Block ratio

. PEG i
Feed ratio Gin (PEG-chains M,
Polymer n/n copolymer PEI KD
[mol/mol] (%] w/w per . [kDa]
chain)
26.1
PEG-PEI
0.1/0.1 0.1:0.1 16.9 0.20 (PEG: 4.4, PEL
e 21.6)
12.2
PEG-PEI
0.3/0.1 0.3:0.1 36.0 0.55 (PEG: 44, PEL
R 7.8)

ECs¢-values (effective concentration of analyte at which 50% of the cells were still viable)

were calculated. Fig. 4.3 shows a representative curve for this purpose.
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Figure 4.3: Cytotoxicity of Cremophor EL® micelles on HepG2 cells. Results were presented
in percent cell viability. The curve was representative in shape for the results of
the other investiagted micelles/polymers.

Table 4.4 summarizes the ECgg-values on both cell types for all investigated micelles. Strong
differences in cytotoxicity was found for the investigated micellar samples. As expected fot
the negative control mPEG-PDLLA no toxic events were found up to a concentration of
10 mg/mL on both cell types. The positive controls PEI [25 kDa| and PEG-PEI 0.1/0.1
showed severe cytotoxic effects with effective concentration in the lower png/mL ranges on

both cell types. The test polymers from the PEG-PVPy series showed very low cytotoxic
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Table 4.3: Particle sizes and size distributions for resulting dispersions.
For cytotoxicity assays

For complement assays

dp[nm] in PdI in DMEM d ) ¢ Pdl i ¢
Polymer /product DMEM F12 F12 (mean =+ n[nm] in water mwarer
(mean % SD) SD) (mean £ SD) (mean + SD)
mPEG-PDLLA [5-b-23] 48 + 2 0.144 + 0.010 66 + 2 0.084 + 0.011
mPEG-PLLA [5-b-4.7] n.a. n.a. 43 +£4 0.322 £ 0.006
mPEG-PDLLA [5-b-23]
mmmmwﬂmo.m,\mm_hb n.a n.a 85 + 1 0.162 + 0.021
[5-b-28]
mPEG-PLGA [5-b-28] 92 + 3 0.092 + 0.008 150 + 1 0.101 + 0.028
mPEG-PCL [5-b-32.5] 67 + 1 0.068 £ 0.014 100 + 1 0.108 £ 0.032
mPEG-PVPy [2-b-5.5] 34+ 1 0.101 + 0.005 24 + 1 0.119 + 0.016
mPEG-PVPy [2-b-10] 36 + 1 0.201 £ 0.010 n.a. n.a.
mPEG-PVPy [5-b-20] 44 +1 0.105 + 0.001 42 + 1 0.052 £ 0.005
Tween 80® 10 £ 0 0.098 =+ 0.010 n.a. n.a.
Cremophor EL® 1340 0.034 + 0.019 n.a. n.a.
Doxil® n.a. n.a. 89 + 1 0.056 + 0.018
PEI [25 kDal] 1140 0.295 + 0.008 8+ 1 0.297 £ 0.050
mPEG-PEI 0.1/0.1 19 +1 0.613 + 0.018 n.a. n.a.

n.a.: not applicable; not all polymers were included into both studies, cytotoxicity and complement activation assay.
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effects on HepGG2 cells whereas distinct toxicities were found on the primary rat hepatocytes.
Interestingly, the benchmark micelles composed of Tween 80® and Cremophor EL® showed
comparably toxic effects to the PEG-PVPy samples.

Table 4.4: Summary of the ECsg-values for the investiagted micelles/polymers. Each ECso-
value was determined in triplicate. From the resulting sigmoidal curves the

ECs0-values were calculated where possible.

EC50 rat

Micelle type/polymer ECso HepG2 hepatocytes
[mg/mL]
[mg/mL]|
mPEG-PDLLA [5-b-23] >> 10 >> 10

PEI |25 kDa] 0.0099 + 0.002 0.015 + 0.002
PEG-PEI 0.1/0.1 0.0107 £ 0.003 0.028 £+ 0.020
Tween 80® 0.49 £+ 0.060 1.16 + 0.182
Cremophor EL® 0.79 4+ 0.030 1.56 £+ 0.087
PEG-PVPy [2-b-5.5] > 10 1.15 £+ 0.115
PEG-PVPy [2-b-10] >> 10 4.20 + 0.216
PEG-PVPy [5-b-20] > 10 4.57 + 0.404

4.4.4 Complement activation assays

The results delivered by the ELISA tests for the three investigated complement factors C3a,
Cbha and SC5b-9 are presented in Fig. 4.4. As shown, the selected positive control Zymosan
(5 mg/mL) exhibited the strongest complement activation in all setups followed by PEI [25
kDal. Doxil® resulted in comparable complement activation in the SC5b-9 assay and only a
slight increase in the C3a compared to water. The test polymers showed lower activation
of complement in all three assays compared to the reference materials. A negative value
compared to water could result from complement adsorption onto the surfaces of the micelles.

This effect was also considered in the graphs.

4.5 Discussion

Cytotoxiticty and complement activation assays generally are valuable tools for the elucidation
of drug/formulation risks prior to adiministration to living organisms. In this study cytoxicity
was investigated with two cell types: HepG2 cells and primary rat hepatocytes. Escpecially
the rat hepatocytes with their metabolic activity were taken as important reporter cells for
expected toxicity in later in vivo studies in rodents. However, the results reported in Table
4.4 revealed very differentiated properties of cytotoxicity for the test and reference polymers:
mPEG-PDLLA [5-b-23] did not show any cytotoxic effects on both cells types as expected
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for a negative control. The positive controls PEI [25 kDa| and PEG-PEI 0.1/0.1 showed
severe cytotoxic effects at very low concentrations [EC59 <20 pg/mL|. The expectation
that PEGylation of PEI reduced the toxicity [237] was not strongly detectable. PEG-PEI
exhibited only slightly lower ECsgvalues compared to PEIL. Interestingly the benchmark
polymers Tween 80® and Cremophor EL® showed distinct toxicity on both cell types as
certain toxic effects were expected from literature: for Tween 80® direct toxic interactions
with lipid bilayers were discussed [240] whereas for Cremophor EL® the formation of free
radicals is assumed to be one potential mechanism of cytotoxicity [241]. It is remarkable
that both polymers/surfactants received FDA approval although they are known to exhibit
cytotoxic effects. Taking this backgroud into consideration, the cytotoxicity of PEG-PVPy
derivatives are to be evaluated. The results showed that a strong toxicity on HepG2 cells could
not be detected (ECs9 >10 mg/mL for all specimen) whereas differential picture was shown
on the metabolically active rat hepatocytes: All three polymer derivatives showed a distinct
toxicity with ECsgvalues scattering between ~1 mg/mL and ~5 mg/mL. This could be due
to a potential metabolization of the polyvinylpyridine part of the PEG-PVPy: liver enzymes
were known to form N-oxides from pyridine [242, 243|. Those N-oxides are reactive species
and could induce cell death by forming of DNA adducts. These values were higher compared
to Tween 80® and Cremophor EL® indicating lower cytotoxicity. Consequently strong toxic
effects by the PEG-PVPy species were not expected in later animal experiments. However,
if extensive, multiple dosing of this polymer would be planned it needs to be evaluated if
mutagenic effects could occur from N-oxides formation [244]|. The complement activation
assay which was employed to assess potential impacts of nanomedicine on severe body side
reactions was the complement activation assay. According to the suggestion of Szebeni et al.
[99] three readouts C3a, Cha and SC5b-9 for complement activation were selected. Zymosan
was suggested as a positive control by Szebeni et al. because this yeast enzyme was known
to be a very strong complement activator. In contrast to this, PEI [25 kDa| served as a
highly charged positive control. Both positive controls were expected to exhibit very strong
complement activation in all three assays. Increase of complement referred to water was
between ~350% to ~1500% for Zymosan and ~150% to ~400% for PEI |25 kDal|, respectively.
However, the reference product Doxil® showed its strongest complement activation in the
SC5b-9 assay (~150% referred to water). This was not unexpected because previous studies

in humans with Doxil® revealed a strong activation in the SC5b-9 readout [100].
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Figure 4.4: Results obtained from the complement activation assays: C3a readout (A), Cha
readout (B) and SC5b-9 readout (C). Bars represent increase of complement
factor level in percent compared to water baseline levels. Each experiment was
carried out n=6 (mean + SD). The arterisk indicates which samples delivered

signifiantly different results compared to water (> 10% differences according to
manufacturer specifications).

Moreover, an activation > 10% referred to water was additionally found in the C3a assays,
whereas for Cha there was nearly no activation detectable. As liposomal Doxil® is a FDA
approved product, this complement activation should not be a problem for other low micellar

products. A complement activation chart which evaluates the obtained data and puts them

into connection was shown in Table 4.5.
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Table 4.5: Evaluation of the complement activation results.

Specimen C3a Cba SC5b-9 Evaluation/comment
PEG-PLLA
m [5-b-4.7] 1 - Light C5a adsorption
PEG-PDLLA
m [5-b-23] 1 - Light C5a adsorption
PEG-PLGA
m [5-b-28] - ™ - Stronger Cba activation
mPEG-PCL ! 7 Stronger activation of
[5-b-32.5] i SC5b-9, adsorption Cha
mPEG-PVPy ! 4 7 Cbha and SC5b-9
[2-b-5.5] activation, C3a adsorption
mPEG-PVPy + + Cha and SC5b-9
[5-b-20] activation

mPEG-PDLLA

5-b-23] mixt
[ | mixture C5a and SC5b-9

with HoN-PEG- - T T ..
PDLLA activation
[5-b-28]
] Light C3a activation,
Doxil® T i TT strong SC5b-9 activation
PEI [25 kDa] Tt ™M 1 Positive control
Zymosan T T 1 Positive control

Legend: complement activation within range + 10% (-), range 10% to 50% (1 or |), range
50% to 200% (1), range 200% to 400% (111), range > 400% (1117)

4.6 Conclusion

In this study potential effects of micellar carriers on biological systems were investigated.
Prominent concerns which could limit the applicability of colloidal systems are 1) cytotoxicity
and 2) immunological responses. In vitro cytotoxicity and complement assays revealed
valuable information about possible interactions of micelles with components of the biological
system. The cytotoxicity studies were carried out on HepG2 cells and primary rat hepatocytes.
Compared to the bechmark systems such as micellar Cremophor EL® or Tween 80®, the
results indicated no enhanced toxicity of the test polymers compared to those already
approved systems. Interestingly cytotoxicity was increased for the PEG-PVPy polymers on
metabolically active cells whereas on metabolically inactive celles there was no strong toxicity
to be found.

For the complement activation studies in comparison to the liposomal market product Doxil®

it can be concluded that from all investigated test micelles none exhibited stronger complement
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activation. Consequently further in vivo studies with the materials should not cause any

issues in animal welfare or deliver results which are related to toxicity items.
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CHAPTER 5. DRUG ENCAPSULATION AND BIODISTRIBUTION

5.1 Abstract

The purpose of this study was the achievement of encapsulating compound A into polymeric
micelles. Therefore different polymers were screened for compatibility to the drug. These
polymers included PEGylated poly-(lactic acid) (PEG-PLA), PEGylated poly-(lacic acid-
co-glycolic acid) (PEG-PLGA), PEGylated poly-(e-caprolactone) (PEG-PCL) as well as
PEGylated poly-(4-vinylpyridine) (PEG-PVPy). By preparing the micelles with all these
polymers, the highest drug solubilization capacity among the biocompatible polymers was
achieved by PEG-PLGA. By investigating the compound A loaded PEG-PLGA micelles
in an in vivo biodistribution experiment, the pharmacokinetic properties were compared
to the solution of compound B (salt form of compound A). The results revealed that
the drug independently of its formulation in micelles or solution showed nearly the same
pharmacokinetic profile. Radiolabeling of the carrier combined with a drug were applied to
clarify these observations. Animal experiments with such a system indicated that the model

drug IFF dissociated rapidly upon injection from its polymeric carrier.

88
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5.2 Introduction

Polymeric micelles are ideal systems for solubilization purposes and drug targeting of hydropho-
bic compounds. As many new drugs have severe solubility problems [5, 6], the applicability
of these systems was tested by encapsulation of compound A. Besides low aqueous solubility,
this drug exhibited a severe off-target toxicity: During animal experiments heart valve failures
were observed due to increased drug accumulation in the heart. This unlucky combination
between low solubility, organ-specific toxicity and the limitation in solubilizing excipients
presented a huge hurdle for this study. It was intended to guide the drug from heart tissue
toward other organs: Tumor, liver and spleen. This goal should be reached by applying
well-known, biocompatible polymers for encapsulation. Consequently encapsulation studies
were carried out with PEGylated poly-(lactic acid) (PEG-PLA), PEGylated poly-(lactic
acid-co-glycolic acid) (PEG-PLGA) and PEGylated poly-(e-caprolactone) (PEG-PCL). How-
ever, for comparison purposes also the non-biodegradeble PEGylated poly-(vinylpyridine)
PEG-PVPy was investigated.

The biodistribution study of compound A loaded micelles was performed in tumor bearing
animals by recording drug distribution via an LC-MS method. Due to the study design, it
was not able to report information about the fate of the polymeric carrier. Consequently a
follow up study was started to clarify the fate of each, drug and carrier, within one animal.
For this purpose HoN-PEG-PLGA was synthesized for further labeling with "' In-DOTA. As
a radiotracable model compound the '?°T labeled dechloro-4-iodo-fenofibrate (12°IFF) was
selected [245].

In summary, the biodistribution assay with compound A loaded micelles investigated micellar
drug distribution vs solution. whereas the radiolabeling experiment revealed additional

information about the fate of drug and carrier.

5.3 Materials and methods

5.3.1 Materials

The following amphiphilic block copolymers in research grade were purchased from Poly-
mer Source, Inc., Montreal, Canada: PEGylated poly-(lactic acid) (PEG-PLA) [5-b-23],
PEGylated poly-(e-caprolactone) (PEG-PCL) [5-b-32.5], PEGylated poly-(4-vinylpyridine)
(PEG-PVPy) [5-b-20]. PEGylated poly-(lactic acid-co-glycolic acid) (PEG-PLGA) [5-b-28|
(Resomer RGP 50155d) was delivered from Boehringer Ingelheim, Ingelheim, Germany. The
following solvents/chemicals in LC grade were deliverd by VWR, Darmstadt, Germany:
Tetrahydrofurane (THF), acetonitrile (ACN), actone, dimethylsulfoxide (DMSO), ethanol,
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CHAPTER 5. DRUG ENCAPSULATION AND BIODISTRIBUTION

methanol, dimethylformamide (DMF), trifluoracetic acid (TFA). Compound A (free drug
base, solubility: 1 pg/mL at pH 7.4, weak basic with pK, 3.2 for corresponding acid, logP 4.6
calculated with ChemDraw 8.0) and compound B (dimesylate salt of compound A) was
synthesized and provided from Merck Serono, department of medicinal chemistry, Darm-
stadt, Germany. Dechloro-4-iodo-fenofibrete (non-acidic, non-basic, logP 5.5 calculated with
ChemDraw 8.0, solubility <0.1 pg/mL) was synthesized and provided by Breyer et al. [245].
Dulbeccos Saline PBS buffer concentrate was obtained from Sigma Aldrich, Rossdorf, Ger-
many. Float-A-Lyzer G2 dialysis tubes (MWCO 8-10 kDa) were obtained from Spectrumlabs
Inc., Breda , The Netherlands. Water was of MilliQQ grade. For sterile filtration the Pall

Acrodisc GHP membrane 0.2 pm syringe filters were used.

5.3.2 Methods

5.3.2.1 Solvent screen prior to cosolvent evaporation

According to the developed procedure in chapter 2 in section 2.3.2.1, the encapsulation of the
compound was carried out in this study by using the cosolvent evaporation technique. The
following water miscible organic solvents were included in the solvent screen for compound
A: THF, ACN, acetone, DMSO, DMF, methanol, ethanol. Compound A acts as a base
and, therefore, solvent screen was carried out by adjusting “apparent pH” with TFA for
determination of the solubility of compound A. The procedure was followed as described in
2.3.2.1. The solvent in which the drug exhibited the highest optical solubility was selected
for the cosolvent evaporation step. The screening experiments were carried out with n=1 due

to the very limited availability to the development compound.

5.3.2.2 Polymer screen to load compound A into micelles

Drug loaded micelles were prepared by a combination of solvent evaporation and dialysis
technique. 10 mg block copolymer and 1 mg drug were dissolved in 8 mL. ACN/0.1% TFA by
ultrasonication and was mixed with 2 mL water. The mixture was transferred into a round
bottom flask and evaporated with decreasing pressure to 30 mbar at 25°C. To remove the
maximum amount of solvent, this pressure was kept constant for 10 min. The remaining
aqueous formulation was then transferred into a Float-A-Lyzer G2 tube for dialysis. The
formulation was dialyzed against compound A saturated PBS buffer pH 7.4 for 24 h. Finally

the formulation was filtered through a 0.2 pm membrane and volume adjusted to 2 mL with

PBS buffer.
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5.3.2.3 Preparation of study materials

Micelle preparation To prepare the micelles, a modified cosolvent evaporation method was
employed. Briefly, for preparation of 5 mL micellar dispersion, 5 mg compound A and 250 mg
PEG-PLGA was dissolved in a mixture of 20 mL acetonitrile/0.1% TFA (v/v). Finally,
5 mL water was added to this organic solution to preform the micelles. Evaporation of
acetonitrile was performed under reduced pressure (Buechi rotary evaporator) to load the
micelles. Removal of residual solvents was gained by a following dialysis step against drug
saturated PBS buffer. As a last step unentrapped drug was removed by filtration of the

formulation through a 0.2 pm filter membrane.

Drug solution According to the final drug concentration acquired from micellar loading
experiments, a solution of compound B was prepared to benchmark against the micelles. For
this purpose the drug was dissolved in citrate buffer pH 3 to avoid release of the free base

(aqueous solubility of compound A is highly pH dependent).

Drug load determination 100 pL of the final micellar dispersion was dissolved in 900 pL
acetonitrile. This solution was injected in a HPLC system (Merck Hitachi La Chrom Elite)
equipped with a UV detector (detection wavelength: 254 nm) and a Agilent Eclipse Plus C18
column (3.5 pm coarse, 5 cm length) at 30°C. A gradient method was used for separation
where the mobile phase A consisted of 90% ACN (v/v)/10% water with TFA (v/v); mobile
phase B had the opposite composition. Compound A concentration was determined by drug

substance calibration curve.

Drug load calculation The drug load was calculated according to Eq. 5.1:

Drug concentration []

g
. 100 5.1
Polymer concentration %] % (51)

Drugload %] =

5.3.3 Particle size measurements

Dynamic light scattering (DLS) technique was used to determine hydrodynamic diameter of
the nanoparticles. Samples were diluted 1:100 with water and analyzed with a Zetasizer Nano
7590 from Malvern, Worcestershire, UK, set to backscattering mode. Particle size calculations

were perfomed via cumulants analysis of the intensity weighed particle distributions.
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5.3.4 Biodistribution experiments of micelles vs. solution

Animal model All animal experiments were conducted according to regulations of the

German law.

5 weeks old BalbC mice (Charles River Inc., Wilmington, MA, USA) were inoculated with
5-10% 4T1 cells (mouse mammary carcinoma) subcutaneously into the right flank of the
animal. Tumor growth was supervised over 14 days post injection. Animal selection for the
biodistribution study was based on tumor volume (minimum: 300 mm?). 100 pL of each
formulation (compound A in PEG-PLGA micelles, compound B as solution) was injected
into the tail vein of the mice and biodistribution was analyzed according to the following
time points: 0.5 h, 1 h; 3 h, 6 h, 24 h, 48 h, 72 h post injection. Three animals were sacrificed

per treatment group per time point and the organs were resected.

Drug analytics in resected organs The quantitative distribution data were acquired from
a HPLC-MS/MS assay. The resulting tissue/organ samples from the animal experiments
were treated with ethanol /water 80/20 (v/v) to precipitate proteins. Upon centrifugation,
the supernatent was then extracted with water/ACN 10/90 (v/v). 10 uL of this solution was
injected into a HPLC system (Agilent 1100). Separation was carried out on a Cromolith
FastGradient RP-18e (50 mm), Merck KGaA, Darmstadt, Germany column using a phase
gradient. The mobile phases consisted of water with 0.1% formic acid (phase A) and ACN
(phase B) 10/90 (v/v). Detection was performed on a API 4000 MS detector from AB Sciex
Instruments (quadrupole detector). Quantification was done by recording a drug substance

calibration curve.

5.3.5 Preparation of radiolabeled H;N-PEG-PLGA and bioimaging

Synthesis Generally the ring opening polymerization (ROP) procedure was employed which
is described in section 7.3.2.1. Deviating from this, instead of dilactide alone an equimolar

mixtures of dilactide and diglycolide prior to starting the synthesis was used.

Polymer analytics Molar masses and mass distributions of the resulting polymers were
determined on a Viscotek GPCmax system equipped with a TDA 302 triple detector system
(full system provided by Malvern Instruments Ltd., Worcestershire, UK). 0.1% TBABr in
DMF served as a solvent mixture on a Tosoh TSK Gel 3000 HHR column (Tosoh Biosciences
GmbH, Stuttgart, Germany). Calibration was carried out with a polystyrene standard. Prior
to NMR, analysis the polymers were dissolved in CDCls. Spectra were recorded on a Bruker
400 MHz NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany).
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Radiolabelling of HoN-PEG-PLGA and micelle preparation for bioimaging The method
described in detail in section 7.3.2.3 was carried out to achieve a 1" In-DOTA-HN-PEG-PLGA.
This polymer was used for bioimaging experiments. The labeled polymeric species was mixed
1:5 (w/w) with mPEG-PLGA [5-b-28]. The poylmeric mixtures were dissolved in THF and
mixed micelles were prepared by cosolvent evaporation following the protocol previously

described in section 2.3.2.1.

Animal experiment via bioimaging Clarification of carrier and drug payload fate in vivo
was carried out by employing bioimaging for the dual-labeled polymeric micelles. 100 nL of the
125TFF loaded '!In-mixed micelles were injected into the tail vein of a NMRI mouse (Charles
River, Wilmington, MA, USA). The mouse was kept under anesthesia with isoflurane prior
to injection. Bioimaging was carried out on a y-imager SCT. After finishing the bioimaging
experiments, the animal was sacrificed and radioactivity of '''In and '?°I was quantified in
different organs with a berthold LB951G ~-counter (Berthold Technologies, Bad Wildbad,

Germany).

5.4 Results

5.4.1 Solvent screen for cosolvent evaporation

The results from the solvent screen experiment to elucidate the highest optical solubility of

the drug was portrayed in Fig. 5.1.
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Figure 5.1: Results of the solvent screen for compound A. 1 mg of drug was dissolved in
100 nL of the displayed organic solvents and water was added incrementally.
Precipitation was detected by optical turbidity. The screen was carried out with
n=1 due to the very limited availability of compound A.
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The critical precipitation ratio was ACN/water 2:1. Based on this solvent screen, fixed
mixtures of solvents were used for the preparation of drug-loaded micelles from cosolvent
evaporation. Due to practical considerations for the cosolvent evaporation the ACN /water
containing 0.1% TFA (v/v) was set to 5:1.

5.4.2 Drug loading, particle sizes and size distributions for compound A
loaded micelles

Compound A was encapsulated into polymeric micelles with the cosolvents evaporation
technique followed by dialysis against drug saturated solution. The preparation results are
presented in table 5.1. Due to the very limited availability of the development compound
(<100 mg in early stages) the polymer screen was carried out with n=1. The results showed
that PEG-PVPy exhibited the best polymer-drug compatibility leading to the highest drug
load among the investigated block copolymers. Despite these results, for further experiments
one of the polyester based block copolymers was selected due to their known biodegradability.
Comparison of PEG-PLA, PEG-PLGA and PEG-PCL revealed PEG-PLGA as the species
with the highest drug loads. Moreover, for the finally selected PEG-PLGA combination this
experiment was repeated in triplicate. The reasons for preferring PEG-PLGA compared to
PEG-PVPy polymers was the known biodegradability and biocompatibility of this polymer
[176]. Moreover, this formulation preparation was upscaled and then investigated in the

biodistribution experiment which was presented in section 5.4.3.

5.4.3 Injected formulations for biodistribution purposes

5mL of the compound A loaded PEG-PLGA micelles were prepared. Compound B was
dissolved according to the the final drug concentration of compound A. Table 5.2 summarized
the acquired formulations upon upscale which finally were used for the biodistribution

experiments. 100 pL of these preparations were injected into each animal.

Table 5.2: Physicochemical characterization of the injected formulations.

Parameter Compound A Compound B
Formulation type Micellar Solution
Particle size [nm| 112 +1 n.a.

Particle size distribution (PdI)  0.216 + 0.03 n.a.
Drug concentration [pg/mL| 180 180
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5.4.4 Biodistribution of compound A-loaded PEG-PLGA micelles

The micellar formulation of compound A and drug solution of compound B were injected into
tumor bearing mice. After determined time points each group of three animals were sacrificed
and organs were resected for further LC-MS analysis on drug concentration. Fig. 5.2 reports
the time-dependent biodistribution values in varying organs for both formulations. Compared
to drug solution, the micellar formulation showed significantly increased accumulation in
lungs, liver and spleen. In tumor, heart and kidneys there was no significant difference
in drug concentration between micellar formulation to solution. This observation was
supported by plasma analysis as reported in Fig. 5.3. Over the investigated time period a
significant difference between both formulations has not been found. Tab. 5.3 summarizes
the pharmacokinetic data in plasma, tumor and heart. From these values it was clear that
overall exposure of drug either in micelles or solution in tumor and heart (AUC values) were
similar. Additionally, half life in plasma could be only extended from 0.6 h (solution) to 1.5 h
(micelles) but finally resulted in comparable AUC plasma values (Fig. 5.3).

244 [10.5 h micelles
1 31 h micelles
224 _ [ 3 h micelles
1 I 6 h micelles
20 I 24 h micelles
1 148 h micelles
184 [ 72 h micelles
1 [ZZ2 0.5 h solution
16+ ZZ3 1 h solution
) 223 3 h solution
14 4 I B 6 h solution
2 T B 24 h solution
9 124 T [ZZ2 48 h solution
X 10 T 23 72 h solution
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Figure 5.2: Biodistribution of compound A loaded PEG-PLGA micelles compared to com-
pound B solution. Drug concentrations at 48 h and 72 h post injection were not
reported in the figure because their values were below the limit of quantification

(<LOQ) in the used LC-MS method.
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Figure 5.3: Recorded drug plasma concentrations over time upon injection of micellar drug
or drug solution.

Table 5.3: Pharmacokinetic parameters of compound A and compound B in different tis-
sues/organs. Each value was taken from graph fitting of the pharmacokinetic

data.
. Half life to.5 [h] AUC [h-%/g]
Tissue/organ Micelles Solution Micelles Solution
Plasma 1.5 0.6 12.5 12.7
Tumor 1.1 1.0 7.3 9.3
Heart 0.5 0.6 8.8 9.3

5.4.5 Synthesis of HN-PEG-PLGA and bioimaging

5.4.5.1 Synthesis

Amino functionalized PEG-PLGA was successfully synthesized by ring opening polymerization
with the following characteristics obtained from GPC and NMR (Tab. 5.4). A representative
'H-NMR spectrum was shown in Fig. 5.4.
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Figure 5.4: 'H-NMR spectrum of HyN-PEG-PLGA.

Table 5.4: Molar mass characterizations of HoN-PEG-PLGA. My [calc| is the theoretical molar
mass of the polymers assuming full conversion of the educts.

M, M, My, My, My /M,
[calc] [tH-NMR] [GPC] [GPC] [GPC]
HoN-PEG- g/mol
PLGA 28.000 25.900 20.500 93.500 1.15

5.4.5.2 Bioimaging

Dual-labeled polymeric micelles were prepared by using '''In for carrier tracking (!'In-
DOTA-HN-PEG-PLGA) and 251 for drug tracking (IFF). This micellar preparation was
injected into one NMRI mouse. To reduce the number of animal experiments, bioimaging was

carried out with only one animal. The results of this experiment were intended to support
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the previous biodistribution study of the compounds A and B.

For this experiment the injected activities for both isotopes were ~3.3 MBq. Upon injection
into a healthy NMRI mouse, distribution of radioactivity was recorded as a function of

time. Fig. 5.5 reported the carrier distribution (1'!In) whereas Fig. 5.6 presented the drug

distribution (12°1).

- e o | Liver/heart/lungs
'9 O O Bladder

20 min 40 min 60 min 2h
4 h 6h 24 h

Figure 5.5: Scintigrams of '?°IFF loaded ''In-DOTA-HN-PEG-PLGA. Presentation of the
HlTy traces. Bioimaging was performed by using one NMRI mouse to reduce the
number of animals in this study.

As reported by the scintigrams for the drug carrier (Fig. 5.5) the biodistribution of the
micelles was preferentially in the heart/lungs and liver region. Obviously shortly upon
injection the carrier accumulated in the lungs and liver whereas non-accumulated carrier
remained in circulation. This could be detected by the rather diffuse distribution pattern of
radioactivity signals in the scintigrams. 2 h upon injection the diffe pattern declined in the
scintigrams, whereas the staining of the lungs/liver remained constant. 24 h upon injection
the radioactivity signal could be further detected in the lungs/liver region. Interestingly
directly upon injection there was a strong signal of radioactivity in the bladder. After stopping
narcosis of the animal, the bladder was obviously emptied and the signal was not found in

later experimental imaging time points.

Simultaneously to recording the ''!'In radioactivity for the carrier system, the '?°I activity
for the encpasulated IFF drug was detected (Fig. 5.6). For the drug directly upon injection
a strong signal in the liver was detectable. Besides the liver signal, a diffuse radioactivity
pattern was detected in the heart region indicating still circulating, drug-loaded carriers.
40 min post injection the excretion of the drug via the biliar route into the intestinal system
was visible. The excretion visibility continued until 6 h upon injection. 24 h post injection

there was nearly no radioactivity remaining in the animal. The scintigrams showed similar
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Bladder
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Figure 5.6: Scintigrams of '2°IFF loaded "' In-DOTA-HN-PEG-PLGA. Presentation of the
1251 traces. Scintigrams were recorded simultaneously to the ''In traces of the
polymeric carrier. Consequently biodistribution could be followed qualitatively
within the same animal.

activity in the bladder upon injection and a signal loss after stopping narcosis of the animal.
So far, the incorporated radioactively labeled drug (Fig. 5.6) showed a similar biodistribution
pattern compared to the polymeric carrier. For comparison purposes the animal was sacrificed
after 24 h and the organs were resected and analyzed on radioactivity of "'In and '?°I. Fig.

5.7 reports the actual quantitative distribution.

Whereas nearly no activity of 1?°I after 24 h post injection was detectable, there was a lot of
activity remaining from ''In. Unexpectedly the '!In activity resulting from carrier labeling
was remarkably high in liver, lungs, spleen, heart and kidneys compared to the 2°I signals

from drug labeling. Interestingly '2°I activity in the stomach was higher than that of ''In.

5.5 Discussion

The purpose of this study was to develop a suitable micellar formulation of compound A
to solubilize the drug and finally to change pharmacokinetics and biodistribution in terms
of decreasing heart accumulation and increasing tumor drug concentrations. To reach this
goal the development candidate was encapsulated into biodegradable PEG-PLGA micelles
as a commercially available block copolymer. The goal of encapsulation and consequently
solubilization was successfully gained. For this purpose varying amphiphilic block copolymers
were screened on drug-polymer compatibility. This screen revealed a reasonable compatibility
with PEG-PVPy and PEG-PLGA compared to PEG-PLA and PEG-PCL. At this point it

must be admitted that the resulting drug loads <0.6% were very low compared to other
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Figure 5.7: Biodistribution of '?IFF loaded '''In-DOTA-HN-PEG-PLGA species 24 h upon
injection. The data were recorded from the original animal of the bioimaging
study. As previously stated, to reduce the number of animal experiments the
micelles were followed on biodistribution in one NMRI mouse.

micellar systems (e.g. Genexol-PM® 16.6%). Due to the biodegradability of PEG-PLGA in
favour of PEG-PVPy, the encapsulation and animal studies were conducted with PEG-PLGA
micelles. Encapsulation in PEG-PLGA micelles increased drug solubility from 1 pg/mL (PBS
buffer pH 7.4) to ~180 pg/mL (PEG-PLGA micelles in PBS buffer pH 7.4); consequently
drug solubility increased by factor 180. It is remarkable that although the drug-polymer
compatibility was quite low (drug loads <0.6%), the drug was solubilized with concentrations
up to ~180 pg/mL. The previously developed method for loading DXM into PEG-PVPy
micelles (chapter 2) was sucessfully emloyed and derived for this development compound.
Moreover, the overall procedure consisting of 1) solvent screen prior to cosovlent evaporation,
2) cosolvent evaporation and 3) dialysis for purification delivered micelles with therapeutically

relevant drug concentrations.

As a next step the micelles were tested on their in vivo performance. In this experiment
the micellar formulation was compared to a drug solution of a soluble salt (dimesylate)
in terms of their biodistribution. According to the theory of the enhanced permeation
and retention (EPR) effect, long circulating nanoparticles are able to target tumors more
effectively than small molecule drugs [122, 131, 140]. A wide-spread approach to achieve
long circulation properties was the selection of PEGylated polymers for formulation that
present the PEG “stealth” shield to the surrounding biological media. Such micelle forming

block copolymers were utilized in the studies. Therefore it was expected that the micellar
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formulation would have enhanced circulation properties and consequently a significantly
increased tumor accumulation compared to the drug solution. As a result of this experiment
there were less distinct differences between both types of formulations in terms of their
biodistribution found. Completely unexpected was the high drug accumulation in the lungs,
liver and spleen compared to drug solution. This accumulation can be seen as responsible for
the low circulation times of the micelles. Simultaneously overall exposure of the formulated
and unformulated drug was nearly similar, indicating no enhanced circulation and therefore
no utilization of the EPR effect. However, what reasons could lead to such a distribution
pattern? Generally, there are 3 varying scenarios that lead to these observations [246]: 1)
insufficient stealthyness of the micelles and therefore rapid opsonization and cell phagocytosis,
2) insufficient stability of the micelles in presence of blood and consequently rapid dissolution
and 3) insufficient stability of the incorporated drug that led to rapid drug extraction from
the carriers toward proteins and continued circulation of “empty” carriers. Stealthyness of
the particles was usually achieved by a complete PEG-coverage of the nanoparticles. Typical
block lengths for the PEG parts had already been investigated and scattered between 2
kDa and 5 kDa PEG and was most effective in weight portions of at least 5% [216]. In
the study PEG-PLGA [5-b-28] with a 5 kDa PEG and a weight portion of around ~15%
w/w was employed, consequently PEGylation as the basic requirement for stealthyness was
matched. However, surface properties of nanoparticles were not only determined by the
presence of PEG molecules. Drug encapsulation often had a strong influence also on the
surface. As reported by Brigger et al. [247| drug incorporation changed surface charge
and therefore aggregation tendency of the nanoparticles. Compound A had a pk, of 3.2
(corresponding acid) and consequently was non-ionic (free base) at pH 7.4. Therefore particle
precipitation due to surface charge changes caused by the encapsulated drug could not be the
reason for this observation. Stability of the investigated PEG-PLGA micelles was previously
analyzed with a FRET probing technique [57]. In this study an intermediate stability of the
micelles in presence of serum proteins was revealed. A residual micellar fraction upon 3 h of
incubation was found to be ~66%. Consequently one could assume stability in the range
of a few hours for the micellar system in serum. Rapid release properties should have been
also prevented by the selection of a long PLGA block that imparted the resulting micelles
enhanced thermodynamic and kinetic stability [8]. It was known that micelles formed from
polymers with short hydrophobic block lengths disassemble rapidly upon injection as had
been shown for Paclitaxel in PEG-PLA micelles [7].

The second part of this study dealed with the investigation of the mechanisms that lead to
the observed biodistribution of compound A loaded PEG-PLGA micelles. For this purpose
the study was designed with a dual-label to simultaneously track carrier and drug in vivo.
Due to the limited access to the development compound A, IFF was selected as a suitable

model drug which is similar hydrophobic (compound A logP: 4.5, IFF logP: 5.5) compared

102



5.6. CONCLUSIONS

to compound A. Since IFF was labeled with '?°I and consequently there was the need of
another label for the polymer that allowed for discrimination between drug and carrier. So
far, mPEG-PLGA beared a methoxy-group at the end of the PEG chain and was therefore
not accessible for a labeling step. Consequently a HoN-PEG-PLGA was de novo synthesized
for finally coupling covalently a chelator with a radioactive metal cation to the polymer chain.
Polymer synthesis by ring opening polymerization was successfully done and HoN-PEG-PLGA
[5.5-b-20.4| was prepared with high purity and low residual monomers (Fig. 5.4). The aimed
and resulting polymer was slightly shorter in terms of hydrophobic block length compared to
the commercially available mPEG-PLGA [5-b-28|. The goal for this experimental design was
that the final "' In-DOTA-NH-PEG-PLGA should not exceed strongly the micellar surface
composed of mPEG-PLGA. In the following bioimaging experiment the formulation was
prepared by mixing mPEG-PLGA with the radioactively labeled HoN-PEG-PLGA. Drug
loading procedure was kept constant for this preparation step. Upon formulation preparation,
the drug loaded micelles were injected into a healthy animal. As indicated by the bioimaging
scintigrams of 1'In (carrier), a certain percentage of the injected dose accumulated in the
lungs, liver and spleen directly upon injection. However, due to the diffusity of the scintigrams,
one can conclude on circulating micelles for a few hours. In contrast to this the 2°I labeled
drug accumulated rapidly in the liver and spleen. Consequently, the encapsulated drug
did not follow the biodistribution of the carrier. This observation was supported by the
biodistribution data from quantification of radioactivity 24 hours upon injection. Whereas
nearly all '2°T was cleared from the animal, there were strong ''!In signals detected in liver,
spleen and lungs. Summarizing this, encapsulation of the drug was not maintained upon
injection and similar distribution pattern had been found for micelles and solution which was
supported by the data of the biodistribution experiment with the development compound.
In future studies it has to be clarified if this observation depends on the polymeric carrier
material (e.g. polyester based micelles), on the intrinsic properties of the encapsualted
drug (e.g. hydrophobicity, lipophilicity) or on the type of preparation (e.g. physical drug

incorporation).

5.6 Conclusions

In this study a previously developed drug loading technique was sucessfully applied to the
hydrophobic compound A. Furthermore, based on the loading results a development project
was supported with the micellar formulation (PEG-PLGA /compound A). The pharmaceutical
quality of this formulation was suitable for a biodistribution study. Whereas drug solubilization
in physiological pH (pH 7.4) was possible (solubilization factor: 180) by the micellar delivery
system, unfortunately the desired change of pharmacokinetic properties and increase in tumor

accumulation of the drug was not achieved. This was probably due to the dissociation of
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drug and carrier systems rapidly upon injection.
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Radiolabeling of PEGylated
poly-(4-vinylpyridine) and its
biodistribution
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6.1 Abstract

The purpose of this study was the investigation of the in vivo distribution of PEGylated
poly-(4-vinylpyridine). The in vivo experiments were designed to reveal micellar circulation
and body clearance of the polymer. For this purpose, the PEG-PVPy materials are labeled
with an iodine isotope after pyridine N quaternization with an electron-rich phenol derivative.
The animal experiments revealed a short circulation time (<1 h) of the micelles and a long
liver residence time (half life ~56 h) of the polymer. Dechloro-4-Iodo-Fenofibrate (IFF) was
encapsulated into non-labeled PEG-PVPy micelles and investigated via bioimaging. From
the scintigrams a fast accumulation of the drug in the liver was obtained. As both drug and
polymeric carrier were bearing identical radioactive isotopes, a discrimination between carrier

and drug effects was not possible.
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6.2 Introduction

PEGylated poly-(4-vinylpyridine) (PEG-PVPy) material is an interesting material for en-
capsulation of hydrophobic drugs. In this connection excellent drug loading results with
dexamethasone were obtained (chapter 2). But the material was not under previous investi-
gation on biodistribution, metabolization and excretion yet. Since in vitro cytotoxicity and
complement activation data (chapter 4) did not reveal severe issues which pose an obstacle

against animal experiments, this in vivo route is followed in the present study.

Radiolabeling is an appropriate mean to investigate the in vivo properties of drugs and
polymeric materials. Generally, radiolabeling of PEG-PVPy can be achieved at the pyridine
part or at the PEG part. Both procedures will alter the micellar properties: the pyridine
labeling changes the micellar core properties (e.g. critical association concentration) whereas
shell labeling could change the surface charge and PEG brush density. In this context,
labeling at the pyridine part is much easier to achieve because the methoxy-endcapping
(H3CO-endcapping) at the commercially available PEG-PVPy does not allow direct coupling
to radioactive isotopes. Consequently for the shell labeling a de novo synthesis must be
applied that maintains an endgroup for coupling to labeling moieties. In this study as a
starting point the pyridine labeling was achieved by quarternization of the pyridine N in the
hydrophobic region of the polymer. This approach delivers a stably coupling to radioactive

isotopes.

6.3 Materials and methods

6.3.1 Materials

Dechloro-4-Iodo-Fenofibrate (IFF) was prepared by de novo synthesis and provided by Breyer
et al. [245]. mPEG-PVPy [5-b-20] was purchased from Polymersource, Inc, Montreal,
Canada. 4-(2-bromoethyl)-phenol, chloramin T (CAT), dithiothreitol (DTT) and PBS buffer
concentrate (10x) were obtained from Sigma Aldrich, Rossdorf, Germany. Dichlormethane,
methanol, ether, dimethylformamide (DMF) were purchased from VWR, Darmstadt, Germany.
Na!?°T and Na'3'I were purchased from Perkin Elmer, Waltham, MA, USA. Float-A-Lyzer
dialysis tubes MWCO 3.5 kDa were purchased from Spectrumlabs, Breda, The Netherlands.
Female NMRI mice were obtained from Charles River, Wilmington, MA, USA. Water was of
MilliQ grade.
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6.3.2 Methods
6.3.2.1 PEG-PVPy quaternization and labeling with radioactive iodine isotopes

General approach PEG-PVPy is not subject to direct labeling with iodine isotopes due to
the low electron density of the pyridine hetero-aromates. Consequently, an effective way of
radiolabeling with iodine is the coupling to electron-rich aromates which can be reacted with
iodine isotopes. For this purpose the PEG-PVPy was quaternized at the pyridine N with
4-(2-bromoethyl)-phenol and in a second step labeled with iodine. Fig. 6.1 summarizes this

approach.

Coupling to electron-rich aromates

OH
methanol, 24h
—_—
+ room temperature
Br
Labeling of electron rich aromates with iodine
125 OH
OH 131|

methanol, PBS buffer pH 7.4

Nal?s| / CAT, DTT

Nal3l|
/ {/\ %/

Figure 6.1: Quaternization and labeling of PEG-PVPy.

Quaternization reaction 210 mg PEG-PVPy was dissolved in 13 mL methanol and 4-(2-
bromoehtyl)-phenol was added under constant stirring. This mixture was stirred over 24 h
at room temperature. Then the polymer was precipitated in 35 mL ether, cooled to -20°C
for 35 min and centrifuged at 2900 rpm (10 min at 4°C). The precipitate was dissolved in
methanol and the precipitation step was repeated in triplicate. The resulting quaternized

polymer was dried over night under reduced pressure.

Radiolabeling of quaternized polymer 10 mg of the quaternized polymer were dissolved
in 1 mL methanol. To this solution 50 puL PBS buffer (pH 7.4), 10 pL Na'?’I or Na!3']
solution (~100 MBq and 50 pL chloramine T solution (CAT) (5 mg/mL w/v in methanol)
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were added. After 30 s the reaction was stopped by a solution of dithiothreitol (DTT) (10 mg/
30 pL), precipitated in ether and washed three times. The resulting polymer was dissolved in

methanol and dialyzed against PBS buffer pH 7.4 containing non-radioactive sodium iodide
(1 g in 450 mL PBS buffer).

6.3.2.2 Bioimaging of labeled PEG-PVPy micelles

All animal experiments in the bioimaging and biodistribution study were conducted following

the German law.

100 pL of each of the formulations were injected into the tail vein of the animals. For
bioimaging study the animals were anesthetized with isoflurane and analyzed on y-imager
SCT (Biospace Lab, Paris, France). In the biodistribution study the animals were sacrificed
and organ radioactivity was measured with a berthold LB951G counter (Berthold Technologies,
Bad Wildbad, Germany).

Drug-free PEG-PVPy micelles 10 mg 21 labeled polymer (20 MBq) was dissolved in
methanol. This solution was dialyzed against PBS buffer overnight to remove the solvent

and free iodine.

IFF-loaded PEG-PVPy micelles Labeled ?°IFF (25 MBq) and 10 mg PEG-PVPy were
dissolved in 1 mLL THF and diluted with 1 mL water. Finally to prepare the micelles, this

mixture was dialyzed against PBS buffer overnight and concentrated by centrifugation with
Amicon microtubes (MWCO 10 kDa).

6.3.2.3 Biodistribution of labeled PEG-PVPy micelles

Biodistribution was investigated in healthy NMRI mice (Charles River Corp., Wilmington,
MA, USA). The preparation procedure of micelles was carried out as described above with

the exception of using Na'3'I rather than Na'2°I.

6.4 Results

6.4.1 Preparation of labeled PEG-PVPy

The polymer was labeled successfully with a resulting activity of ~9 MBq in 400 pL. PBS
buffer. 100 uL of this colloidal disperion was injected into the animal for bioimaging. For
the biodistribution study this dispersion was diluted to 2 mL. with non-labeled PEG-PVPy
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micelles in PBS buffer and 100 pnL. of this mixed micellar solution was injected into each

animal.

6.4.2 Bioimaging of labeled PEG-PVPy micelles

Polymeric micellar formulations were successfully prepared by employing a dialysis method.
The formulation was then intravenously injected into mice and biodistribution was followed
over time. For comparison purposes the IFF solution was injected in the study of Breyer et
al. [245].

6.4.2.1 IFF in unlabeled PEG-PVPy micelles

The encapsulated drug was tracked whereas the carrier ramained unlabeled. The scintigrams

were presented in Fig. 6.2.

Figure 6.2: 2°IFF in PEG-PVPy micelles 10 min, 60 min, 6 h and 24 h post injection.

Form the scintograms it is remarkable that directly upon injection a strong radioactive signal
can be found in the liver-spleen region of the animal. Until 1 h post injection the scintigrams
looked quite diffuse, indicating still circulating micelles. This diffusity decreased strongly after
1 h. Over time the liver signal decreased and splitted up into two “green” regions. The lower
“green” center represented the intestinal system of the mouse. The drug was cleared from the

body by using this route. 24 h upon injection a radioactive signal was still detectable.

6.4.2.2 Labeled PEG-PVPy micelles

The labeled polymer was investigated on biodistribution in vy-scintigraphy and quantitative

biodistribution. The results were reported in Fig. 6.3 and Fig. 6.4.
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s

Figure 6.3: »I-PEG-PVPy micelles 10 min, 60 min, 6 h, 24 h and 7 d post injection.
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Figure 6.4: 31 I-PEG-PVPy micelles in a biodistribution experiment (each bar n=3).

The scintigrams showed a strong radioactive signal upon injection in the liver-spleen region.

But in contrast to the sctinigrams at 1 h post injection, the signal was not centered as a circle.

This and the diffusity of the scintigrams indicated still circulating micelles. 1 h post injection

the signal was centered in the liver and remained until 7 d post injection. The biodistribution

data showed a similar pattern: strong accumulation in the liver which increased from injection

to 1 h post injection and remained for more than 6 d. Simultaneously in blood and lungs the

radioactivity decreased rapidly upon injection.

6.4.2.3 Elucidation of PEG-PVPy body clearance

For this purpose the remaining activity in the animals was recorded in dependece of time.

The data were isotope half-life corrected. The results were reported by Fig. 6.5.
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Figure 6.5: Body clearance of PEG-PVPy in dependece of time (n=3).

The body clearance half-life was found to be ~56 h and followed a first-order decay.

6.5 Discussion

The purpose of this study was the preparation and in vivo detection of radiolabeled polymeric
PEG-PVPy carriers with their encapsulated drugs. The central question was the elucidation
of pharmacokinetic properties combined with elimination routes of the polymeric carrier.
Preparation of radiolabeled materials followed by micellization and encapsulation of drugs
generally is quite challenging. Radiolabeling of a polymer for micellization is possible via two
different routes: 1) labeling in the micellar core and 2) labeling of the micellar shell. Option
1) has the advantage that the surface properties of the particles remain unchanged (e.g.
charge) whereas option 2) does not affect the stability of the micellar cores. Core labeling
was received by coupling an electron-rich phenol derivative to the hydrophobic domain of
the PEG-PVPy. This phenol derivative was then accessible for direct labeling with iodine
isotopes. The labeled polyermic carrier showed a strong accumulation in the liver directly
upon injection (Fig. 6.3 and 6.4). The blood compartment showed a strong decrease of
the micellar /polymeric concentration within 60 min upon injection. This indicates that the
circulation of the micelles was less than 1 h. It is remarkable that the residence time in the
liver was very long compared to the circulation time of the micellar system. Isotope half-live
corrected radioactivity measurements of the animals revealed an eliminmation half-life of
~b6 h upon a single injection of the micelles. Excretion of the polymeric species via the

kidneys, as expected for polymeric chains with molar masses below 40 kDa [12, 248], did not
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play a mojor role for micellar systems. Furthermore, micellar/polymeric exposure was found
in organs with high blood flows [4] and strong activity of the reticulo endothelial system (RES),
as expected. For example, spleen and lungs showed strong signals of radioactivity. Although
the micellar stability if biofluids [57| was investigated prior to this in vivo experiment which
was found to be reasonably stable, the circulation of the micelles was strongly limited. From
this experiment the question remains open whether the micelles disassembled prematurely

into single polymeric chains or if the RES cleared the intact particles rapidly upon injection.

Loading the micelles with IFF drug and tracking this drug in vivo was selected to reveal
information about the drug payload (Fig. 6.2). AsIFF is a very hydrophobic model compound,
it was previously shown upon injection of an organic drug solution that metabolization and
excretion followed the liver-bile-intestine route [245|. The drug-loaded micelles showed similar
properties as can be seen from the bioimaging sctinigrams. Consequently a separation between

carrier and drug effects was not possible.

6.6 Conclusions

The radiolabeling experiment of PEG-PVPy is very important in several dimensions: 1)
although the materials showed excellent drug-loading results and reasonable in vitro stability,
the in vivo influence on drug pharmacokinetics was insufficient, 2) elimination of polymers
via the kidneys (single chains below 25 kDa) is only a minor route for excretion of micellar
assemblies and 3) information about drug palyoad and polymer can only be received by
different isotope labeling. Taking these conclusions into account, the design of further in vivo

experiments can be optimized.

6.7 Outlook

To overcome the disadvantages of the iodine labels it can be suggested to change the
experimental design: labeling of drug and polymeric carrier had to be different to allow for a
discrimination in vivo. For this purpose a different radiolabel apart from iodine isotopes had
to be included into the polymeric chain. The previously investigated option for PEG-PLGA
(chapter 5) of micellar shell labeling could be a valuable option for the design of potential
1Ty Jabeled PEG-PVPy. This option requires a functional group at the PEG end of the
polymeric chain. The idea could be to synthesize a HoN-PEG-PVPy that is not commercially
available yet. Polymerization can be carried out starting from HoN-PEG and 4-vinylpyridine.

The polymerization technqiue of choice is Atom Transfer Radical Polymerization (ATRP).

In 1995 the ATRP technology was independently discovered as a special type of radical
polymerization by the groups of Matyjaszewski [249, 250, 251| and Sawamoto [252, 253,
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254]. The groups leveraged this technology as one option to prepare polymeric materials
with high conversion rates in a reasonable time frame. Uniques features of ATRP are: 1)
preparation of polymeric vinyl backbones with high molar masses (e.g 100 kDa), 2) reaction
in aqueous/organic solvent mixtures, 3) short reaction times (few hours maximum), 4) good
control of polymeric chain length distributions (My /M, < 1.5) compared to other radical

polymerization technqgiues and 5) usage of transition metals as catalysts.

However, this technology was described in literature for polymerization with H3CO-PEGs
[255, 256, 257] whereas in this case an amino-PEG should be used. To ensure that the
polymerization is not carried out at the amino group, a protected amino-PEG derivative

should be selected for polymerization.
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7.1 Abstract

The solubilization of hydrophobic drugs, controlling the pharmacokinetics by a carrier system
as well as drug targeting are the driving forces for exploring drug-loaded polymeric micelles.
In this study these issues were investigated for PEGylated poly-(lactic acid) (PEG-PLA)
micelles which incorporated the hydrophobic model drug dechloro-4-iodo-fenofibrate (IFF).
For this purpose amino-PEG-PLA (HyN-PEG-PLA) was synthesized, coupled to 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and labeled with 111-Indium. From
this polymeric species, mixed micelles with methoxy-PEG-PLA (H3CO-PEG-PLA) were
prepared which encapsulated the 125-Iodine or 131-Iodine labeled drug IFF. Bioimaging
and biodistribution experiments in healthy and tumor bearing mice (AR42J model) were
carried out and the uptake of the drug and its carrier was quantified in single organs (Fig.
7.1). As a result successful solubilization of IFF by physical incorporation into the micelles
was possible. Upon injection of this system a rapid dissociation of the polymeric carrier
and the incorporated drug (<10 min post inj.) was found. Furthermore, drug and carrier
exhibited completely different biodistribution patterns; both showed no enhanced tumor
accumulation. As a conclusion, the self-assembling system allowed for successful solubilization
of the hydrophobic drug by physical incorporation into micelles, however, in vivo a rapid

dissociation of drug and carrier was detectable.

< 10 min post injection |

%

Unloading

| [ | I_LI ] AR42]J tumor
Disassembly

Figure 7.1: Summary of the biodistribution study with '!In-HN-PEG-PLA micelles.
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7.2 Introduction

The development of cytostatic agents for the treatment of life-threatening diseases like cancer
excited the scientific community and gave hope for cure to patients. Despite the progress made,
cancer treatment still requires improvements. Major drawbacks of cytostatic therapies were
and still are strong off-target effects caused by adverse drug pharmacokinetics. This leads to
severe side-effects and frequently only limited success in the treatment of the disease [258, 211].
Nanoparticles with their sufficiently small particle size, variable morphology and surface charge
as well as multiple chemical composition are expected to overcome the lack of drug efficacy
since they change the drug pharmacokinetics by a carrier system [259, 260]. A flicker of hope in
this context were the liposomal product Doxil® [20] and the micellar products Genexol-PM®
[7] and Nanoxel-PM® [261]. Doxil® was the first reasonable treatment option for patients
suffering from Kaposi sarcoma that led to complete remission of the tumors combined with low
side effects [262, 263, 264]. In contrast to this, Genexol-PM® and Nanoxel- PM® sufficiently
solubilized highly effective taxol-derivatives which previous formulations were dose limiting
due to strong excipient toxicity [265]. Finally the tolerated doses as well as the treatment
success increased [266]. As can be seen with the products that encapsulate Taxol-derivatives,
many anticancer agents are hydrophobic and, therefore, require solubilization technologies
prior to administration. A very promising approach that combines the challenges, both in
drug targeting and solubilization, are polymeric micelles. These self-assembling systems
generally exhibit a hydrophilic shell and a hydrophobic core [210]. Consequently they are
ideal for solubilizing hydrophobic drugs by encapsulation in their hydrophobic regions whereas
the hydrophilic shell interacts with the biological environment. One intention is to tend
off opsonizing agents by a steric barrier that finally prevents premature blood clearance
of the micelles by the reticulo-endothelial system (RES) [106]. This leads to an increased
blood circulation of the particles and enables the accumulation in tumors by the enhanced
permeability and retention effect (EPR) [131, 140]. The amount of drug solubilization is
not to only increase a substance’s solubility. The idea behind the drug incorporation is
based on the sufficiently stable cargo encapsulation in the micellar core. This assumption,
however, remains questionable because self-assembling micelles are dynamic systems which
encounter multiple stresses upon injection [246|. Therefore, in this study the fate of micellar
carriers and their drug payloads was investigated in biodistribution experiments by means of
radiolabeling. For this purpose the model drug dechloro-4-iodo-fenofibrate was selected which
was derived from the highly hydrophobic drug fenofibrate [245]. The radiolabled model drug
was encapsulated into micelles composed of PEGylated polylactic acid (PEG-PLA). These
micelles were known to form stable associates in water and serum [57] and were accessible for
radiolabeling via synthesis of HoN-PEG-PLA. The terminal amino-group was then modified
with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) [267] which is able to
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chelate several metallic radioactive isotopes such as indium. Consequently tracking of the
drug delivery system within the same animal was made possible by employing and detecting
an iodine isotope for the drug cargo and a metal isotope for the micellar carrier. These
systems were investigated in tumor-bearing mice on their efficacy of tumor targeting as well
as their in vivo fate. The results are intended to give a deeper understanding on the in vivo

properties of such self-assembling systems.

7.3 Materials and methods

7.3.1 Materials

Amino-polyethylenglycole (HoN-PEG) with a molar mass of 5 kDa was purchased from Rapp
Polymere Inc, Tiibingen, Germany. Dilactide, stannous diethylhexanoate (Sn(EtHex)s),
tetrabutylammonium bromide (TBABr) and dried toluene (water content <50 ppm) were
obtained from Sigma-Aldrich, Rossdorf, Germany. H3CO-PEG-PLA [5-b-23| was purchased
from Polymersource Inc., Montreal, Canada. DOTA-2,5-difluorophenyl-ester was synthesized
according to Mier et al. [267]|. Acetone, tetrahydrofurane (THF), CDCl3, HCI, acetonitrile,
dimethylsulfoxide (DMSO), polyethylenglycole 200 (PEG-200), ethanol (96% v/v) and
dimethylformamide (DMF) were delivered from VWR, Darmstadt, Germany. Water was of
MilliQ grade. Float-A-Lyzer G2 8-10 kDa dialysis tubes were purchased from Spectrumlabs
Inc., Breda, the Netherlands. Dechloro-4-iodo-fenofibrate (IFF) was prepared as reported
by Breyer et al. [245]. Sodium 125-iodide, sodium 131-iodide and 111-indium chloride were
obtained from Perkin Elmer, USA. NMRI mice and nude mice were delivered by Charles
River Inc, Wilmingham, MA; USA.

7.3.2 Methods
7.3.2.1 Synthesis of HoN-PEG-PDLLA

For radiolabeling purposes a strategy proposed by Lee et al. [268] and Hoang et al. [269] was
followed. Both groups described radiolabeling of PEGylated block copolymers at the terminal
amino functionality of the PEG part. The amino group was used for chemical modification by
coupling of chelators like DOTA via forming a stable amide bond. Therefore HoN-PEG-PLA
with HoN-PEG as macroinitiator was synthesized via ring opening polymerization (ROP).
Generally the method of Tessmar et al. [270] was applied. In brief, HoN-PEG, the dilactide
and the catalyst Sn(EtHex)s were dissolved in dried toluene under nitrogen atmosphere in
a round bottom flask. Protection of the amino functionality from polymerization reaction

was carried out by addition of 1 M HCI. Then the round bottom flask was equipped with
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a condensor and the reaction mixture was heated to 115°C under constant stirring. After
4 h, the mixture was cooled to room temperature and the organic solvent was removed under
reduced pressure. The crude polymer was dissolved in 2 mL acetone and precipitated upon
addition of 8 mL, water. The resulting dispersion was dialyzed twice overnight against 5 L
water to remove unbound PEG and monomers/dimers. The purified premicellar formulation

was lyophilized overnight to receive a dry polymer product.

7.3.2.2 Polymer analytics

Molar masses and mass distributions of the resulting polymers were determined on a Viscotek
GPCmax system equipped with a TDA 302 triple detector system (full system provided by
Malvern Instruments Ltd., Worcestershire, UK). 0.1% TBABr in DMF served as a solvent
mixture on a Tosoh TSK Gel 3000 HHR column (Tosoh Biosciences GmbH, Stuttgart,
Germany). Calibration was carried out by using a set of polystyrene standards. For 'H-NMR
analysis the polymers were dissolved in CDCl3. Spectra were recorded on a Bruker 400 MHz
NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany).

7.3.2.3 Radioactive labeling of HoN-PEG-PLA

The chelator DOTA was conjugated to the HoON-PEG-PLA by reaction of the primary amino
group with DOTA-2 5-difluorophenyl-ester [245] to form a stable amide bond. In a typical
procedure 10 mg of the block copolymer and 1.3 mg DOTA-2,5-difluorophenyl-ester were
dissolved in a mixture of 500 pl. acetonitrile and 0.4 uL triethylamine. The mixture was
stirred at room temperature for 48 h and precipitated by addition of an excess of ethanol
(EtOH) (5 mL). The solid was collected, washed twice with EtOH and water and dried
under vacuum overnight. The polymer conjugate was dissolved in 500 L acetonitrile and
1.0 mL NH4OAc buffer solution (0.5 M, pH 6) followed by addition of *InClz-solution
(~30 MBq). The mixture was heated to 95°C for 2 h, cooled to room temperature and the
solvent was evaporated. The residue was washed with EtOH and water (3 x 1 mL each)
and dried in vacuum to yield ~20 MBq of the '!'In-labeled polymer. Radiochemical purity
was evaluated by instant thin layer chromatography (ITLC) as follows: A glass fiber strip
was spotted with the sample and developed in NH4OAc buffer (0.5 M, pH 6). The strip
was sectioned and counted for radioactivity at the baseline (retention factor = 0) and at
the solvent front (retention factor = 1). Unbound *!In and unbound *In-DOTA migrated
with the solvent front whereas '''In-DOTA-NH-PEG-PLA remained at the baseline. The
radiolabeling efficiency was calculated as ratio between detected radioactivity at baseline and

solvent front in percent.
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7.3.2.4 Radiolabeling of HyN-PEG

The amino-PEG species was injected into a healthy NMRI mouse for reference purposes.
HoN-PEG (20 mg) and DOTA-2,5-difluorphenylester (5 mg) were dissolved in a mixture
of 1 mL acetonitrile and 375 pL triethylamine. The solution was stirred for 48 h at room
temperature and evaporated to dryness. The residue was washed with EtOH (3 x 3 mL) and
dried under vacuum. 10 mg of the polymeric conjugate and 'InCls were dissolved in 500 pL
acetonitrile and 1 mL NH4OAc buffer solution (0.5 M, pH 6). The mixture was stirred at
95°C for 2 h and cooled to room temperature. The mixture was concentrated and the crude
polymer solution was purified using Amicon® Ultra Centrifugal Filters with 3 kDa cutoff.
After washing with water (3 x 100 pL) the product was dried in vacuum. Radiochemical

purity was analyzed as described above.

7.3.2.5 Formulation preparation for biodistribution and bioimaging

Preparation of 125IFF or 131IFF encapsulated in 111In-HN-PEG-PLA micelles The prepa-
ration of the formulation was performed by employing a modified cosolvent evaporation
method. Briefly, for preparation of 0.4 mL micellar formulation, 1 mg IFF with 8 MBq 2°IFF
and a mixture of 20 mg mPEG-PLA and 5 mg "' In-DOTA-NH-PEG-PLA (activity: 8 MBq)
was dissolved in a mixture of 6 mL THF and 1 mL water. Evaporation of THF was performed
under reduced pressure (25 mbar) to load the micelles. Removal of residual solvents was
achieved by a dialysis step against IFF saturated PBS buffer to reduce drug distribution from
the micellar core towards the surrounding dialysis medium. For this purpose Float-A-Lyzer
dialysis tubes with a cutoff between 8-10 kDa were used. This formulation was injected into

the animal. In Fig. 7.2 the concept of the resulting labeled polymeric micelles was portrayed.

Characterization of micelles Particle sizes and size distributions were measured by employ-
ing the dynamic light scattering (DLS) technique. For this purpose the sample was diluted
1:100 and measured with the Zetasizer Nano ZS90, Malvern Instruments, Worcestershire, UK.
Additionally, the zeta potential of the resulting micelles was investigated with this method: a

1:10 dilution of micelles with 0.1% sodium chloride solution was prepared and analyzed.

111n_DOTA-HN-PEG and 11In-DOTA-HN-PEG-PLA solutions The radiolabeled poly-
mers were dissolved in a mixture of 5% DMSO, 45% PEG-200 and 50% PBS buffer. This

solution was then taken for injection.
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Figure 7.2: Micellar composition and morphology. The core components consisted of polylactic
acid which hosted the radioactively labeled drug 'IFF. The particle shell was
covered with PEG chains. The surfaces showed a mixture of 1 In-DOTA-HN-
PEG-PLA and H3CO-PEG-PLA.

7.3.2.6 Animal preparation and in vivo studies

The approach of the in vivo studies was summarized in Fig. 7.3. According to the experimental
setup, the polymeric solutions were injected for reference purposes in healthy NMRI mice.
For the micellar formulation loaded with IFF drug a biodistribution study was carried out
with tumor-modified animals. All animal experiments were carried out according to German

law requirements on in vivo experiments.

For bioimaging studies with single animal biodistribution Investigation of biodistribution
for " In-DOTA-HN-PEG and "In-DOTA-HN-PEG-PLA solutions as well as "2°IFF-loaded
H1Tn-DOTA-HN-PEG-PLA micelles was carried out by bioimaging in one healthy, female
NMRI mouse (6 weeks old, ~30 g) per specimen. For this purpose, the animal was anaes-
thetized with isoflurane prior to the bioimaging experiment. Then 100 pL of the radioactive

micellar formulation was injected into the tail vein of the mice. Bioimaging was carried
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out on a y-imager SCT, Biospace Lab, Houston, TX, USA. After finishing the bioimaging
experiments, each animal was sacrificed and radioactivity of ''In and '?°I was quantified in
different organs with a berthold LB951G ~v-counter (Berthold Technologies, Bad Wildbad,

Germany).

| |
4//l\>

| |
/R

Bioimaging with each 1 mouse and single
animal biodistribution

2

In-DOTA-HN-PEG In-DOTA-HN-PEG-PLA IFF-loaded
solution solution In-DOTA-HN-PEG-PLA
micelles /
Control experiments l

Figure 7.3: Summary of the animal study approach.

For biodistribution studies with drug loaded micelles: tumor inoculation in mice The
AR42J cell line which was derived from a rat exocrine pancreas neuroendocrine tumor
was used. For inoculation of the tumors, a Matrigel matrix/cell suspension was injected
subcutaneously into the flank of the animals (5 x 10° cells per animal). Tumors were grown
up to a size of ~1.0 cm®. 100 pL of the formulations were injected into the tail vein of the
mice. Groups of 3 animals each were sacrificed 10 min, 30 min, 1 h, 2 h, 24 h upon injection.
The following tissues/organs were extracted and prepared for further analysis: plasma, heart,
lungs, kidneys, liver, spleen, intestines, stomach and where appropriate tumor. The organs

were analyzed for radioactivity of 1*'In and I with a berthold LB951G v-counter.

7.4 Results

7.4.1 Polymer synthesis, analytics and micelle characterization

Amino functionalized PEG-PLA was successfully synthesized with the following characteristics

obtained from GPC and NMR (Tab. 1).

122



7.4. RESULTS

Table 7.1: Characterization of HoN-PEG-PLA.
M, [calc] M, ['H-NMR] M, [GPC] M, [GPC] M,,/M,

g/mol
28.000 29.300 28.300 32.600 1.15

HaoN-PEG-PLA

The chemical shifts for the resulting polymer obtained from 1H-NMR confirmed identity and
structure of the polymer. HoN-PEG-PLA, CDCI3: § 1.55 ppm (1H, -OCHCH3CO-), & 2.7
ppm (2H, HyN-), 8 3.6 ppm (4H, -OCH2CHs-), & 5.35 ppm (3H, -OCHCH3CO). Particle sizes,

size distributions as well as zeta potential of the prepared micelles are reported in Table 7.2.

Table 7.2: Characterization of the resulting micelles composed of a mixture of 'In-DOTA-
NH-PEG-PLA and mPEG-PLA (mean + SD).

Particle size [nm]| PdI Zeta-potential [mV]

110 £ 3 0.24 £ 0.02 0+4

7.4.2 Bioimaging

The imaging experiment was carried out prior to the biodistribution study to identify the
scarification time-points. Moreover, for the control experiments with 1 In-DOTA-NH-PEG-
PLA and "In-DOTA-NH-PEG distribution was only followed by bioimaging. 24 h upon

injection the animals were sacrificed and the organs analyzed for radioactivity.

7.4.2.1 Drug-loaded polymeric micelles

Radiochemical purity was obtained from ITLC and found to be 92.4% for the ' In-DOTA-
NH-PEG-PLA (data not shown). This labeled species was taken for further preparation of
micelles followed by in vivo studies. The scintigrams for the drug loaded micelles are shown
in Fig. 7.4. The scintigrams obtained for the carrier immediately upon injection show a
rather diffuse radioactivity pattern indicating the circulation of the carrier system (Fig. 7.4A).
Moreover, the liver-region was clearly detectable in the center of the scintigrams. Over time
the diffuse signal vanished and the radioactivity strongly focused on the liver. 24 h upon
injection radioactivity was still detectable. A different distribution pattern could be found for
the encapsulated drug IFF (Fig. 7.4B): Initially, a strong signal was rather centered in the
liver-region (red spot) but simultaneously showed a diffuse corona around this region. The
scintigrams 1 h to 6 h nicely reveal the rapid liver clearance of the drug from the liver via the
bile into the intestinal system. In contrast to the carrier the drug was cleared rapidly and

nearly no radioactivity could be detected 24 h post injection. Clarification of the question at
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which time point the biodistribution pattern of the drug still followed the carrier system was
revelaed by analyzing the radioactivity in different organs (Fig. 7.4C). The biodistribution
results 24 h after injection revealed a clear accumulation of the polymer in spleen, liver and

lungs whereas the drug only followed the carrier system in liver and lungs.
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Figure 7.4: A. Bioimaging of 'IFF loaded "'In-DOTA-HN-PEG-PLA micelles showing
carrier distribution. B. Bioimaging of 2’IFF loaded ' In-DOTA-HN-PEG-PLA
micelles showing drug distribution. C. Preliminary biodistribution of ?°IFF
loaded "' In-DOTA-HN-PEG-PLA micelles (n=1). Based on these distribution
results the time points for the final biodistribution experiement was determined.

7.4.2.2 11115 DOTA-NH-PEG-PLA solution

The polymeric solution was dissolved in a formulation containing 5% DMSO, 45% PEG-200
and 50% PBS buffer as a control experiment. Bioimaging in Fig. 7.5A reported the recorded
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scintigrams. Immediately upon injection (0-20 min) the liver-region and kidneys were stained
by radioactivity. Simultaneously a strong signal was detectable in the bladder. Most of
the injected activity was cleared from the organism within 2 h upon injection. Moreover,
a weak signal was still detectable in the liver-region after 24 h. Subsequently the animal
was sacrificed and the organs were analyzed (Fig. 7.5B). Biodistribution of radioactivity
revealed a strong preference of lungs, spleen and liver for the radioactively labeled polymer.

As expected from the scintigrams a signal in the kidneys was detected.
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Figure 7.5: A. Bioimaging of 1! In-DOTA-NH-PEG-PLA solution (non-micellar). B. Biodis-
tribution of "' In-DOTA-HN-PEG-PLA polymer 24 h upon injection (n=1). This
experiment was a control for the drug-loaded micelles group.

7.4.2.3 111 15_DOTA-NH-PEG solution

As an additional control experiment the radioactively labeled hydrophilic part of the inves-
tigated block copolymer was investigated on biodistribution. The radiochemical purity for
HIM-DOTA-NH-PEG detected by ITLC was 80.9% (data not shown). This polymer was
taken for further in vivo studies. The scintigrams in Fig. 57.6 showed the very rapid clearance

of the labeled PEG (5.5 kDa) from the body. Clearly the kidneys were detectable 5 min upon
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injection followed by a strong radioactive signal in the bladder (>20 min). As expected the
biodistribution pattern 2 h upon injected showed a small remaining signal of radioactivity in

the kidneys from which the major blood clearance mechanism appeared (Fig. 7.6B).
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Figure 7.6: A. Bioimaging of ''In-DOTA-NH-PEG solution. B. Biodistribution of '!In-
DOTA-NH-PEG 24 h upon injection (n=1). This experiment was a control for
the biodistribution of drug-loaded micelles.

7.4.3 Biodistribution of dual-labeled polymeric micelles with 3IFF payload
in several animal groups of tumor-bearing mice

Based on the bioimaging data of the drug-loaded formulation the following time points for
the biodistribution study were selected: 10 min, 30 min, 60 min, 2h and 24 h. At each of
these time points 3 animals were sacrificed and analyzed for organ radioactivity. The results

from the analyses are shown in Fig. 7.7.

Generally two methods were selected to present the acquired biodistribution data: %ID/g
and %ID. Both modes of presentation offer different insights into the experiment. The %ID /g
presentation respects the tissue selectivity of a drug/carrier system whereas %ID reported

the quantitative distribution per organ. The data are presented in Fig. 7.7A and 7.7B
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Figure 7.7: A. Biodistribution of polymeric carrier in % ID/g. B. Biodistribution of poly-
meric carrier in % ID C. Biodistribution of IFF drug payload in % ID/g. D.
Biodistribution of IFF drug payload in % ID.

for the biodistribution of the carrier system whereas Fig. 7.7C and 7.7D summarize drug
biodistribution. It was obvious from the biodistribution data of the carrier that the lungs
strongly accumulated the injected micelles (Fig. 7.7A). The signal in the lungs increased
starting from 10 min upon injection (~26% ID/g) to 1 h (~80% ID/g) and decreased again
until 24 h (~35% ID/g). A similar progression of this trend could also be detected in
the liver. In contrast to this, blood concentrations decreased over time compared to the
initial concentration measured at 10 min. However, an increased tumor accumulation of the
nanoparticles could not be detected. Focusing on the absolute biodistribution values of the
carrier (Fig. 7.7B) the data revealed the strongest accumulation of the carrier in the liver
followed by the lungs. 2 h post injection the quantitative radioactivity in lungs (~12% ID)
was more than half of that in the liver (~20% ID). It was remarkable that radioactivity in
the kidneys followed the trend of progression in the blood. Moreover, a certain percentage of

ID remained at the site of injection.
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The biodistribution for IFF was quite different to that of the carrier. The strong preference
for the liver compared to the micellar carrier could not be found here (Fig. 7.7C). The organ
preferences for the drug in lungs, liver and kidneys were quite equal over time. Unexpectedly
the blood concentrations of the drug did not show a strong decay upon injection. Until 2
h post injection there was a drug plateau phase in the blood compartment which vanished
after 24 h. Interestingly the tumor preference for the drug was similarly low as for the carrier
(drug: ~2% ID/g, carrier: ~1.5%). The absolute biodistribution pattern in Fig. 7.7D for the
drug showed a strong overall accumulation of the drug in the liver which also resulted in a
plateau over the first 2 h post injection. This plateau-phase was also present in blood and
lungs. The absolute blood concentration was higher compared to the carrier (drug: ~7% ID,
carrier: 2-5% ID). Unexpectedly an increasing progression of drug concentration over time
could be found in the kidneys. Excretion and elimination of the drug could be followed by

increasing concentrations in the intestinal system.

7.5 Discussion

The idea of successful passive drug targeting to disease modified tissue is based on 1) the
long circulation of particles within the blood stream to utilize the EPR effect [131] and
2) the stability of drug encapsulation into the nanoparticulate cores [57]. Long circulation
of polymeric micelles is achieved by covering the particle core with PEG [64] whereas the
stability of encapsulation is generally assumed to be sufficiently high. However, when it was
investigated that premature drug release could occur when the micelles’ integrity was lost, the
results pointed at blood components that could be responsible for this effect. Based on this
hypothesis a couple of studies investigated the stability of micelles in serum |57, 45, 53] or
blood [53]. For the selected polymeric materials in this study, a serum stability study prior to
performing animal experiments was also employed and PEG-PLA micelles were found to be
reasonably stable [57]|. Besides a lack in colloidal stability, some groups already doubted that
micelles stability would be the only mechanism which leads to premature drug release. They
argued for diffusion/distribution of the drug from the micelles [214, 58|. Such observations
were made from in vivo experiments by comparing the pharmacokinetic properties of the
nanoparticulate carriers to those of drug solutions. A recent investigation by Letchford and
Burt [87] had shown that rapid distribution processes upon injection of Paclitaxel loaded
PEGylated polycaprolactone (PEG-PCL) micelles occured. In their in vivo experiments
the pharmacokinetic properties of drug encapsulated in PEG-PCL micelles were similar
compared to the standard Taxol®-formulation which is composed of ethanol /Cremohpor
EL® as solubilizers. Given the lower stability of low molar mass surfactants (Cremophor
EL®) these results were rather disappointing. Considering these findings, the goal of the

study was to investigate the fate of the micellar carrier components and the encapsulated
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drug simultaneously. For this purpose, HoN-PEG-PLA was synthesized which was labeled via
coupling "' In-DOTA to the polymer backbone whereas the drug payload IFF was labeled
with a radioactive iodine isotope (!3'I for biodistribution, 1251 for bioimaging). The different
emission energies of the two iodine and indium labels allowed for the discrimination of
carrier and drug distribution in a single in vivo experiment. Bioimaging was carried out
to obtain a qualitative picture of the biodistribution. Furthermore, bioimaging allowed for
checking the experimental setup and concept of dual-labeling: carrier distribution should
be distinguishable from drug payload distribution in a single animal. The scintigrams
confirmed that this was possible: The carrier (Fig. 7.4A) seemed to distribute directly
upon injection into the liver while its rather diffuse distribution indicated empty circulating
micelles. The IFF payload was found in the liver with a strong radioactive signal directly
upon injection (Fig. 7.4B). The scintigrams showed a much lower diffusity compared to the
carrier scintigrams which is a first hint on the separation of drug and carrier distribution
rapidly post injection. Concerning the strong liver accumulation of the carrier it is remarkable
that, besides the lungs and kidneys, the liver is one of the organs with the highest blood
flow [4]. Nanoparticles are known to preferentially accumulate in tissues with high perfusion
[4]. Additional information which can be extracted from the bioimaging scintigrams are
the excretion routes of the injected species. 24 h post injection the radioactivity for both
species, carrier and payload, decreased compared to the initial imaging time points and for
IFF drug nearly no activity was remaining in the animal. Once accumulated in the liver,
the drug payload was excreted via the liver-bile-intestine pathway. This was expected due
to the biodistribution results from IFF solution which were acquired in a previous study
[245]. For the polymeric carrier this information was difficult to obtain from the scintigrams.
For quantitative analyses a preliminary biodistribution experiment was performed at 24 h
upon injection (Fig. 7.4C). The distribution pattern shows that the drug biodistribution
did not follow the carrier system: this could be seen in several organs in which the carrier
persisted (e.g. spleen, lungs, liver) but simultaneously nearly no drug was detectable in
those organs. To confirm the separation of drug and carrier further biodistribution studies
were performed. These studies especially focused on the elucidation of the time points at
which this separation of biodistribution takes place in vivo and if carrier or drug reach tumor
tissue sufficiently. Based on the bioimaging results a descision was made for investigating
primarily earlier time points upon injection (<1 h). Consequently the first time point of
analysis was set to 10 min post injection to portray the possible early differences. Drug-free
HTn-DOTA-NH-PEG-PLA solution was rapidly cleared from the blood and finally stained
the kidneys and the liver-heart-lung-region (Fig. 7.5A). Shortly upon injection (20 min) the
excretion of the polymer from the urinary bladder was detectable which increased up to
2 h upon injection. This observation was expected from the literature that single polymeric

chains with molar masses below approximately 40-45 kDa were able to be excreted by free
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renal filtration [12, 248|. Besides renal filtration, the polymer accumulated in liver and
spleen (Fig. 7.5B). This was also not unexpected due to the known rapid blood clearance
of macromolecules by the mononuclear phagocyte system (MPS) and was previously found
for PAMAM dendrimers and HPMA [271]. ''In-DOTA-NH-PEG solutions (Fig. 7.6A) in
contrast are cleared extremely fast from blood and the body. 5 min upon injection the
polymer was detectable in the kidneys and 10 min upon injection radioactivity could be
found in the urinary bladder. 1 h post injection most of the radioactivity seemed to have
been excreted into the urine. Moreover, 2 h post injection there was nearly no radioactivity
remaining in the animal (kidneys ~3% ID/g, Fig. 7.6B). Summarizing both experiments
from "'In-DOTA-NH-PEG and "' In-DOTA-NH-PEG-PLA it was obvious that the PLA
derivative with a higher molar mass (~28 kDa) was partly excreted via the kidneys but
increasingly accumulated in the organs with high activity of the RES. ' In-DOTA-NH-PEG
with a molar mass of ~5.5 kDa was excreted by free renal filtration. The biodistribution of
the PEG derivative differed strongly from that of micelles whereas the PEG-PLA derivative
came closer to it. This was probably a matter of using organic polymer solutions. Rapidly
upon injection the organic solvent is diluted and PEG-PLA micelles form in situ. Pure
PEGs are, however, not amphiphilic and therefore not able to from micelles. Bearing these
biodistribution data of the control groups in mind, the drug loaded micellar system was
investigated on its biodistribution and tumor targeting properties in disease modified mice.
For this purpose the AR42J xenograft model for pancreatic cancer was selected. This model
was previously selected for nanoparticle accumulation studies [272, 273]. Comparing carrier
(Fig. 7.7A) and drug (Fig. 7.7C) biodistribution for organ selectivity it was clear that major
differences could be found in the values for the lungs and the excretion mechanisms of drug
and carrier (kidneys, intestines). The carrier accumulated strongly in the lungs whereas the
drug concentration did not follow the carrier in this organ. Similar observations were found
for the kidneys: carrier excretion via the kidneys decreased over time whereas drug excretion
increased. Due to the hydrophobic nature of the drug and the previous study of intravenous
injection (strong liver accumulation) [245] it was most probable that not the intact drug was
renally excreted but a water soluble metabolite: IFF was derived from fenofibrate which
was known to encounter an ester hydrolysis and was consequently metabolized to fenofibric
acid and is usually coupled in rodents to glucuronic acid [274, 275]. These species were
completely water soluble and consequently renally excreted. However, only a part of the
drug was excreted renally in the studies, most prominent was excretion via the bile into
the intestines. Apart from this, a very unusual distribution pattern was found in the blood:
carrier concentration decreased over time (Fig. 7.7A and B) whereas drug concentration
remained on a plateau for the first 2 h upon injection (Fig. 7.7C and D). An explanation for
this could be the high hydrophobicity of IFF: The derivative fenofibrate already was highly
hydrophobic (logP ~5.24) [276]. Consequently the modification of the drug molecule by
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substitution of the chlorine atom in fenofibrate in favour of iodine in IFF increased the drugs’
hydrophobicity. Therefore it is not unlikely that distribution into adipose tissue appeared.
Drug in adipose tissue served as a reservoir and could lead to the observed plateau phase.
The general positive correlation between drug hydrophobicity and adipose tissue distribution
was confirmed in silico and in vivo by Poulin et al. [277, 278]. Moreover, very remarkable
issues were the tumor targeting properties of the injected particles. The biodistribution
patterns clearly demonstrated that the micelles were not able to deliver the drug efficiently
into the tumor. The overall exposure for carrier and drug was far below 5% ID/g at each
investigated time point. As was shown by other groups, the blood circulation determined
the tumor accumulation properties by the EPR effect: Heneweer et al. [279]| described
effective accumulation above 20 h of circulation whereas Pirollo and Chang [280] suggested
necessary circulation times between 24 h and 48 h. Compared to these numbers in the present
study, the circulation times were much lower (<<24 h) and, therefore, an enhanced tumor
accumulation could not be observed. As previously mentioned, encapsulation of the drug was
carried out physically and based on hydrophobic interaction or m-7 stacking between drug
and polymer. Generally, even when the particles might have reached the tumor target, the
question remained if they would be still drug loaded. As clearly demonstrated by the results,
this physical encapsulation technique was not suitable to deliver a stable incorporation of the
drug in the micellar core. Consequently a more direct interaction will be needed e.g. ionic
interaction or chemical coupling of the drug to single polymer chains. Great success of the
latter method even in humans was found for cisplatin which was attached to PEGylated
poly-(glutamic acid) [281]. Compared to these results the concept of physical incorporation
of drugs into self-assembling systems for targeted delivery seems to be difficult to reduce to

practice.

7.6 Conclusion

The results of this study clearly demonstrate that self-assembling polymeric micelles are a
suitable carrier for the solubilization of the hydrophobic model drug IFF. The encapsulation
process was based on physical interactions between drug and carrier (no chemical coupling).
Although the investigated PEG-PLA micelles exhibited a high stability in serum (in vitro)
which was shown in the previous study, the in vivo experiments led to a completely different
picture: Investigation of the loaded carrier in biodistribution experiments revealed that the
carrier and the encapsulated drug followed different distribution routes rapidly upon injection.
These separation processes of drug and carrier were very fast (<10 min). Moreover, due to
these reasons an effective tumor targeting was not possible. Consequently physical loading of
drugs by non-specific interactions (hydrogen bonding, 7-7 stacking) to the polymeric carrier

seems to be a difficult approach to achieve an effective change on drug pharmacokinetics or
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tumor accumulation. Stronger drug-polymer interactions (e.g. electrostatic encapsulation,

chemical coupling) might be more appropriate to reach this goal.
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Summary and conclusion
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Summary

This thesis focussed on the encapsulation of hydrophobic drugs into polymeric micelles and
was intended to show the strengths and limitations of these self-assembling systems in terms
of solubilization and drug targeting. Characterization of hydrophobic drug solubilization
prior to intravenous injection was one of the key goals of this thesis. For this purpose a
novel drug loading procedure was developed based on mechanistic considerations during
the loading processes (Chapter 2). The cosolvent evaporation combined with appropriate
solvent selection prior to preparation was found to be superior to other well investigated
methods like direct dialysis and O/W emulsion techniques. This loading procedure was
successfully developed for dexamethasone as a model drug but was further applied to all
other investigated drugs in this thesis. Furthermore, storage stability of the micellar systems
was acquired by lyophilization with excipients, showing that g-cyclodextrin derivatives are

versatile lyoprotectors for these purposes.

Besides solubilization, the fate of micelles in biofluids was seen to hamper their application
[8, 29]. For this purpose the existing literature was revisited escpecially on the question of
micellar in vivo stability and accumulation into tumor tissue (Chapter 1). As a result it
was found that colloidal systems undergo several stress factors upon injection that questions
their stability of drug incorporation as well as the colloidal integrity itself. Moreover, tumor
accumulation of colloidal systems with native appearance (before injection) of the particle
shell was found to be very unlikely. It was argued for an active uptake mechanism into tumor
tissue which could be triggered by the protein corona (e.g. albumin via gp-60 receptors in
highly SPARC expressing tissues [150, 151]).

Based on these results it was reasonable to develop adequate in wvitro tests prior to in
vivo experiments to assess the micelles’ stability and safety in biological systems. A serum
incubation assay was selected to investigate stability which was based on FRET (Foerster
Resonance Energy Transfer) (Chapter 3) and was previously described by Chen and Savic
[53, 282]. Unfortunately, this assay lacked the possibility of quantifying micellar integrity
and therefore to compare different micellar compositions. Consequently this test was further
developed for this thesis and direct comparison between different micellar species could be
made possible. Micellar safety and potential immunogical responses were assessed with
cytotoxicity studies and complement activation assays (Chapter 4). The results showed
impressively that polymers like mPEG-PDLLA were non-toxic in the selected concentrations
(up to 10 mg/mL) whereas already approved non-ionic surfactants (Cremophor EL®, Tween
80®) showed distinct cytotoxicity on both tested cell types (HepG2 cell line, primary
rat hepatocytes). The test polymer species PEG-PVPy which was not under previous
investigations, showed a slight cytotoxicity in both assays. The complement activation assays

revealed the liposomal product Doxil® as a stronger in vitro complement activator compared
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to the investigated block copolymers. Consequently the safety and toxicity of micelles and

their block copolymers did not exceed exisiting products based on colloidal carrier systems.

The experimental and theoretical results were very relevant prior to the conduction of in
vivo experiments. Animal experiments were intended to show the potential of self-assembling
micelles in drug targeting and altering pharmacokinetics of drugs compared to simple solutions.
The first evidence that this concept of altering the pharmacokinetic profile might not fit to
the polymeric micelles used in this thesis were delivered from compound A encapsulated
in mPEG-PLGA micelles (Chapter 5). Besides successful preparation and solubilization
(solubility increase by factor 180) the in vivo properties of the micellar formulation were
identical to the drug solution of compound B (mesylate salt solution of compound A). An
enhanced circulation and therfore drug targeting into tumors was not observed. The reasons
for this in vivo observation of the compound A loaded micelles were not that clear so far from
this experiment because only the drug was tracked in vivo by using an LC-MS method. No
information was acquired about the polymeric carrier. For this reason a follow-up study was
designed: drug and carrier should be tracked simultaneously. A HoN-PEG-PLGA derivative
was prepared, coupled to DOTA and labeld with ''In. This procedure was quite successful
and allowed for simultaneous detection with 2’IFF. Compound A and IFF are similarly
hydrophobic but indeed show structural differences. Regardless of these differences, IFF is a
model compound to probe the fate of micellar drugs upon injection. The bioimaging revealed
remarkable qualitative biodistribution differences between polymeric carrier and encapsulated

drug.

Different approaches were followed with the PEG-PVPy material: excellent drug loads with
hydrophobic compounds were achieved but only little information was available concerning
the in vivo properties of such micelles. To reveal biodistribution and clearance, as a first step
the PEG-PVPy polymer was labeled within the hydrophobic part of the block copolymer
because this species was easily accessable for radiolabeling by quarterization of the pyridine
N (Chapter 6). As a disadvantage of this experimental setup can be seen that both species,
polymer and drug, were labeled with a radioactive iodine isotope and consequently could not
be discriminated. However, this approach showed that PEG-PVPy micelles circulated only
within a short time frame (<1 h) but sustained over weeks in RES organs (e.g. liver: half life
~56 h). These results indicated the poor biodegradability of PEG-PVPy.

However, the approach for PEG-PLGA was further utilized to reveal the in vivo fate of carrier
and drug (Chapter 7): the block copolymer was de novo synthesized and labeled at the
PEG part by coupling to DOTA and chelating '''In. In these ''In labeled micelles,''T or
1257 Jabeled IFF drug was incorporated. The different emission energies enabled to distinguish
between drug and polymeric carrier. The major outcome of this study was the biodistribution

difference of carrier and payload within the same animal. Rapidly upon injection the drug
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exhibited a different biodistribution pattern compared to its carrier. As previosuly indicated

in the chapters 5 and 6 the polymeric associates disassembled quickly.

Conclusive remarks and future perspective

Self-assembling polymeric micelles consisting of linear block copolymers are ideal systems
for the solubilization of hydrophobic drugs and were pharmaceutically characterized in this
thesis based on the following: 1) high drug loads were achieved e.g. with DXM in PEG-PVPy
(~19%), 2) storage stability of this drug incorporation could be maintained by removing
any water from the micelles by freeze-drying and 3) the selected block copolymers were

toxicologically unproblematic.

From the in wvivo studies it could be concluded that self-assembling systems like these
polymeric micelles consisting of linear block copolymers were not able to carry the drug to its
target site and/or to alter the pharmacokinetic properties compared to free drug. Premature
release from these micelles due to the presence of blood proteins and other components was
observed. These observations were not made with the in vitro test assaying micellar stability
in serum. Consequently this experiment was revealed to be non-predictive for premature in
vivo drug release. Possible reasons for this are the general differences between a static in
vitro assay and a dynamic, complex in vivo system (e.g. blood volume and flow, particle
opsonization followed by premature clearance). The idea of passive drug targeting is based
on the long-circulating properties of particles assuming the stability of drug incorporation.
However, self-assembling polymeric micelles do not seem to justify this expectation due to
their fast release as shown in several animal studies within this thesis. Currently there are
several strategies available to enhance the stability of the particles including their drug-loaded
properties. These strategies focus on 1) increasing drug-polymer interactions (e.g. ionic
interactions, covalent attachment of drug) or 2) increasing the particulate core rigidity (e.g.
crosslinking). Both options are reasonable whereas for the latter one potential toxic chemical
residues should be considered from particle preparation. Consequently the first approach will
achieve more attention which can be seen in ongoing clinical trials with polypeptidic block
copolymers and oppositely charged drugs (e.g. cisplatin, product in clinical trials: NK 6004
[281, 90]).

Generally from this thesis the questions remain open, if the concept of passive targeting based
on the EPR effect can be successfully utilized by “simple” size/surface adjustment of the
nanoparticles. Firstly, superior tumor accumulation could not be shown within the results
from animal experiments although the often proposed size limits for nanoparticles below
200 nm [131] were always met. Secondly, it is generally questionable whether nanoparticles

with their molar masses which are at least by factor 10 times higher compared to serum
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proteins can extravasate effectively from the bloodstream only in artificial tumors (e.g. mice
models). The currently available information concerning an EPR effect in natively growing
tumor in humans is extremely limited. Regardless of these concerns, the achievement of
long-circulating particles could be a valuable option to prolong the blood circulation of rapidly
metabolized drugs or by reducing the free drug fraction of toxic drugs. In this connection,
nanoparticles will pose a treatment advance by the formation of blood drug depots with
sustained release. Future investigations will show if this is the major active principle of the

already approved nanomedicines.
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