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1H-NMR proton nuclear magnetic resonance

AF4 asymmetrical flow field-flow fractionation
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1 Introduction

1 Introduction

The idea of “controlled” drug delivery was developed in order to reduce application
frequency, enhance therapeutic efficiency of drugs and reduce their side effects. By the
means of prolonged administration (sustained drug release or prolonged circulation)
and/or targeted delivery of the drug to the site of action, patient compliance can be
improved and therapeutic outcomes optimized. Due to the growing number of drugs
with low gastrointestinal stability, high first pass metabolism or poor oral availability,
the development of parenteral drug delivery systems (DDS) - besides other alternative
application routes - gained particular interest in the last decades. To date, a wide range
of DDS have been developed which enable the delivery of drugs from days to years. The
various carrier systems can be classified according to their size into macroscale,
microscale and nanoscale [1].

The ongoing search for improvement and innovation lead to a multitude of new
materials, today mainly based on biodegradable structures. Besides the most prominent
biodegradable polymers - polyglycolic acid, polylactic acid (PLA) and their copolymer
poly(lactic-co-glycolic acid), PLGA [2-4], various classes of synthetic polymers including
for instance polyesters [5,6], polyorthoesters [7,8], polyanhydrides [9-11], polyamides
[12], polyurethanes [13] and polyphosphazenes [14] - natural or semi-synthetic
polymers like chitosan [15,16] and alginates [17,18] as well as various lipid
formulations [19-23] have been studied as biodegradable DDS. However, only some
macro- and microscaled systems based on PLA and PLGA could be placed on the market
yet (e.g. Trenantone®, Eligard®, Zoladex®) and no polymeric nanoparticle product is
used in clinical practice today.

Depending on the physicochemical properties of different drug molecules, different
characteristics of the carriers are required. There is hence no perfect delivery system
meeting the demands of all drugs. In view of this, it is therefore highly desirable to
develop variable systems with adjustable properties, covering a wide range of
applications. In 2005, Kallinteri et al. published poly(glycerol adipate) (PGA) as a new
functionalized biodegradable polymer for nanoparticulate drug delivery systems [24]

(Figure 1-1).
\/O (CR o\/y\/o (CRgs O\/’\/OH
T OH Y OH
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n
Figure 1-1. Chemical structure of the poly(glycerol adipate) backbone.

One major advantage over most other linear polyesters like PLGA is the free hydroxyl
group per repeating unit. As PGA is synthesized by enzymatic polycondensation which is
selective for primary OH groups, the secondary OH group of the glycerol remains
available for further modification. Another prominent example where free OH groups of
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1 Introduction

glycerol are present in a polymer, is polyglycerol, mostly synthesized as hyperbranched
dendrimers [25]. However, the ether bonds of polyglycerol are not biodegradable, which
is a major drawback for many applications compared to PGA.

The free OH group in PGA allows the adjustment of the physicochemical properties of
the polymer according to the requirements of different systems and drugs. PGA itself is
hydrophilic but not soluble in water. By esterification of PGA with fatty acids, composite
amphiphilic systems with hydrophilic and lipophilic features are obtained, representing
a combination of polymer and lipids. The esterification is a random process resulting in
a comb-like polymer with random distribution of the side chains throughout the
polymer backbone (Figure 1-2). For this work, several series of PGA polyesters with
varying esterification degree of different saturated and unsaturated fatty acids have
been synthesized to explore the characteristics and the potential of fatty acid modified
PGA as DDS. The synthesized polymers are named with L, S, Ol or B for lauroyl, stearoyl,
oleoyl or behenoyl side groups followed by a number which represents mol% of
esterified OH groups (e.g. PGA-S20 where 20 % of the OH groups are esterified with
stearic acid).

In general, it should be mentioned that for each experiment, it was considered, which
PGA-fatty acid esters should be used in order to get a good picture of the various
properties. Due to the limited amount available of each bulk polymer (0.15 - 1 g), it was
not possible to carry out each experiment with all relevant polyesters.

-:fwﬁﬁ{wffﬂw

Figure 1-2 Outside: Ball-and-stick model of stearoyl substituted PGA. Inside: Schematic comb-Ilike structures
of PGA-S20 and PGA-S85. The average number of stearoyl groups per polymer chain is about 4 for PGA-S20
and 16 for PGA-585.

Figure 1-2 depicts the comparison of the PGA species with highest and lowest content of
stearoyl side chains, PGA-S20 and PGA-S85. The main differences are the average
distance between the “teeth” of the comb-like polymer and their overall volume
requirement in relation to that of the polymer backbone. For PGA-S20, the average
number of stearoyl groups per polymer chain is about 4 and for PGA-S85 it is about 16,
resulting in volume fractions of the alkyl chains of about 0.24 and 0.57 respectively.
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1 Introduction

These structural differences have far reaching consequences for the morphology and
structure of systems formed by these polymers. In this work, various fatty acid modified
PGAs have been used for the preparation of drug delivery systems in the form of
macroscale implants as well as nanoscale particles. Special attention was given to the
comprehensive in vitro characterization of these systems.

Nanosized delivery systems have been studied intensely for parenteral application of
drugs in the last decades. The discovery of a possible drug delivery to target cells by
active or passive targeting brought back Paul Ehrlich’s idea of the “Magic Bullet” from
the early 1900s [26]. In 1975, Helmut Ringsdorf published the concept of a polymer-
drug conjugate including a moiety for targeting to specific biological sites, e.g. for
specific receptor interaction [27]. This is today referred to as “active” targeting [28] (e.g.
Adcetris®). “Passive” targeting, in contrast, is not achieved by the attachment of special
moieties but is based on Hiroshi Maeda’s finding of the “enhanced permeability and
retention (EPR) effect” [29,30]. His group found the accumulation of nanoscaled carriers
in solid tumors which was ascribed to their unique pathophysiological characteristics,
including leaky vascular architecture, extensive vascular permeability and an impaired
lymphatic clearance [31-33]. This is a promising strategy in cancer therapy [34] and
already implemented in clinical praxis today (e.g. Abraxane®, Caelyx®). Another passive
approach in research is the targeting of pathological endothelium, which is also called
vascular targeting [35-37].

A large variety of nanoscaled drug delivery systems have been developed over the years,
ranging from soluble polymer conjugates [38-40] and dendrimers [41,42] via micelles
[43-45], mixed micelles [46-48] and liposomes [49-51] to liquid nanoemulsions
[23,52,53], liquid-crystalline cubosomes [54,55] and supercooled smectic nanoparticles
[56] to combined systems like nanocapsules [57-59] and nanostructured carriers (NLC)
[60-62] to solid polymeric nanoparticles [63-66] and solid lipid nanoparticles (SLN)
[22,67,68]. However, only few nanoscaled DDS for parenteral application have been
brought to market so far, mainly based on liposomes (e.g. AmBisome®, Caelyx®,
Visudyne®) or emulsions (e.g. Diazepam-®Lipuro, Etomidat-®Lipuro, Disoprivan®) as
well as some polyethylene glycol (PEG)-protein conjugates (e.g. PEG-Intron®, Pegasys®,
Neulasta®). Upon comparing liquid systems with solid particles, it becomes clear why
the ideal DDS has not been found yet. Whereas liquid systems provide higher
solubilization capacity than solid ones [69], they lack in stability and protection for the
incorporated molecules as well as control of drug release [70-72]. Solid systems, in
contrast, might control the release of drugs and provide protection against degradation
[71,72], but most of them suffer the drawback of poor incorporation rates [22,72-74].
The most widely used polymers for solid nanoparticles are PLA and PLGA although they
show relatively low drug loading capacities and often an initial burst release of the drug
[66,73,75]. As an alternative to polymeric systems, lipid based SLNs have been proposed
as carriers for lipophilic drugs [22,76,77]. However, the crystalline state of the SLNs and
their platelet-like shape limit drug incorporation and provide only short diffusion
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1 Introduction

pathways [23,60]. Actually, it has been observed that in most cases, a large fraction of
drug is localized at the surface of the particles instead of being incorporated within the
particle core [78-81]. The ejection of drug molecules from the matrix is also promoted
by polymorphic transitions of the lipids [72,82] and increase in crystallinity [83] over
time. Another drawback of SLNs and many other nanocarriers is the need for additives
like surfactants to stabilize the particles. Amphiphilic stabilizers can form coexisting
colloidal structures and can furthermore cause irritation in vivo. It is therefore highly
desirable to develop self-stabilizing systems. Prominent examples are amphiphilic
PEGylated diblock copolymers like PEG-PLA and PEG-PLGA which self-assemble in
water and form stable systems [84-86]. In this study, the optimization of the widely used
interfacial deposition method (also known as nanoprecipitation method) [24,87,88]
enabled the preparation of PGA-fatty acid ester nanoparticles without the need for
surfactants or other additives.

Prior to this work, the knowledge about morphology, size and other properties of PGA
nanoparticles was quite limited [24,89,90]. Two cell culture studies regarding their
uptake in brain tumor cells had been published [91,92] but nothing was reported about
internal structures, aggregate states, thermal behavior and polarity of the nanoparticles.
These are, however, crucial characteristics to understand drug incorporation and in vivo
behavior of the carriers. Moreover are these fundamental parameters for the effective
strategic development of the material. Particle size is a very important parameter,
influencing e.g. in vivo fate, phagocytosis, body distribution and tumor accumulation [93-
95]. Yet not only the size but also the geometry of particles affects their transport and
biodistribution within the blood vessels, their adsorption to mucosa or endothelium, as
well as their strength of adhesion and internalization into cells [23,37,96]. Furthermore,
both particle size and shape influence in vitro characteristics of nanoparticles such as
drug incorporation, internal diffusion pathways, dispersion rheology, storage stability
etc. [23].

With regard to drug loading and release, systems that offer a compromise between
highly ordered crystals and fluid emulsions are most desirable. Yet an accurate
knowledge of shape and internal structure of a carrier system is prerequisite to develop
rational strategies for modification, drug incorporation and targeting. It was therefore
the first aim of this study to prepare nanoparticles of different PGA based polymers with
varying fatty acids, esterification degrees and aggregate states and characterize their
structure and properties in detail. The characterization of nanoscaled systems is,
however, not an easy task. The methods, which are suitable for the nanoscale, are based
on different measurement principles and thus possibly lead to different results. Particle
sizing is therefore especially challenging. In this study, the combination of photon
correlation spectroscopy (PCS), asymmetrical flow field-flow fractionation (AF4) and
different transmission electron microscopy (TEM) methods provided comprehensive
particle size data as well as information about particle shape and structure. The inner
structure was furthermore investigated by small-angle and wide-angle x-ray diffraction
(SAXS, WAXS) in more detail. WAXS measurements provided information about the
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1 Introduction

molecular packing of the fatty acid side chains of the polymers whereas SAXS peaks
revealed data about the supramolecular nanostructure. On the basis of these
observations, together with the findings of TEM, structural models of polymer
arrangement in PGA based nanoparticles have been proposed. As an additional
important parameter of polymers and nanoparticles, their thermal behavior was
characterized by means of differential scanning calorimetry (DSC), SAXS, WAXS and
proton nuclear magnetic resonance spectroscopy (!H-NMR). Thereby, particular
importance was attached to room and body temperature to get information about
storage stability and potential in vivo melting of the particles. Information about the
polarity of the particles has been acquired by the incorporation of the lipophilic
fluorescence dye Nile red (logP ~ 5 [97]). The strong solvatochromism of this dye,
depending on the physicochemical properties of its environment, and the almost fully
quenched fluorescence intensity in water [98] make it a valuable reporter molecule for
the polarity of lipophilic structures.

Drug incorporation in nanosized systems is a very challenging task and - as mentioned
above - drug loading capacity is often a considerable drawback of solid nanocarriers.
However, a reliable determination of the loading capacity is probably just as challenging.
In most studies, drug loading is only determined by qualitatively monitoring drug
precipitation. However, precipitated drug is not always easy to detect and the
precipitation can also occur highly retarded [23,72]. Therefore, a number of quantitative
methods have been published [23,99-102], most of them facing the difficulty to separate
the free drug, which was not incorporated, from the particles. In this study, an own
procedure has been developed, based on gel filtration, lyophilization and fluorescence
measurement. The loading capacity of solid PGA-S65 nanoparticles was investigated for
the highly lipophilic fluorescent dye Dil (logP ~ 20 [103]) and the lipophilic tetrakis(4-
hydroxyphenyl)-21H,23H-porphine (THPP; logP ~ 6.4) which is a low-prized analog to
the photosensitizer temoporfin (Foscan®) [104].

As a next step towards in vivo experiments, it was the aim to investigate the hemolytic
activity of the nanoparticles as well as their toxicity for human hepatocarcinoma cells
(HepG2). Erythrocytes are among the first cells to come into contact with intravenously
(i.v.) injected pharmaceuticals. Therefore, hemolytic activity is a crucial value to be
determined before performing in vivo experiments. Many molecules, especially
amphiphiles show hemolysis of red blood cells (RBCs) as a result of interaction with the
RBC membrane. For biomedical particles, hepatocytes are also an important test system
[105] as the liver is the main organ for biotransformation and defense against
xenobiotics and has also been identified as the preferential site of nanoparticle
accumulation in the body [106-108]. Compatibility with HepG2 cells was determined by
a Qblue viability assay to quantitatively measure the proliferation and metabolic activity
of cells. This assay is based on the conversion of the non-fluorescent redox dye resazurin
into a highly fluorescent product (resorufin) by metabolically active cells [109].
Fluorescence intensity is therefore a direct measure of the metabolic activity of cell
cultures and can be quantified on a fluorescence microplate reader [110,111]. In
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1 Introduction

addition, a modified lactate dehydrogenase (LDH) cytotoxicity assay was conducted in
order to obtain information about the cell quantity. The LDH assay is commonly used as
a measure of membrane integrity of cells. Upon membrane damage, LDH, which is
present in all cells, is released into the medium and the activity correlates with the
number of lysed cells. LDH activity can be determined by a coupled enzymatic reaction
which leads to a photometrically measureable product. In this study, the assay was
modified and used for the estimation of cell quantity [112].

After reviewing all results of in vitro characterization, PGA-S65 nanoparticles have been
selected for the in vivo study. Loading of the nanoparticles with the near-infrared (NIR)
fluorescent dye DiR provided the possibility of non-invasive monitoring by in vivo
multispectral fluorescence imaging (MSFI) after i.v. injection. DiR has excitation and
emission maxima in the NIR region (750 nm/780 nm [113]), where light scattering and
absorbance as well as autofluorescence of tissue are lowest [114,115]. NIR light in the
range of 650-900 nm, the so called optical window [116,117], is able to penetrate
biological tissues much more efficiently than visible and ultraviolet light and is therefore
most suitable for optical imaging of deep tissues in living small animals [116,117]. The
first in vivo experiment was conducted in healthy SKH1 mice to get information about
body distribution and fate of the nanoparticles after i.v. injection. In the second study,
tumor accumulation of nanoparticles was investigated in a human xenograft colon
carcinoma model (HT29) in athymic Nude-Foxn1 mice [118-120].

One major drawback concerning the administration of nanoparticles and other colloidal
carriers is their rapid elimination from the blood circulation after i.v. injection [121-
123]. The interaction of the particle surface with plasma proteins leads to opsonization
and sometimes destabilization of the particles [124,125]. Opsonization through protein
adsorption activates the unspecific immune system, in particular the phagocytic cells of
the mononuclear phagocyte system (MPS), including for example circulating monocytes,
Kupffer cells of the liver sinusoids and splenic macrophages, and promotes particle
uptake by these cells [126]. The interaction of colloidal systems with the MPS is
determined by their size, their charge and by the physicochemical properties of the
particle surface [93,127,128]. In general, larger particles and hydrophobic particles are
taken up faster due to facilitated protein adsorption [94,129]. In order to overcome this
obstacle and prevent opsonization, several approaches of surface modification have
been reported. A widely used method is the shielding of the particle surface by coating,
mostly with hydrophilic polymers [121,130,131]. This is often named “stealth” drug
delivery as the coating is intended to render the particle “invisible” for the MPS
[94,132,133]. Thereby, decreased protein adsorption, reduced phagocytic uptake,
prolonged blood circulation and reduced uptake in the liver have been demonstrated
[121,127,131,132,134]. The discussed mechanisms for this phenomenon are shielding of
the surface charge, hydrophilization of the particle surface, steric hindrance and the
formation of a polymeric hydrogel layer avoiding protein adsorption [122,135,136]. A
wide range of coating materials have been used, of which block copolymers of ethylene
oxide and propylene oxide (Poloxamer surfactants) and the homopolymer PEG are the
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1 Introduction

most extensively studied [121,133,137,138]. The attachment to the nanoparticles can
occur either through physical adsorption (e.g. Poloxamer) or by covalent conjugation
(e.g. PEG).

In order to prolong in vivo circulation time of PGA-S65 nanoparticles in the present
study, physical coating with Poloxamer as well as covalent bonding of PEG chains to PGA
have therefore initially been considered. Coating of physically adsorbed Poloxamer
would have been easily realizable (and was already implemented for in vitro cell
experiments) but assumed to be possibly unstable in vivo. Experiments for covalent
attachment of PEG chains to the PGA backbone by click chemistry were successful;
however, already a few PEG chains made the resulting polymer water soluble. Inspired
by a lecture of Karel Ulbrich from the Institute of Macromolecular Chemistry AS CR in
Prague (IMC), Hydroxypropyl methacrylamid (HPMA) copolymers were selected for
nanoparticle coating. HPMA copolymers are loosely coiled, hydrophilic and mostly
neutral macromolecules without affinity for blood vessels or plasma membranes [139]
and good biocompatibility [140]. HPMA copolymers are intensively studied [38,140-
143] and typically used as polymer-drug conjugates for the delivery of anticancer drugs
to solid tumors. Promising therapeutic activity has been reported [144,145] and several
conjugates have been subjected to clinical trials [140,146,147]. HPMA copolymers with
hydrophobic substituents (e.g. cholesterol) which self-assemble into polymeric micelles
or nanoparticles [148,149] have also been reported as effective carrier systems for solid
tumor targeting by EPR effect [148]. Regarding the coating of PGA based nanoparticles,
cholesterol moieties of these amphiphilic polymers seemed to be suitable as
hydrophobic anchors, which could be physically included in the nanoparticles during
preparation. Fixed in this way, the HPMA copolymer was intended to form a hydrophilic
shell around the PGA-S65 nanoparticles.

Figure 1-3. Formation of coated nanoparticles from PGA-S65 and cholesterol bearing HPMA copolymer.

In addition to this physical way of coating, covalent bonding of semitelechelic HPMA
copolymers to the nanoparticle surface was planned. Semitelechelic polymers are linear
macromolecules with a reactive group at only one end of the polymer chain. This
functional group permits one point conjugation of the macromolecule to other species or
surfaces without cross-linking [140]. Multivalent and semitelechelic HPMA copolymers
were already successfully used for covalent surface modification and coating of
polyelectrolyte and adenoviral gene delivery vectors [150-155]. For the coated vectors
reduced binding of blood proteins, decreased phagocytic uptake, prolonged blood

circulation, increased bioavailability and reduced toxicity compared to PEG-coated
7



1 Introduction

complexes have been reported [150]. Amino group modified polystyrene latex
nanoparticles have also been coated with HPMA copolymers as model particles in order
to study the coating process to NHz groups [156].

In this study, free carboxyl groups on the surface of the PGA-S65 nanoparticles were
used for covalent bonding of semitelechelic HPMA copolymer conjugates bearing a
primary amino group at the end of the polymer chain. These carboxyl groups result from
the conversion of vinyl end groups (Figure 1-1) through hydrolysis [157-159].
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Figure 1-4. Covalent coating of nanoparticles with HPMA copolymer.

The two coating methods were compared regarding particle size, zeta potential and in
vivo distribution of the resulting nanoparticles as well as coating efficiency. In order to
track the distribution of the coating polymer in vivo, the far red fluorescent dye Dy676
was covalently attached to both HPMA copolymers by a stable amide bond.
Simultaneous fluorescence imaging of DiR and Dy676 with two filter sets and the
unmixing of the component signals by the software afterwards provided the opportunity
to monitor the distribution of the nanoparticles and the coating polymer in parallel. To
get deeper insight into the body distribution, mice were autopsied at the end of the
study and fluorescence intensities of both dyes measured in various organs.

In view of some unexpected observations during the in vivo study, further in vitro
experiments were carried out as a follow-up. This involved a more detailed study of the
coating efficiency as well as an investigation of nanoparticle binding to bones. The
observed attraction of PGA-S65 nanoparticles to bones could be caused by various
reasons. Possible mechanisms are an attachment of PGA to the inorganic matrix, mainly
hydroxylapatite (HA) or calcium ions, an attachment to the organic matrix or phagocytic
uptake by mononuclear macrophages of the MPS lining the bone marrow sinusoids
[160-162]. To further elucidate the relevant mechanism, the possible binding of the
nanoparticles to Ca2* ions was investigated by complexometric titration and a binding
assay with HA.

The potential of fatty acid modified PGA is by far not limited to nanoparticles. In the
second part of this work, different Lauroyl-PGAs were investigated regarding their
application as implants for drug delivery. Whereas drug delivery with nanoparticles
mainly focuses on targeting to specific sites in the body, drug delivery by implants and
microparticles is primarily intended to prolong the release of drugs in order to achieve
sustained local or systemic therapy over a certain period of time.



1 Introduction

The concept of extended drug release started with implanted tablets or pellets of
hydrophobic drugs in the 1930s [163,164]. In the 1960s/1970s, stimulated by
investigations on silicone rubber tubes which were “controlling” the release of
anesthetic gas at a constant rate [165], the concept of rate-controlling membrane (RCM)
systems was established. Various products for local or systemic therapy have been
developed, ranging from the ocular insert Ocusert® [166] via contraceptive implants
[167] (e.g. Norplant®) and hydrogel implants [168] (e.g. Vantas®) to osmotic pump
systems [169,170] (ALZET®, DUROS®), all of which are based on an RCM, providing a
relatively constant drug rate. However, a major drawback of these devices is the need of
posttreatment removal, usually demanding surgical intervention. In view of this, the use
of biodegradable polymers was the next step in development after the polyhydroxy
acids had entered the market [2-4]. As mentioned before, a wide range of biodegradable
polymers have been synthesized by now and many of them have also been studied as
biodegradable implants [4,7,9] (e.g. Zoladex® based on PLGA) or microparticles [171-
173] (e.g. Decapeptyl® based on PLGA, Trenantone® based on PLA). Furthermore, lipid
implants [19-21] and lipid microparticles [174] have been reported as sustained release
systems for pharmaceutical proteins. However, the solid aggregate state of most applied
materials complicates the formulation process and requires the injection or insertion of
the implants with large needles or by microsurgery. A major improvement was
therefore the development of in situ forming systems which are injected as low viscous
drug containing solutions through standard needles [175-177]. After injection, the
solidification and formation of the implant can be achieved by various strategies,
ranging from in situ cross-linking to in situ phase separation [177-179]. To date, all
commercially available products are based on phase separation by solvent exchange
(e.g. Atridox® based on PLA in N-methyl-2-pyrrolidone (NMP) and Eligard® based on
PLGA in NMP). In these systems, the in situ implant formation proceeds due to a
decrease in polymer solubility when NMP diffuses into the surrounding tissue and water
penetrates into the organic phase. However, the use of NMP and other organic solvents
in such systems was reported to cause myotoxic effects and other undesired tissue
responses [180]. Furthermore, the problems of high burst release during implant
formation [180], variable implant shape and low pH values during degradation of PLGA
[181-183] are still drawbacks to be overcome.

One quite different drug delivery system for sustained release which has been approved
for clinical use is the multivesicular liposome concentrate DepoFoam® [184,185] (e.g.
DepoCyte®). High drug loading, good tolerance and prolonged release of small drugs and
macromolecules up to several weeks have been reported for this technology [184,185].
Besides other approaches to overcome the drawbacks of the widely used PLA or PLGA
implants, poly(2-hydroxyoctanoic acid), called “hexPLA”, was the first viscous
biodegradable polymer reported as sustained release implant injectable without the
addition of solvents or with only < 5 % of NMP [186,187]. Inspired by these promising
results of hexPLA, viscous Lauroyl-PGAs have been investigated in this study regarding
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their potential as sustained release implants. The viscosity of most Lauroyl-PGAs
(esterification degree = 25) allows direct subcutaneous injection through standard
needles. Nevertheless, for the incorporation of dyes or spin probes, solutions in NMP
were prepared and added to the polymers to a final content of 5 % organic solvent. In
order to achieve a homogeneous distribution, dual asymmetric centrifugation (DAC) was
applied [188]. This is an efficient but gentle mixing method which can even be used for
pharmaceutical proteins without inducing protein destabilization [189].

A series of Lauroyl-PGA polyesters has been characterized by 'H-NMR relaxometry and
texture analysis in terms of viscosity and mechanical properties. By means of the non-
invasive method of 1H-NMR relaxometry, the transverse relaxation time T, was
measured which characterizes the signal decay and describes how fast initial
magnetization returns to the equilibrium state through spin-spin relaxation [190,191].
As this time constant is considerably influenced by the physical state and the mobility of
protons [191-193], it was used in this study to get insight into the viscosity [194] of the
semisolid polymers. The method of texture analysis was performed in order to get
further information about the mechanical properties of these polymers. During the
compression of a polymer by a metal probe, peak forces and mechanical work have been
measured from which parameters like hardness and adhesiveness of the polymer could
be calculated.

Model implants of Lauroyl-PGAs were prepared with different electron spin resonance
(ESR) probes or fluorescent dyes and their release was studied by the non-invasive
methods of spectral spatial ESR imaging (ESRI) and MSFI. By MSFI, model implants were
monitored in whole and the overall release of the hydrophilic Rhodamine110 and the
lipophilic Dil was recorded. In contrast, the method of ESRI is capable to resolve
heterogeneities within the samples and provide spatial information about the
distribution of electron spins and their characteristics at different locations [195]. From
these characteristics, expressed by the respective ESR spectrum, information about the
microenvironment inside the implant could be obtained. Particularly water penetration,
polarity and pH value as well as mobility of the spin probes were monitored over time.
These are important parameters with direct influence on drug release, degradation
kinetics and drug stability [196]. By the use of a pH-sensitive spin probe, the process of
the pH value could be assessed which is another crucial parameter during polymer
degradation. It has been reported, for instance, that the pH may drop to 3 or 2 inside
degrading PLGA implants [181,182]. This could be very unfavorable for the stability of
incorporated proteins, peptides and small molecules [197]. Furthermore, the
biocompatibility of the implant with respect to surrounding cells and tissue could be
affected [182].

In addition to these in vitro investigations, a preliminary in vivo study in SKH1 mice was
carried out with PGA-L25 and PGA-L95, loaded with the lipophilic fluorescent dye Dil.
The mice were monitored over six months by non-invasive MSFI and sacrificed at the
end of the study for ex vivo autopsy.

10



1 Introduction

The wide range of analytical methods applied in this work provide comprehensive
insight into the characteristics of poly(glycerol adipate) and its possible applications in
drug delivery.
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2 Materials

2.1 Polymers

2.1.1 PGA fatty acid esters

PGA polyesters have been synthesized at the Institute of Chemistry, Department of

Physical Chemistry, Martin Luther University Halle-Wittenberg as described in [157].

Esterification degrees were calculated using 1H-NMR spectra (see 3.1.8.1), molar mass

was measured by gel permeation chromatography (Viscotek GPCmax VE 200, Malvern

Instruments, Malvern, UK), equipped with a refractive index detector (Viscotek VE 3580

RI detector). For some of the polymers, the volume fractions of the fatty acid side chains

were calculated by Materials Studio 4.1 (Accelrys Software, San Diego, US).

Table 2-1. PGA based polyesters used in this work. Their number average molecular weight (M), weight

average molecular weight (My,), polydispersity index (M,/M,,), the exact percentage of substituted OH groups

of the PGA backbone and the calculated volume fraction of the fatty acid side chains are given.

Polymer Mn [Da] My [Da] Mw/My Substituted Volume fraction
(PDI) OH groups [mol%] of fatty acids [%]

PGA-BB 3675 8484 2.31 0 0

PGA-BB-2* 3403 7 261 2.13 0 0

PGA-L15 3578 9827 2.75 13

PGA-L25 5345 10 763 2.01 25

PGA-L30 5452 11226 2.06 28

PGA-L50 8075 16 386 2.03 50

PGA-L75 14 810 31629 2.14 75

PGA-L95 14 593 27 412 1.88 95

PGA-S20 1926 3276 1.70 18.9 24

PGA-S50 3602 6927 1.92 48.3 44

PGA-S65 4328 6614 1.53 65.9 51

PGA-S85 7227 14 325 1.98 85 57

PGA-B45 6473 10 132 1.57 43.5

PGA-B65 8793 14 706 1.67 65

PGA-0110 5442 12 220 2.24 15 18

PGA-0120 5900 12 231 2.07 23 25

PGA-0I30 6979 17 154 2.46 30 30

PGA-0170 9690 16178 1.67 67 50

PGA-0190 11 687 19974 1.71 92 57

* A second batch of PGA-BB was synthesized for the polymers used in the implant study.
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2.1.2 Hydroxypropyl methacrylamid (HPMA) copolymers

HPMA copolymers were synthesized at the Institute of Macromolecular Chemistry AS CR

(IMC), Department of Biomedical Polymers, Prague (Czech Republic), as reported in
[148,198-202]. The chemical structures are provided in the appendix (Figure 7-1 - 7-4).

Table 2-2. HPMA copolymers which were used for coating of PGA-S65 nanoparticles. M., PDI and some

additional information about the chemical composition are denoted.

Polymer Synonym My [Da] Mw/M, Characteristics
UH18 poly(HPMA-co-MA-ah-Chol- 29 800 2.0 cholesterol content 2.2 mol%
co-MA-ah-NHNH3) hydrazide groups ~ 7 mol%
6-aminohexanoic acid spacer
UH19 poly(HPMA-co-MA-ah-Chol- 37 000 2.2 cholesterol content 4.8 mol%
co-MA-ah-NHNH3) hydrazide groups ~ 7 mol%
6-aminohexanoic acid spacer
UH23 poly(HPMA-co-MA-ah-Chol- 31000 1.9 cholesterol content 2.2 mol%
co-MA-ah-NHNH-Dy676 (precursor) hydrazide groups 5.5 mol%
Dy676 content 0.7 wt%
6-aminohexanoic acid spacer
UH26 poly(HPMA-co-GFLG-Dox)- 38700 1.83 Dox content 8.5 wt%
NH; GlyPheLeuGly spacer
UH27 poly(HPMA-co-BA-Dy676)- 20 000 1.12 Dy676 content 1.2 wt%
NH; (precursor) B-Alanine spacer

2.2 Fluorescent dyes

Table 2-3. Fluorescent dyes. Maximum wavelengths of excitation (Ex.) and emission (Em.) are given.

Dye Synonym Excitation/Emission  Supplier

Nile red 9-diethylamino-5H- Ex. 484-591 nm, Sigma, Taufkirchen,
benzo[a]phenoxazine-5-one Em. 529-657 nm [98] Germany

Dil 1,1'-Dioctadecyl-3,3,3',3'- Ex. 549 nm, Sigma, Taufkirchen,
tetramethylindocarbocyanine Em. 565 nm [113] Germany
perchlorate (DilC15(3))

DiR 1,1’-Dioctadecyl-3,3,3’,3’- Ex. 750 nm, Invitrogen,
tetramethylindotricarbo- Em. 780 nm [113] Molecular Probes,
cyanine iodide (DilC15(7)) Eugene, OR, USA

Dy676 Ex. 674 nm, Dyomics, Jena,

Em. 699 nm Germany

Rhodaminel110 2-(6-Amino-3-imino-3H- Ex. 498 nm Sigma, Taufkirchen,
xanthen-9-yl)-benzoic acid Em. 520 nm Germany

hydrochloride
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2.3 ESR spin probes

Table 2-4. ESR spin probes.

Spin probe Synonym Characteristics Supplier

Tempol (TL) 2,2,6,6-Tetramethyl-4- hydrophilic Sigma, Taufkirchen,
hydroxy-piperidin-1-oxyl Germany

D-15N-AT 4-Amino-2,2,5,5-tetramethyl-  pH sensitive, Institute of Chemical
di2-3-imidazoline-1-oxyl-1-15N  hydrophilic Kinetics and Combustion,

Novosibirsk, Russia
HD-PMI 2-Heptadecyl-2,3,4,5,5-penta-  lipophilic Novosibirsk (see above)

methylimidazolidine-1-oxyl

2.4 Miscellaneous

Table 2-5. Further chemicals and their suppliers.

Substance Synonym / formula Supplier

Lutrol® F 68 Poloxamer 188 BASF, Ludwigshafen, Germany
5,10,15,20-Tetrakis(4- THPP Sigma-Aldrich, Taufkirchen, Germany
hydroxyphenyl)-21H,23H-

porphine

Calcium chloride solution  CaCl; Sigma-Aldrich, Taufkirchen, Germany
Ethylendiaminetetraacetic EDTA-Na; Sigma-Aldrich, Taufkirchen, Germany

acid disodium salt

Calcein disodium salt Bis[N,N-di(carboxy- Sigma-Aldrich, Taufkirchen, Germany
methyl) aminomethyl]
fluorescein disodium salt

Hydoxylapatite [Cas(OH)(P04)3]x Sigma-Aldrich, Taufkirchen, Germany

Cutina® CP Cetyl palmitate BASF, Ludwigshafen, Germany

Lipofundin® N 20 % B. Braun Melsungen AG, Melsungen,
Germany

Dulbecco’s Modified Eagle DMEM Biochrom AG, Berlin, Germany

Medium

Fetal bovine serum FBS Biochrom AG, Berlin, Germany

Antibiotic-antimycotic AAS Sigma, Taufkirchen, Germany

solution

Water was used in double distilled quality if not stated otherwise. Bidistillation was
performed by a GFL bidistillator 2108 (GFL, Burgwedel, Germany). All other chemicals
were of analytical grade.
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3 Experimental

3.1 Preparation and characterization of nanoparticles
3.1.1 Preparation of nanoparticles

3.1.1.1 Preparation of plain nanoparticles

The nanoparticle dispersions were prepared according to an optimized interfacial
deposition (nanoprecipitation) method [24,87,88]. If not stated otherwise, 10 mg of
polymer were dissolved in 1 ml of acetone which was then injected slowly into 15 ml of
double distilled water with a glass syringe under rapid magnetic stirring. The water was
previously heated to 70 °C (Behenoyl-PGAs) or 60 °C (others), which is above the
melting temperature of the fatty acid side chains. The hot nanoparticle dispersion was
afterwards poured into an empty iced beaker under magnetic stirring to achieve rapid
solidification. Remaining solvent and some water were removed by a rotary evaporator
to obtain a 1 % dispersion (10 mg polymer/g). Storage took place at 8 °C.

For Behenoyl-PGAs, which are insoluble in acetone, dichloromethane/acetone (volume
ratio 1/6) [203], tetrahydrofuran (THF), THF/ethanol (3/2 [204] and 1/1) were tested
as solvents. The latter mixture was used in the following.

3.1.1.2 Preparation of loaded nanoparticles

Loaded nanoparticles were prepared according to the general procedure described for
plain particles (3.1.1.1). Yet instead of dissolving the polymer in 1 ml of organic solvent,
areduced volume was firstly applied. After solution of the polymer, the required volume
of stock solution, containing the drug or dye, in the same solvent was added and stirred
for sufficient mixing. With this mixture, nanoprecipitation was carried out as described.

3.1.2 Coating of PGA-S65 nanoparticles

3.1.2.1 Physical coating

10 mg PGA-S65 and 20/30/50 wt% of HPMA copolymer, bearing cholesterol moieties
(UH18, UH19 or UH23), were weighed together in a glass vial. At first, 1 ml of THF was
applied to solve PGA-S65 under magnetic stirring and subsequently 1 ml of ethanol was
added for dissolution of the HPMA copolymer. With this mixture, nanoprecipitation was
carried out as described (3.1.1.1).

3.1.2.2 Covalent coating

3.1.2.2.1 Preliminary test of coating with Doxorubicin bearing UH26

The covalent coating of beforehand prepared PGA-S65 nanoparticles was firstly tested at
the IMC in Prague with a semitelechelic Doxorubicin (Dox) bearing HPMA copolymer
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(UH26). The primary amino group at the end of the polymer chain was used for covalent
bonding of the free carboxyl groups of PGA-S65 nanoparticles. The carbodiimide
coupling method was applied using water soluble N-ethyl-N'-(3-dimethylaminopropyl)
carbodiimide.HCl (EDC). For this, aqueous solutions of UH26 and EDC (50-fold molar
excess to polymer amino groups) and a crystal of dimethylaminopyridine were added to
a corresponding amount of PGA-S65 nanoparticle suspension. Three different types of
coated nanoparticles were prepared with PGA-S65/HPMA conjugate ratios of 2/1, 4/3
and 1/1 (w/w). The reaction mixture was stirred overnight at room temperature. Then
low-molecular-weight compounds and possible unreacted polymer conjugate were
removed by gel filtration using Sephacryl® S-300 and PBS solution (pH 7.4). The content
of UH26 in coated nanoparticles was determined by amino acid analysis according to
[198].

3.1.2.2.2 Coating with Dy676 bearing UH27

The covalent coating of PGA-S65 nanoparticles (loaded with 0.025 wt% DiR) with the
Dy676 bearing HPMA copolymer (UH27) was carried out in Halle according to the above
described procedure with a PGA-S65/HPMA conjugate ratio of 2/1 (w/w). The amount
of EDC was raised to 100-fold molar excess to polymer amino groups. Low-molecular-
weight compounds were removed by gel filtration using a PD-10 column (PD MidiTrap
G-25, GE Healthcare, Little Chalfont, UK) and PBS solution (pH 7.4). The sample for in
vivo experiments was additionally washed by centrifugal ultrafiltration (Amicon Ultra
4 ml Filters, cut off 100 kDa, Merck Millipore, Billerica, USA).

3.1.3 Photon correlation spectroscopy (PCS)

Particle size measurements by dynamic light scattering were performed in the
backscattering mode (173°), using a High Performance Particle Sizer (HPPS; Malvern
Instruments, Malvern, UK) or a Zetasizer Nano-ZS (Malvern Instruments), Model ZEN
3600. Nanoparticle dispersions were diluted with double distilled, filtered water (pore
size 0.2 um) to a concentration of 0.1 mg/ml and measured at 25 °C in the middle of the
cuvette. Each sample was measured 4 times with 12-16 runs each. Z-average diameters
and polydispersity indices (PDI) were determined by the cumulant analysis software of
the instrument (Dispersion Technology Software 4.20, Malvern or Zetasizer Software
6.30, Malvern).

3.1.4 Zeta potential measurement

The zeta potential of the nanoparticles was determined by laser Doppler anemometry
with a Zetamaster S (Malvern Instruments) or a Zetasizer Nano-ZS (Malvern
Instruments) for the coated nanoparticles. All samples were diluted to 0.2 mg/ml with
with 1:10 Sgrensen's phosphate buffer (pH 6.8). At Zetamaster S, 3 aliquots of every
sample were measured with 5 runs each, at Zetamaster Nano-ZS, 5 measurements with
22 runs were performed for each sample at 25 °C.
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3.1.5 Transmission electron microscopy (TEM)

3.1.5.1 Negative stain

The negatively stained samples were prepared by spreading 3 ul of the dispersion onto a
Cu grid coated with a Formvar® film. Excess liquid was blotted off, the grids were
washed with water, placed on a droplet of 1 % aqueous uranyl acetate and drained off
after 1 min. The dried specimens were observed with a Zeiss EM 900 transmission
electron microscope (Carl Zeiss SMT, Oberkochen, Germany) at an acceleration voltage
of 80 kV. Electron micrographs were taken with a slow scan camera (Variospeed SSCCD
camera SM-1 k-120, TRS, Moorenweis, Germany).

3.1.5.2 Freeze fracture

The samples for freeze-fracture were cryofixed using a propane jet-freeze device JFD
030 (BAL-TEC, Balzers, Liechtenstein). Thereafter the samples were freeze-fractured
at -150 °C without etching with a freeze-fracture/freeze-etching system BAF 060 (BAL-
TEC). The surfaces were shadowed with platinum (2 nm layer, shadowing angle 45°)
and subsequently with carbon (20 nm, 90°). The replica was floated in 4 % sodium
chloride, rinsed in distilled water, washed in 30 % acetone and rinsed again in distilled
water. Afterwards the replica was mounted on copper grids coated with Formvar® films.
The same microscope and camera were used as described above.

3.1.5.3 Cryo-TEM

For cryo-TEM imaging, one droplet of nanoparticle dispersion was applied in a wet
chamber to a copper grid covered by a holey carbon film (Quantifoil® R3.5/1 Micro
Tools GmbH, Jena, Germany) and excess of liquid was blotted automatically for 1 s
between two strips of filter paper. Subsequently, the samples were rapidly plunged into
liquid ethane (cooled to -180 °C) in a cryobox (Carl Zeiss NTS GmbH, Oberkochen,
Germany). Excess ethane was removed with a piece of filter paper. The samples were
transferred with a cryo-transfer unit (Gatan 626-DH) into the precooled cryo-electron
microscope (Philips CM 120, Netherlands) operated at 120 kV and viewed under low
dose conditions. The Images were recorded with a 1k CCD Camera (FastScan F114,
TVIPS, Gauting, Germany).

3.1.6 Asymmetrical flow field-flow fractionation (AF4)

The AF4 measurements were carried out with an Eclipse® AF4 separation system
equipped with a DAWN® EOS multi-angle laser light scattering (MALLS) detector (both
from Wyatt, Dernbach, Germany) as described in [205] and a refractive index detector
RI-101 (Shodex, Yokohama, Japan). The channel dimensions were adjusted by a
trapezoidal spacer (height 350 pum, length 265 mm, largest width 21 mm) and a
membrane of polyethersulfone or regenerated cellulose with a 5 kDa cut off (Microdyn-
Nadir, Wiesbaden, Germany) was employed as accumulation wall. All samples were
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diluted (0.1 mg/g if not stated otherwise) and measured in double distilled water which
was filtered (0.1 um, VVLP, Millipore) before and preserved with 0.02% sodium azide.
During focusing (focus flow 2 ml/min) 100 ul of nanoparticle dispersion or polymer
solution were injected and the nanoparticles subsequently eluted with a constant
detector flow of 1 ml/min and decreasing cross flow [205]. For the polymer samples, the
method cycle was adjusted to achieve a better separation for small compounds.
Scattering intensities were measured by the MALLS detector at 15 different angles
(between 26 and 163°) using a laser wavelength of 690 nm and change of refractive
index was determined by the RI detector. Eluted fractions which were needed for
further investigation, were collected at the end of the AF4 channel every 1 or 2 min.

Size calculations from the MALLS data were carried out by the Astra 4.90 software
(Wyatt) using the particles mode [205]. Molecular mass of the polymer was also
calculated by Astra 4.90 on the basis of the RI data.

3.1.7 Differential scanning calorimetry (DSC)

DSC measurements for Stearoyl- and Behenoyl-PGA bulk polymers were performed with
a Pyris 1 DSC (PerkinElmer instruments, Rodgau, Germany) in standard aluminum
sample pans. Nanoparticle dispersions (2.5 mg/ml) were measured with a VP-DSC
MicroCalorimeter (MicroCal LLC, Northampton, MA, USA) which is intended to study
liquid samples. Measurements were carried out in a temperature range of 10-60 °C
(Stearoyl-PGAs) or 10-70 °C (Behenoyl-PGAs) at a heating rate of 1 K/min. Polymers
were measured against an empty reference pan, dispersions against purified water.
Three consecutive heating and cooling scans were recorded of each sample.

DSC experiments with Lauroyl- and Oleoyl-PGAs were carried out under continuous
nitrogen flow using a Mettler Toledo DSC 823e module (Mettler Toledo, Giefien,
Germany). Every sample was heated up to 100 °C and kept at this temperature for
20 min. The sample was then cooled to -50 °C with a cooling rate of -1 K/min. The
sample was kept at -50 °C for further 20 min; afterwards the sample was heated up
again to 100 °C with a heating rate of 1 K/min.

3.1.8 Proton nuclear magnetic resonance (‘H-NMR)

3.1.8.1 'H-NMR spectroscopy of PGA bulk polymers

1H-NMR spectra of the PGA polyesters were recorded using a Gemini 2000 spectrometer
(Varian, Palo Alto, USA) operating at 400 MHz. The esterification degree of OH groups in
PGA was calculated from the integrals of the peaks according to the following equation:
Esterification degree (%) = [1.33xa/(d-0.67xa)] x100

Peak a (6= 0.86): terminal CH3z groups of fatty acid side chains; peak d (6=2.36): CH2
groups located in a-position to carbonyl groups. (The detailed assignment of the 'H-
NMR peaks to the corresponding protons in the polymer is displayed in Figure 4-9)
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3.1.8.2 'H-NMR spectroscopy of nanoparticles

1H-NMR spectra were acquired from a 400 MHz spectrometer (Gemini 2000; Varian,
Palo Alto, California, USA) as well as a 500 MHz spectrometer (Unity Inova 500; Varian)
for the temperature controlled measurements. Bulk polymers (20 mg/ml) were
measured in deuterated chloroform, nanoparticles (10 mg/ml) in double distilled water
containing deuterium oxide and the sodium salt of 3-(trimethylsilyl)propionic-2,2,3,3-d4
acid as a standard (0.75 wt% in D20).

3.1.9 X-ray diffraction (XRD)

3.1.9.1 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering experiments (SAXS) were performed using a rotating
copper anode Rotaflex RU-H3R (Rigaku, Tokyo, Japan) equipped with a HI-STAR 2D
detector (Bruker, Billerica, USA) and a focusing X-ray optics device Confocal Max-Flux®
(Osmic, Troy, USA) which also served as monochromator for the Cu Kq radiation
(A= 0.154 nm). The samples were sealed in glass capillaries with a diameter of 1 mm and
a wall thickness of 10 pm.

3.1.9.2 Combined SAXS and Wide-angle X-ray scattering (WAXS)

X-ray patterns were measured in transmission with a stationary linear position sensitive
detector (20= 0-40°) on a stage including a curved primary Ge(111) monochromator
and temperature control (STOE & CIE GmbH). The samples were sealed in 1.5 mm glass
capillaries. Cu Kq1 (A= 0.154 nm) radiation was used, and the scattering was corrected
with respect to an empty capillary. The SAXS and WAXS patterns were measured
simultaneously during heating and cooling. The heating rate was 1/15 K/min (5 min
equilibration, 10 min exposition for each pattern) for the applied temperature protocol.

3.1.9.3 Synchrotron SAXS and WAXS measurements

Nanoparticle morphology was further studied by simultaneous SAXS and WAXS
experiments using synchrotron radiation at the HASYLAB synchrotron laboratories
(beamline A2) at Deutsches Elektronen Synchrotron DESY, Hamburg. The radiation
wavelength was A= 0.154 nm. Temperatures were varied between 10 °C and 60 °C by
JUMO IMAGO 500 multi-channel process and program controller (JUMO, Fulda,
Germany). Obtained curves were corrected by background subtraction and, if necessary,
Lorentz correction (I(q) — s2I(q)) was applied and curves were smoothed [206].

3.1.10 Multispectral fluorescence imaging (MSFI) of Nile red loaded particles

Nanoparticles loaded with 0.2 % of the fluorescence dye Nile red were prepared (see
3.1.1.2) and studied by MSFI. Fluorescence spectra were measured using the Maestro™
in-vivo imaging system (Cambridge Research & Instrumentation, Woburn, USA). A green
filter set with an excitation band-pass filter of 503 to 555 nm and a 580 nm longpass
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filter for emission were used. The tunable filter was automatically stepped in 2 nm
increments from 550 to 800 nm while the Maestro™ multispectral imaging system
captured images at each wavelength interval with constant exposure times.

3.1.11 Determination of drug loading

The study of the loading capacity of PGA nanoparticles with lipophilic molecules was
carried out with the fluorescent dye Dil and with the fluorescent drug 5,10,15,20-
Tetrakis(4-hydroxyphenyl)-21H,23H-porphine (THPP). In order to determine the free
content of dye or drug which was not included into the nanoparticles during the
preparation process, size exclusion chromatography (SEC) by gel filtration was applied
to separate the loaded nanoparticles from the remaining small molecules. The
separation was carried out with PD-10 Desalting Columns (GE Healthcare, Little
Chalfont, UK) prepacked with Sephadex® G-25 M (cross-linked dextran, exclusion limit
5x103 Da). SEC separates molecules on the basis of differences in size. Molecules larger
than the largest pores in the Sephadex® matrix are excluded from the matrix and are
eluted first. Molecules smaller than the largest pores will penetrate the pores to varying
extent. They have a larger accessible column volume than the large molecules and
therefore they elute later just before one total column volume of elution medium has
passed through the column [207].

The PD-10 columns contain UV absorbing stabilizers and preservatives (0.15 %
Kathon™ CG) and therefore have to be equilibrated with buffer or water first. In this
experiment, pure water was used for equilibration and elution because salts from buffer
would be hindering the following experimental procedure. After equilibration with
25 ml of water, 1 ml of the nanoparticle sample was applied on top of the column, 1.5 ml
of water were added after the sample had entered the packed bed completely and
subsequently 3 ml of water were applied for elution. The first 2.8 ml of the eluate were
discarded and subsequently 3 ml of eluate collected. After complete elution, the column
was again washed with 30 ml of water. Three aliquots of each nanoparticle batch were
separated from free drug or dye according to this protocol. The collected samples were
afterwards freeze-dried (Christ ALPHA 1-2, Martin Christ, Osterode, Germany) overnight
together with 3 reference tubes, each containing 1 ml of untreated nanoparticle sample.
The freeze-dried preparations were then dissolved in 1 or 2 ml of acetone and measured
in a black 96-well plate (PP-Microplate, F-shape, Greiner bio-one, Frickenhausen,
Germany) with a fluorescence plate reader (NOVOstar, BMG LABTECH, Ortenberg,
Germany). Three wells of each sample and reference were measured in triplicate. The
fluorescence dye Dil was excited at 544 nm and the emission was measured at 620 nm.
These were not the optimum wavelengths for the dye; however the most suitable of the
available filters in the NOVOstar plate reader. For THPP, the absorption wavelength was
determined by UV/VIS spectroscopy (Spekol® 1200, Analytik Jena AG, Jena, Germany)
and the emission range (maximum 653 nm) was taken from literature [208,209]. The
excitation took place at 380 nm and emission was measured at 620 nm. The percentage
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of effectively loaded drug or dye was calculated with respect to the unseparated
references. In order to ensure the linear dependence of the emitted fluorescence from
the applied dye or drug concentration, calibration curves were recorded in triplicate.

3.1.12 Hemolytic activity

Human whole blood (stored in EDTA tubes for anti-clotting) was separated from plasma
by centrifugation at 1000g. The remaining RBCs were washed and diluted with isotonic
phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10.1 mM Naz;HPO4, 1.8 mM
KH2PO4, pH 7.4) to obtain a 2 % (v/v) RBC suspension. Nanoparticle samples
(10 mg/ml) were made isotonic by adding sorbitol (5 % w/v). PBS was used as zero
value and a 2 % aqueous sodium dodecyl sulfate solution served as 100 % value. The
samples were added 1:1 (v/v) to the RBC suspension and incubated at 37 °C for 1 h in an
end-over-end shaker. The intact RBCs were removed by centrifugation (850g) to be
separated from hemoglobin. To clear the supernatant from nanoparticles, a mixture of
ethanol/HCl (40:1, v/v) was added 1:4 (v/v) and centrifuged for 15 min at 850g.
Thereafter, the percentage of hemoglobin in the supernatant was determined by UV/VIS
spectroscopy at 398 nm (Spekol® 1200, Analytik Jena AG, Jena, Germany).

3.1.13 Cell culture studies

3.1.13.1 Cell culture

HepG2 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10 % fetal bovine serum (FBS) and 1 % antibiotic-antimycotic solution (AAS) at
37 °C in a humidified 5 % COz2/ 95 % air atmosphere using a NUAIRE DH Autoflow
incubator (AuAire Corp., Plymouth, USA). Almost confluent cells were harvested by
trypsin. For this, medium residues were firstly removed by rinsing the adherent cells
with sterile PBS, followed by the incubation with trypsin/ EDTA (0.25 %/ 0.02 %) for
5 min at 37 °C. The reaction was stopped by adding DMEM containing 10 % FBS. After
centrifugation of the cell suspension for 10 min at 250 rpm (~6g, Z 400 K, Hermle,
Wehingen, Germany) the HepG2 cells were resuspended in culture medium at a density
of 104 cells/ml.

3.1.13.2 Cell viability and proliferation

Cell viability and cell numbers after 24 h incubation with the nanoparticles were
determined by QBlue viability assay (QBlue Cell Viability Assay Kit, BioCat, Heidelberg,
Germany) and a modified LDH cytotoxicity kit II (BioVision, Mountain View, USA).

Prior to these experiments, the optimal number of cells to seed was defined. For this,
different numbers of cells in DMEM supplemented with 10 % FBS and 1 % AAS were
seeded in black 96-well-plates (Cellstar®, Greiner Bio-One GmbH, Frickenhausen,
Germany) and incubated for 3 d which covered the duration of the planned assays. Then
10 pl of QBlue reagent were added to each well and the plate was incubated for

additional 2 h. Subsequently, after excitation at 544 nm, the fluorescence intensity was
21



3 Experimental

measured at 590 nm emission using a plate reader (FLUOstar OPTIMA, BMG LABTECH,
Offenburg, Germany). The relationship between seeded cell number per well and
relative fluorescence was determined.

3.1.13.2.1QBlue cell viability assay

5x103 cells per well (100 ul) in DMEM supplemented with 10 % FBS and 1 % AAS were
seeded in a black 96-well-plate (Cellstar®) and incubated for 2 d to let them grow
adherent. Thereafter, the medium was aspirated. For the samples, 1 % (10 mg/ml) of
nanoparticle suspension was diluted 1:10 with sterilized PBS. 25 pl of this suspension
was mixed with 75 pl of pure DMEM and added to the cells, which leads to a final
concentration of 250 pg/ml. With this, the cells were further incubated for 24 h.
Subsequently, 10 pl of QBlue reagent were applied and the plate was incubated for
additional 2 h. The fluorescence intensity was then measured at 590 nm emission after
excitation at 544 nm using a plate reader (FLUOstar OPTIMA). To investigate the
concentration dependence, the experiment was repeated with a concentration of
100 pg/ml nanoparticles. Additionally, the assay was carried out with DMEM
supplemented with 10 % of FBS for dilution of the samples to provide a control value of
optimal growth conditions for the cells.

3.1.13.2.2Lactate dehydrogenase cytotoxicity assay (LDH)

To estimate the cell quantity, a modified lactate dehydrogenase (LDH) cytotoxicity assay
kit II was conducted according to Niepel et al. [210]. For this, HepG2 cells were grown
and incubated with the nanoparticle samples as in the QBlue assay. The medium was
removed carefully and the wells were washed with 200 pl of PBS. Thereafter, 100 ul of
0.5 % (v/v in PBS) Triton® X-100 were added to each well for lysis of all viable cells.
Then the culture plate was placed on a shaker (IKA KS 260 control, Staufen, Germany) at
150 rpm and incubated for 30 min at room temperature. Subsequently, 10 pl of the
supernatant were transferred to a transparent 96-well-plate and 100 pl of the LDH
reaction mix were added to each well. The plates were wrapped up in aluminum foil and
incubated for 30 min at room temperature. To finish the reaction, 10 pl of stop solution
from the LDH kit were added to each well. The absorbance of the solution was measured
at 450 nm using a plate reader (FLUOstar OPTIMA).

3.1.14 In vivo experiments

All in vivo experiments complied with the regional guidelines for animal testing and
animal care and were approved by the responsible animal care and use committee.

3.1.14.1 Animals and tumor monitoring

Distribution studies of the different nanoparticle samples were performed in female
hairless, immunocompetent SKH1-Hr"" mice (Charles River, Wilmington, USA; about
4 months old). Tumor accumulation was studied in female athymic Nude-Foxn1 mice
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(Harlan Winkelmann, Borchen, Germany; about 3 months old) which were inoculated
s.c. with 5x106 colorectal carcinoma HT29 wild type cells [120] on the left flank about
4 weeks prior to nanoparticle injection. All mice were kept under controlled conditions
(12 h light/dark cycle, 24 °C, feed and water ad libitum).

The tumor growth was monitored initially every 2-3 d, later every day by measuring the
dimensions (length 1 and width w) with a sliding caliper. the tumor volume was
estimated according to Euhus et al. [211] and Tomayko et al. [212] using the following
equation

V=I1l+xw

Equation 3-1. Approximation of tumor volume through measurement of tumor length (1) and width (w).

3.1.14.2 Injection protocol

The mice were randomized in different groups according to weight (SKH1) or tumor
volume (Nude-Foxn1) at the day of injection. Each mouse was slowly injected i.v. into
the tail vein with 100 pl of the respective sample as a single dose (Sterican® 30 G
needles, B. Braun, Melsungen, Germany). 24 h after the injection, one mouse of each
group was sacrificed and autopsied in order to get information about the distribution of
the dyes in the organs after 1 d. The other mice were further monitored for 2-3 weeks,
depending on the tumor burden. During in vivo imaging the mice were anesthetized with
an isoflurane (Forene®, Abbott, Germany)/oxygen mixture (inhalation narcosis system,
Dragerwerk AG, Liibeck, Germany) and placed on a tempered plate (35 °C) to prevent
cooling of the body temperature. Mouse weight was controlled initially every 2-3 d, later
every day. At the end of the study, mice were sacrificed by cervical dislocation and
autopsied. Internal organs were removed and their fluorescence intensity measured ex
vivo.

Table 3-1. Applied samples and number of injected mice for each group of the in vivo study.

Sample Included Injected mice
fluorescent dyes

PGA-S65 uncoated DiR 4 SKH1 + 4 Nude-Foxn1
PGA-S65 + UH23 (physical coating) DiR + Dy676 4 SKH1 + 4 Nude-Foxn1
PGA-S65 + UH27 (covalent coating) DiR + Dy676 4 SKH1 + 5 Nude-Foxn1
UH23 polymer Dy676 2 Nude-Foxn1

All samples were freshly prepared (1 wt% in bidistilled water) and made isotonic with
5 % sorbitol. The samples S65+UH23 and S65+UH27, used for the Nude-Foxn1 mice,
were washed with PBS buffer by ultrafiltration (Amicon Ultra 4 ml Filters, cut off
100 kDa, Merck Millipore, Billerica, USA).
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3.1.14.3 In vivo and ex vivo multispectral fluorescence imaging

In vivo and ex vivo MSFI was performed by the Maestro™ in-vivo imaging system
(Cambridge Research & Instrumentation, Woburn, USA). In order to get a combined
picture of both fluorescence dyes used in this study, each image cube was acquired with
two filter sets in the range of 680 to 950 nm. For the Dy676 signal a red filter set
(excitation filter 615-665 nm, emission filter 700 nm longpass) and for DiR a near-
infrared (NIR) filter set was employed (excitation 710-760 nm, emission 800 nm
longpass). The Maestro™ software (version 2.10.0) was used for recording and analysis
of the overlaid image cubes. Single component images of DiR and Dy676 were calculated
by the software based on the respective spectra and were overlaid afterwards to obtain
a combined image of both dyes. The intensity distribution of the single component
images in this work are displayed in the jetblack color profile.

Tumor accumulation of the different nanoparticle samples was estimated according to
Hoffmann et al. [119] from the unmixed single component images:

proportion of fluorescence signal

TAV = -
proportion of fluorescence area
. . Itumor
proportion of fluorescence signal =
Imouse - Itumor
areatumor

proportion of fluorescence area =
areQmouse — AréQtymor

Itumor X (areamouse - areatumor)

TAV =
areatumor X (Imouse - Itumor)

Equation 3-2. Calculation of the tumor accumulation value (TAV) according to [119].

3.1.15 Ex vivo experiments

3.1.16 Investigation of “bone targeting”

In order to get a deeper insight into the phenomenon of nanoparticle accumulation in or
on bones, two methods to determine Ca2* binding and a binding assay with
hydroxylapatite (HA) were performed with PGA-S65 nanoparticles.

The Ca%* binding test was carried out according to [213] and [214]. Both methods were
based on incubation of nanoparticles with Ca?+, followed by centrifugation (MiniSpin®,
Eppendorf, Hamburg, Germany and Avanti® ]-20XP, Beckmann Coulter, Krefeld,
Germany) and complexometric titration of the free Ca2+* with Ethylendiaminetetraacetic
acid disodium salt (EDTA-Naz). The first method was performed by back titration
against calcein solution as indicator; the second method used direct titration with
Eriochrome Black T solution as indicator.

24



3 Experimental

The HA binding assay was modified after [215]. In brief, 400 pl of different
concentrations (0.0625-0.625 mg/ml) of Dil loaded PGA-S65 nanoparticles (0.25 wt%
dye/polymer, z-average 156 nm, PDI 0.067) in PBS (pH 7.4) were added to 2.5 mg of HA
powder. For comparison, cetyl palmitate SLNs of the same particle size (z-average
155 nm, PDI 0.087) were employed (prepared by high pressure homogenization,
stabilized by 2.5 wt% Poloxamer 188) and treated in the same way.

The mixtures were incubated in an end-over-end shaker for 1 h at room temperature
and subsequently centrifuged at low speed (MiniSpin®, Eppendorf, 0.8 rpm ~ 4.3*10-3g)
for 2 min. The fluorescence intensity of the supernatant was measured with a microplate
reader (NOVOstar, BMG LABTECH, Ortenberg, Germany) in a black 96-well plate
(Greiner bio-one, Frickenhausen, Germany) at 620 nm after excitation at 544 nm. Each
concentration was prepared and measured in triplicate. The content of remaining
nanoparticles in the supernatant was calculated from the fluorescence intensities in
reference to equally treated blank samples without HA. Linearity of fluorescence vs.
concentration was tested up to 0.7 mg/ml by calibration.

To investigate the influence of the applied HA amount in this experiment, the same
procedure was carried out with 1 mg, 2.5 mg and 5 mg of HA incubated with a medium
concentration of nanoparticles (0.3125 mg/ml).

3.2 Characterization and preparation of implants and applied polymers
3.2.1 Characterization of Lauroyl-PGA bulk polymers

3.2.1.1 'H-NMR relaxometry

1H-NMR relaxation experiments were carried out with a 20 MHz NMR benchtop system
(Maran DRX2, Oxford Instruments Molecular Biotools, Abingdon, UK). The T: relaxation
decays of the Lauroyl-PGA bulk polymers were determined with the spin echo technique
by applying the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [216]. The
measurements were performed at 25 °C with 256 echoes per pulse sequence and a
relaxation delay time of 2 s. Each sample was measured in triplicate with 512 repetitions
per measurement. The obtained decays were fitted with the program WinDXP (Oxford
Instruments) by inverse Laplace transform and the T, distributions were calculated in
the relaxation time range from 10 ps to 2 s.

3.2.1.2 Texture analysis

Texture analysis of bulk polymers was conducted by a Brookfield CT3™-4500 Texture
Analyzer (Brookfield Engineering Laboratories, Middleboro, USA) equipped with a
cylindrical TA44 probe of 4 mm diameter. The measuring parameters were set as
follows: Compression mode, 1 cycle, speed 0.3 mm/s for compression and retraction,
data recording 20 points/s, trigger point 0.004 N, penetration depth 1.5 mm. Recording
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and data processing was carried out with the software TexturePro CT V1.4 Build 17
(Brookfield). For each polymer 3-5 compression cycles were recorded.

3.2.2 Preparation of implants

For both applied investigation methods, electron spin resonance (ESR) imaging and
MSFI, reporter molecules as model drugs had to be incorporated into the polymers. This
was achieved by preparing solutions of the substances in N-methyl-2-pyrrolidone
(NMP) which were then added to the polymer with a final content of 5 wt% NMP. The
ESR spin probes were applied to final concentrations of 1 mM; for MSFI 1 pg/g Dil and
0.5 pg/g Rh110 were used. To achieve homogeneous distribution, the mixing of the NMP
solutions with the polymers was carried out by dual asymmetric centrifugation using a
SpeedMixer™ DAC 150 SP (Hauschild, Hamm, Germany).

3.2.3 In vitro investigation of implants by spectral spatial ESR imaging (ESRI)

For ESRI, PGA-L30 containing either Tempol (TL) or a mixture of HD-PMI and D-15N-AT
was used. 100 pg of each sample were placed into the cuboidal, one side open cavity of a
sample holder which was specially designed and manufactured for this purpose.

0| Q)

Figure 3-1. Sample holder for ESRI of implants in top view and cross section (at the position of the cuboidal

cavity which holds a sample volume of 200 ul). The nose at the end of the holder ensures exact positioning
inside the resonator.

The sample holders were exposed to buffer solution (PBS 1:10, pH 7.4 + 0.02 % sodium
azide + 0.01 % Polysorbate 80) which was kept in a shaking water bath (SW 23, Julabo,
Seelbach, Germany) at 37 °C and 26 rpm. Each sample was prepared at least twice. The
samples were taken out of the buffer at dedicated time points and measured by ESRI
after removing excess buffer from the container. Measurements were performed by an
L-band ESR spectrometer with a 2D tomography device (MagnetTech, Berlin, Germany),
operating at a microwave frequency of about 1.1-1.3 GHz. Measurement parameters
were used as follows: attenuation 6 dB, Bo-field 49.00-49.11 mT, scan range 8 mT, scan
time per projection 60 s, modulation amplitude 0.1 mT, data points per projection 1024,
31 projections/6 missing projections. Data recording was carried out by the program
Cu3 v6.1 (MagnetTech). Image reconstruction yielded spectral-spatial images of 512 x
512 points. From these contour plots, ESR spectra of individual image layers were
extracted and analyzed by the fitting software MagicPlot Student (Magicplot Systems,
Saint Petersburg, Russia).

The rotational correlation time tr of TL was calculated from the parameters of the first

derivative ESR spectrum according to the empirical formula [217,218]
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Tgp = 65 * 10_10 * ABO(\/hO/h—l - 1)

Equation 3-3. Calculation of rotational correlation time tr [s] from the line width of the central line (ABy,
[mT]) and the amplitudes of the central (hy) and the high-field line (h.;).

where ABy is the line width of the central line, hg is the height of the central line and h¢
is the height of the high-field line. This formula allows the estimation of tr for fast
isotropic motions (tr < 3 ns).

The pH value inside the implant was calculated from the hyperfine splitting (distance
between high-field and low-field line in ESR spectrum) of the pH-sensitive nitroxide
D-15N-AT. A calibration curve of the hyperfine splitting of D-15N-AT as a function of pH
was determined beforehand under equal measurement parameters. To avoid influence
of altering ionic strength, the above mentioned buffer medium was applied for the
calibration curve and its pH adjusted by adding NaCl containing HCl solution of the same
ionic strength.

3.2.3.1 Invitro release study by multispectral fluorescence imaging

PGA-L25, -L30, -L50 and -L95 were used for the in vitro release study by MSFI. All
samples contained the fluorescence dyes Dil and Rh110 as model drugs. 60 pg of each
sample were placed into a one side open container, covered by a polyethylene
terephthalate (PET) net and exposed to buffer solution (PBS 1:10, pH 7.4 + 0.02 %
sodium azide + 0.01 % Polysorbate 80). The buffer was kept in a shaking water bath (SW
23, Julabo, Seelbach, Germany) at 37 °C and 26 rpm. Each sample was prepared in
triplicate. The samples were removed from the buffer at dedicated time points and
measured by a Maestro™ in-vivo imaging system (Cambridge Research &
Instrumentation, Woburn, USA). In order to get combined pictures of both fluorescence
dyes, each image cube was acquired with two filter sets in the range of 500 to 800 nm.
For Rh110, a blue filter set (excitation bandpass filter 445-490 nm, emission filter
515 nm longpass) and for Dil a green filter set (excitation bandpass filter 503-555 nm,
emission filter 580 nm longpass) was employed. The tunable filters were automatically
stepped in 10 nm increments while the Maestro™ imaging system captured images with
adjusted exposure times for each filter set. The Maestro™ software (version 2.10.0) was
used for recording and analysis of the overlaid images.

3.2.4 Animal care and in vivo multispectral fluorescence imaging

All in vivo experiments complied with the regional guidelines for animal testing and
animal care and were approved by the responsible animal care and use committee. The
in vivo study was performed in four healthy female nude mice (SKH1-Hr"r, about 2-3
months old) which were kept under controlled conditions (12 h light/dark cycle, 24 °C,
feed and water ad libitum). The polymeric implants (about 50 pl) were injected
subcutaneously on the inner side of the thighs. Each mouse was injected on the left thigh
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with a PGA-L25 implant and two mice (mice 3 & 4) additionally with a PGA-L95 implant
on the right thigh. All implants contained 1 pg/g of the fluorescence dye Dil. The mice
were monitored for 6 months using the above described Maestro™ in-vivo imaging
system with the green filter set (see 3.2.3.1). During in vivo imaging the mice were
anesthetized with an isoflurane/oxygen mixture and placed on a tempered plate (35 °C)
to prevent cooling of the body temperature. Mouse weight was controlled initially every
2-3 d, later every week. After 6 months, mice were sacrificed by cervical dislocation and
autopsied. Remaining implants were taken out and fixed in formalin (5 wt% in PBS).

3.2.5 Exvivo investigation of implants by confocal laser scanning microscopy

The fixed implants were investigated by confocal laser scanning microscopy (CLSM)
using a Leica TCS SP2 DM IRE2 (Leica Microsystems, Wetzlar, Germany), equipped with
an HCX PL APO 63x1.2 W objective. Fluorescence and reflection images were recorded
in parallel by excitation at 543 nm (Helium-Neon laser) and detection at 580-620 nm
(fluorescence) and 540-550 nm (reflection).
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4 Results and discussion

4.1 PGA based nanoparticles

4.1.1 Preparation of nanoparticles

Polymer nanoparticles have been prepared by an optimized interfacial deposition
method [87]. As in the commonly used procedure, surfactants were needed to stabilize
the nanoparticles of PGA-fatty acid esters with high esterification degrees [24], the
preparation method has been modified in this study. It has been discovered that the
implementation of a heating and cooling step (as described in 2.2.1) lead to stable, self-
stabilizing nanoparticles with all tested Lauroyl-, Stearoyl- and Oleoyl-PGA polyesters.
For Behenoyl-PGAs, which are insoluble in acetone, further modification was necessary
and another applicable organic solvent had to be found. The interfacial deposition
method requires a semi-polar, water miscible solvent with adequate solubility of the
polymer and rapid diffusion into water. Decreased miscibility with water increases the
interfacial tension and thus increases the resulting size of the particles [219]. The tested
solvents dichloromethane/acetone (volume ratio 1/6) [203], THF and THF/ethanol
(3/2) [204] all showed sufficient solubility of Behenoyl-PGA. But due to the reduced
miscibility with water they lead to bigger particles (in descending order). Therefore, the
amount of ethanol in the mixture with THF was increased. The ratio THF/ethanol 1:1
was found to be the best compromise between solubility of polymer (owing to THF) and
rapid diffusion of the solvent into water (enhanced by ethanol). With this solvent
mixture and the optimized preparation method, Behenoyl-PGA nanoparticles could be
prepared for the first time.

4.1.2 Photon correlation spectroscopy

Particle sizes were measured by dynamic light scattering using PCS. PCS enables fast,
reproducible measurements of intensity weighted hydrodynamic mean diameters,
especially for particles in the nanoscale range. The size of nanoparticles plays an
important role for vascular extravasation and tumor accumulation. Figure 4-1 depicts
the z-averages and polydispersity indices (PDI) for all nanoparticles prepared by the
above described standard procedure. With 80-200 nm, the particles were in the optimal
range for tumor targeting [86,95,220] and mostly smaller than those previously
reported [24]. PDI values < 0.15 show a narrow particle size distribution for all
prepared batches. By modification of the preparation conditions, mainly variation of the
acetone volume, the particle sizes could be adjusted according to the requirements for a
specific experiment. For instance, the z-average of PGA-S65 nanoparticles could be
decreased from about 136 nm to 92 nm by dissolving the polymer in 4 ml of acetone
instead of 1 ml.
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Some of the polymers with low substitution degrees formed smaller particles than the
unsubstituted PGA backbone (Figure 4-1). This indicates that the interactions of fatty
acid chains within the particle core enhance the packing of the particles. With increasing
esterification degree, however, the particle sizes tend to increase for all tested types of
fatty acid side chains. This could be either due to the bigger space occupied in the
particle core by the acyl groups or a result of an increased aggregation number [24]. The
chain length of the fatty acid has - in contrast to the esterification degree - no clear
impact on the particle size. The preparation of several particle batches showed good
reproducibility of z-average and PDI for all Lauroyl-, Stearoyl- and Behenoyl-PGA
particles. The variability of the particle sizes for the Oleoyl-PGAs, particularly for PGA-
0130, was unexplainably much higher, although working with constant parameters and
conditions.

During storage at 8 °C, particle sizes and PDI of Lauroyl-, Stearoyl- and Behenoyl-PGA
nanoparticles were stable for at least 5 months without significant changes. Exceptions
were PGA-S50 and PGA-S20 nanoparticles whose z-averages started to increase within
the second (PGA-S50) or fourth month (PGA-S20) (data not shown).
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Figure 4-1. Influence of fatty acids and their esterification degree on particle size (determined by PCS):
median and range of z-average and polydispersity index (PDI) are shown respectively (n 2 3).

Particle size measurements were also applied to follow the coating reaction of PGA-S65
particles with HPMA copolymers (data not shown).

The physical coating with UH18 or UH19 increased the z-average diameter of PGA-S65
nanoparticles by about 10-20 nm. This is most likely a combined effect of the attached
polymer shell on the outside and the cholesterol anchor molecules inside the particles.
For the covalently coated particles, in contrast, no significant increase in particle size
was observed. For this, the following explanation could be considered: The plain PGA-
S65 nanoparticles contain several carboxylic groups, thus the structure could be slightly
expanded due to solvation of these groups in water. By means of the coating reaction,
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amide bonds were formed accompanied by a drastic decrease in number of free solvated
carboxyl groups. Thereby the hydrophilicity decreased and with it the size of the
nanoparticles. Eventually, this reduction in particle size could be approximately
compensated by the size effect of the attached polymer layer.

4.1.3 Zeta potential measurement

The zeta potential is an important parameter for the stability and biodistribution of
colloidal dispersions. In general, high surface charges lead to electric repulsion between
particles and thus prevent their aggregation [221]. For most PGA based nanoparticles
highly negative zeta potentials have been measured (Figure 4-2) which is favorable for
particle stability. The negative charge of the particles can be attributed to free terminal
carboxyl end groups of the polymer backbone. According to synthesis of PGA, there are
vinyl end groups (Figure 1-1) which will mostly convert into carboxyl groups because of
hydrolysis [157-159]. The zeta potential tends to be more negative with increasing
particle size which could be caused by an increased number of aggregated polymer
chains. Besides, the zeta potential could be influenced by different internal structures of
the particles. For PGA-S20 nanoparticles the lowest values have been measured. This
could promote their accumulation and therefore lead to reduced storage stability (as
mentioned in 4.1.2).
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Figure 4-2. Zeta potential and z-average (from PCS) of PGA nanoparticles: median and range are shown
respectively.

Besides the characterization of the plain nanoparticles, zeta potential measurement was
used as an indicator for the success of the coating reactions with HPMA copolymers
(Figure 4-3). With about -60 mV, the zeta potential of plain PGA-S65 nanoparticles
prepared according to the method of the physically coated samples was highly negative.
An addition of 20 wt% of the coating polymers UH18 or UH19 during preparation
elevated the zeta potential to about -14 or -17 mV, indicating a quite successful coating
reaction. An increase of the coating polymers to 50 wt% showed only slight
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improvement by about 6 or 7 mV. A closer look suggests an almost linear raise for UH18
and a more distinct step for UH19 from 20 wt% to 30 wt%. This suggests that 20 wt% of
UH18 and 20-30 wt% of UH19 are able to cover the surface of the PGA-S65
nanoparticles and thus shield their negative charge to a large extent. The only small
additional effect of higher amounts of coating polymer indicates just an increase in
coating layer thickness. These are, however, only vague considerations and should be
investigated in more detail.
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Figure 4-3. Zeta potential of physically coated PGA-S65 nanoparticles and uncoated PGA-S65 nanoparticles
prepared by the same preparation method.

For the covalently coated nanoparticles, the zeta potential even dropped close to zero
(-0.2 mV) after the coating reaction with UH26 (data not shown; data acquired at IMC in
Prague). This points to an almost complete conversion of negatively charged carboxyl
groups into amide bonds with the amino groups of the HPMA copolymer. For UH27,
however, the zeta potential was only raised to -11.1 mV, indicating that the coating
reaction did not proceed quantitatively with this polymer.

4.1.4 Transmission electron microscopy

Not only particle size but also particle shape plays a key role for the in vitro and in vivo
behavior of nanoparticles. Transmission electron microscopy (TEM) of negatively
stained and freeze-fractured samples as well as cryo-TEM micrographs visualized the
particles and provided surprising information about morphology and structure.
Kallinteri et al. reported that the shape of PGA based nanoparticles was spherical [24]. In
this study, however, it was shown that the esterification degree of fatty acids strongly
influenced the particle shape.
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Figure 4-4. Transmission electron micrographs of nanoparticles; white bars indicate 100 nm, arrows and
small bars mark layered structures. (a) Negatively staining TEM of PGA-S85. (b) Internal structure of PGA-
S$85 after freeze fracture. (cd) Freeze fractured PGA-S65. (e) Negatively stained PGA-S50. (f,g) Freeze
fractured PGA-S50. (h,i) Negatively stained PGA-S20. (k) Freeze fractured PGA-S20. (1) Cryo-TEM of PGA-
$20. (m,n) Freeze fractured PGA-OI20. (o,p) Freeze fractured 0170.

Figure 4-4a is a negatively stained TEM image showing the typical spherical morphology
of PGA-S85 nanoparticles in an aqueous suspension. According to surface energy
minimization this is the classical structure for particulate systems. A freeze fracture
image (b) depicts that a lamellar order is present inside the nanoparticles (indicated by
an arrow), visible as terraces and steps in the micrograph. These could indicate an onion
like structure, as it has been proposed for spherical smectic nanoparticles as well [56].
The same structures were found for PGA-S65 (c,d) as well. PGA-S50 nanoparticles (e-g),
especially the smaller ones, showed disk-like shapes, larger particles were mostly
ellipsoid. The flat shapes could promote the accumulation of PGA-S50 particles into
stacks, leading to reduced storage stability (as mentioned in 4.1.2). Micrographs of
freeze fractured particles in lateral exposure also indicate a structure with several layers
(f). Surprisingly, negatively stained TEM images of PGA-S20 nanoparticles (h,i) revealed
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diverse non-spherical shapes with linear boarders and defined geometries. The larger
ones could mostly be detected as pentagons, the smaller ones as square-like or rhombic
shapes. To exclude the possibility of preparation effects, new batches of PGA-S20
nanoparticles were investigated by freeze fracture TEM and cryo-TEM. Both methods
support the above mentioned findings (j-1). Especially the cryo-TEM images (1) nicely
showed triangles, squares, and pentagons located at the edge of the hole of the carbon
film. The polygons were arranged along the fringe of the hole due to the preparation
procedure when filling the film holes with the aqueous nanoparticle suspension (effect
of blotting [222]). As all TEM methods lead to two-dimensional projections, it is often
difficult to distinguish between flat or bulky nanoparticles. The preparation techniques
of the samples might lead to a preferential orientation of the particles with the largest
surface displayed in the micrographs. To get more information about the third
dimension of PGA-S20 nanoparticles, AF4/MALLS measurements combined with PCS
were carried out afterwards (4.1.5). The lateral dimensions of the PGA-S20
nanoparticles in the images were usually below 100 nm. A closer look at the
micrographs showed that the polygonal particles had an internal nanostructure (i,j). At
first sight, it appeared like a lamellar morphology composed of hydrophobic bright
regions and hydrophilic dark regions. The layer periodicity was estimated to
approximately 6-7 nm (small white lines). In various simulations [223,224], it has been
demonstrated that comb-like polymers with flexible side chains can undergo nanophase
separation between the polymer backbone and the side chains. This can be associated
with the formation of disordered domains or, if the side chains are sufficiently long and
adopt an all-trans conformation (e.g. paraffinic chains during crystallization), they form
a lamellar morphology. This is particularly favored by flexible polymer backbones [225]
and also quite likely for Stearoyl-PGAs. Other polymers showing this behavior are
polypeptides [224] or chitosan with n-alkyl side chains [226], poly(n-alkyl
methacrylates) and poly(1-olefins) [227]. However, a closer inspection of PGA-S20
nanoparticles (see inset in Figure 4-4i) indicated that a more complicated morphology
could be present here. It has also been reported that certain phase separated block
copolymers can form hexagonally packed domains [228] when the volume fractions of
the separated blocks favor such packing. As in the case of PGA-S20, the pool of alkyl
chains accounts for 24 vol%, it is plausible that the superstructure formed by the
nanophase separated domains might be not lamellar but similar to such a hexagonal
morphology. In order to further clarify these considerations, X-ray scattering
experiments were performed (4.1.8).

For Oleoyl-PGA nanoparticles (Figure 4-4m-p), all detected nanoparticles were spherical
in shape, irrespective of their esterification degree. In the freeze-fracture micrographs, a
phase separated structure was evidenced which might be an indication for a co-
continuous phase morphology as also reported for cubosomes of monoolein (GMO)
[54,229]. The possible structure analogy of Oleoyl-PGAs to GMO cubosomes, however, is
still under discussion and requires further investigation.
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The different shapes and structures of the nanoparticles could influence drug
incorporation and in vivo behavior. It has been reported [37] that spherical particles
move in almost linear flow within capillaries without any lateral drift to the vessel wall.
Non-spherical particles, in contrast, can show complex motions, drifting laterally from
one side of the vessel wall to the other. With these margination dynamics, non-spherical
particles are more likely to extravasate through fenestrations, which is desirable in
vascular and tumor targeting. They are also more likely to leave larger vessels in favor of
the smaller and thus accumulate within the microcirculation. Moreover, it is known that
nanoparticle adsorption to endothelium or mucosa is influenced by geometry as well as
their strength of adhesion and internalization into cells [23,96]. In view of this it is
crucial to know the particle structure for the rational design of in vivo drug carriers.

4.1.5 Asymmetrical flow field-flow fractionation

AF4 combined with MALLS permits accurate size determination of a sample due to
separation before the MALLS measurement. AF4/MALLS determines the mass-weighted
root mean square radius (rrms) of each eluted fraction [230], also called radius of
gyration [231]. The rrms is calculated as the root mean square of the distance of all parts
of the object from its center of mass. It is therefore strongly dependent on the particle
morphology. Based on that, the combination of AF4 and MALLS is a valuable tool to
obtain shape information of particles. PCS, in contrast, works with the assumption of
spherical particles and determines their hydrodynamic diameters (2rn). The ratio rrms/rn
of the AF4/MALLS radius and the PCS radius of an eluted sample fraction can therefore
be used for shape determination [232,233].

For hard spheres ry is directly proportional to rrms with [230,234]

5
Th = rrms\/;

Equation 4-1. Correlation between hydrodynamic radius ry and root mean square radius rrms.

This leads to an rrms/rn ratio of 0.775. For non-spherical particles the ratios are higher,
increasing up to a value of approximately 2 for rigid rods [231].

In TEM micrographs the third dimension of PGA-S20 nanoparticles could not be
detected clearly. For most particles it could not be discriminated if they were flat
platelets or bulky stacks (Figure 4-4h-1). Therefore, AF4 measurements were carried out
to get additional information about their shape. For comparison, PGA-S85 nanoparticles
of spherical shape were also included in this study.

In order to compare AF4 and PCS data of the same particle fractions, eluted samples
were collected at the end of the AF4 channel and analyzed by PCS. Figure 4-5 displays
2rrms, the calculated diameter 2ry for spheres (according to Equation 4-1) and the z-
averages of the respective particle fractions measured by PCS. For PGA-S85 (a), the z-
averages are in relatively good agreement with the calculated spherical diameters, the
I'ms/Th ratio mostly lying between 0.7 and 0.8. This verifies the spherical shape of PGA-
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S85 nanoparticles, already seen by TEM (Figure 4-4a,b). For PGA-S20 (b), the measured
z-averages of the firstly eluted AF4 fractions are only slightly smaller than the calculated
spherical diameters. Ratios between 0.77 and 0.83 indicate shapes close to spheres for
the smaller particles (55-100 nm). These fractions could correspond to the cube-like
stacks that were detected in TEM in this size range (Figure 4-4i). For the larger particles
with z-averages between 110 and 170 nm, the ratio is continually increasing up to 0.99.
This points to non-spherical particles with rather flat shapes. In view of these
measurements, it can be suggested that the third dimension of PGA-S20 nanoparticles is
varying from bulky to more flat with increasing particle size.
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Figure 4-5. AF4 elution profile of (a) PGA-S85 and (b) PGA-S20 nanoparticles, showing the intensity of the
light scattering signal at 90° over the time as well as drms, the calculated spherical diameters and the z-
averages determined by PCS.

In addition to these measurements for shape determination, AF4 was used to get a
deeper insight into the PGA-S65 nanoparticles coated with UH23. A method suitable for
the detection of polymers was applied and - other than for the particles mode - the
refractive index (RI) detector signals were used to compare the presence of UH23 in the
coated sample with free UH23. Figure 4-6 displays the overlay of the RI chromatograms
for the pure polymer solution and the coated particles, both containing the same amount
of UH23. The first peak which was present in both chromatograms is known to be an
injection peak observed for each measurement. Apart from that, the chromatogram of
the UH23 sample shows 3 more or less distinct peaks. The long tailing of the third peak
seems to be an overlay of several broader peaks appearing at higher elution times. This
indicates the existence of UH23 in several forms and aggregates, probably micelles,
which was also reported for similar cholesterol-bearing HPMA copolymers polymers
[148,149]. The calculated molecular mass of the aggregates was in the range of 1.4-
3.5x107 Da. Unfortunately, various fit methods of the raw data did not lead to reliable
results for corresponding diameters. Results for the average geometrical diameter of the
micelles were in the range of 20-45 nm.
The chromatogram of the coated nanoparticles displays the same peak pattern as the
UH23 polymer, indicating the presence of unbound polymer molecules in the
nanoparticle sample. Given that the content of UH23 was equal in both injected samples,
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it is obvious that the main part of the polymer must have been attached to the
nanoparticles. Quantitative evaluation of the peaks was, however, not possible as the
shoulder of the third peak merges into the elution peak of the nanoparticles. As a result
of the method cycle which was adjusted to the separation of small compounds like free
polymers and micelles up to an elution time of 30 min, all larger particles were eluted in
one peak after 30 min when the cross-flow dropped to almost zero.
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Figure 4-6. AF4 chromatograms of the refractive index detector for PGA-S65 nanoparticles coated with UH23
(solid) and free UH23 copolymer (dashed).

4.1.6 Differential scanning calorimetry
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Figure 4-7. DSC thermograms of (a) bulk polymers and (b) nanoparticles: Second heating and cooling curves
are shown if not stated otherwise. The dotted line indicates body temperature (37 °C); the symbols (0, 4, o, #)
mark the different transition peaks in the heating curves to simplify the discussion.

DSC measurements of bulk polymers and nanoparticles were carried out to investigate
the influence of esterification on the thermal behavior, with particular regard to body
temperature (Figure 4-7, Table 4-1). As the PGA backbone is an amorphous polymer,
crystallization and melting are related only to the alkyl side chains. The heating
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thermograms of PGA-S50, PGA-S65 and PGA-B45 bulk polymers (a) all showed one
endothermic peak with a slow rise, corresponding to the melting of the fatty acid chains.
The melting event occurs gradually over a temperature range of about 10 °C. Upon
cooling, an initially sharp peak indicates an almost collective recrystallization of the fatty
acid chains which then, however, fades into a tailing over a range of about 10 °C. The
transition maxima (Th) of Stearoyl-PGA bulk polymers were detected between 39.1 and
39.9 °C. With increasing esterification degree a tendency to higher Tn was observed
(Table 4-1). The recrystallization peaks between 37.2 and 37.7 °C show the same trend.

Table 4-1. Temperatures (T) of peak maxima of heating (h) and cooling (c) curves in DSC thermograms for
bulk polymers and nanoparticles (NP); main peaks are marked with * For Behenoyl- and Stearoyl-PGA bulk
polymers, enthalpies (AH) were calculated for heating and cooling.

Tn [°C] T.[°C] AH. [J/g]
B45 58.8 57.7 -61.3
Behenic acid 80.1 76.1
S65 39.9 37.7 -74.4
S50 39.1 37.2 -49.2
S20 34.4 29.7 -4.9
Stearic acid 69.7 66.6
L30 -37 --
L50 -22 -25
L75 -20.6 -32
Lauric acid 45.3 -41
B45-NP 56.8 58.3* 51.2* 45.8
S65-NP 37.6% 39.2 34.4* 29.6
S50-NP 36.4* 39.4 33.8
S20-NP 35.2 26.4

The slight shift to lower temperatures between melting and recrystallization
temperature is comparable to triglycerides like glycerol tripalmitate or tristearate [235].
The viscous PGA-S20 doesn't show a distinct melting peak. Nevertheless, the step in the
heating curve indicates a phase transition at about 34.4 °C which shifts to 29.7 °C during
cooling. All given thermograms do not differ significantly between the three consecutive
heating and cooling scans. Only PGA-B45 shows an additional shallow peak in the first
heating scan at 22.6 °C. This could be attributed to a transition in the polymer backbone
which, however, could not be detected for the other polymers. Melting and
crystallization of Lauroyl-PGAs, which are viscous at room temperature, takes place at
temperatures far below zero (Table 4-1) and no recrystallization peak could be
observed for PGA-L30. T and T again increased for higher amounts of fatty acid side
chains. For Oleoyl-PGAs no DSC peaks could be measured in the range of -50 to 80 °C.
Although the neat oleic acid has a melting temperature of 17°C, none of the Oleoyl-PGAs
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has shown any indication of a crystalline fraction. This indicates that these polymers
seem to be completely amorphous.

Overall, the results of the bulk polymers display an increase of Tn and T, with increasing
esterification degree and increasing length of alkyl side chains. Both observations can be
attributed to a more compact packing mode of the polymer leading to a higher order
which increases the energy required for melting [236]. Side chain crystallization
depends on a certain length of the alkyl chains, usually > 12 carbon atoms [236].
Nevertheless, melting and crystallization was observed for Lauroyl-PGAs in this study,
even though at very low temperatures. This might be owing to the flexible PGA
backbone which facilitates the adoption of a close side chain packing [236].

DSC heating curves of PGA-S50, PGA-S65 and PGA-B45 nanoparticles (Figure 4-7b) are
characterized by three consecutive peaks (A, o, #). Such a sequence of transition peaks is
likely to correspond to the melting of particle fractions differing in size and shape [69].
This theory was already demonstrated for SLNs [237] where the successive melting of
SLNs with different thickness was shown. For PGA based nanoparticles, the melting
temperature of the first occurring peak (A) was about 2-3 °C lower than the maximum
of the respective bulk polymer. This maximum was almost identical with the second
occurring peak (o) in the nanoparticle thermogram. Surprisingly, the melting curves of
PGA-S50 and PGA-S65 particles showed a small third peak (#) at higher temperatures
than the bulk polymers. Commonly, decreased melting points are observed for colloidal
systems which are assigned to the large surface-to-volume ratio [77]. For in vivo
application it is crucial to know if body temperature influences the drug carrier system.
During heating, at 37 °C part of the PGA-S50 and also some PGA-S65 nanoparticles were
already molten. This might influence targeting, fate and drug release in vivo. Therefore
Behenoyl-PGA nanoparticles have been developed which are solid up to over 50 °C. As
for PGA-B45 bulk polymer, the additional shallow first transition could also be detected
for the nanoparticles (©) at the same temperature. For the particles, however, this
transition occurred not only during the first heating scan but also in the following and
was moreover discovered in the cooling curves.

Recrystallization of the nanoparticles took place in two steps with a first sharp peak
followed or overlapped by a broader second one. Compared to the first melting peak (A),
the sharp crystallization peak was shifted 2.6-3.2 °C for the Stearoyl-PGAs and 5.6 °C for
PGA-B45 towards lower temperatures. In comparison to the last melting event (#) the
shifts accounted for 7.1-8.3 °C. The thermogram of PGA-S20 nanoparticles was almost
identical to that of the bulk polymer but also with a greater peak shift in the cooling
curve. The step in the heating curve indicates the existence of non-crystalline PGA-S20
nanoparticles that undergo phase transition at about 35 °C.

The supercooling for all examined nanoparticles was considerably lower compared to
SLN dispersions [235]. The phenomenon of supercooling is a problem for the production
of SLN with triglycerides such as glycerol trilaurate and trimyristate. These SLN are
completely or partly in the supercooled state at room temperature and therefore
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metastable. In contrast to that, recrystallization for PGA based nanoparticles was
completed at about 25 °C or higher.
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Figure 4-8. Heating and cooling enthalpies of Stearoyl-PGAs measured by DSC (correlation of cooling
enthalpies: R?=0.999).

Transition enthalpies were calculated for some bulk polymers (Table 4-1). Heating and
cooling enthalpies for the respective polymers were similar except for PGA-S65. The plot
of the cooling enthalpies versus the esterification degree of the polymers shows a linear
dependency with a good correlation (correlation coefficient R2=0.999) (Figure 4-8). This
indicates a linearly increasing crystallinity with the degree of esterification, confirming
that crystallization is only referring to the alkyl side chains.

The degree of crystallinity can considerably influence drug incorporation and release
rates [67]. In general, non-crystalline systems have a higher capability to incorporate
other molecules whereas crystallization often leads to expulsion. PGA based
nanoparticles with lower esterification degrees as well as Lauroyl- and Oleoyl-PGA
nanoparticles might therefore be promising carriers for high drug loads. As Lauroyl- and
Oleoyl-PGA nanoparticles did not show any transition peaks or steps above 10 °C, they
can be regarded as highly viscous nanoemulsions rather than solid particles. This
assumption was verified by TH-NMR spectroscopy measurements (4.1.7).

4.1.7 'H-Nuclear magnetic resonance spectroscopy of nanoparticles

1H-NMR spectroscopy measurements were carried out to get more information about
the aggregate state of the nanoparticles at room and body temperature as well as their
structure and surface properties.
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Figure 4-9. 1H-NMR spectra of PGA-L75 bulk polymer (dissolved in CDCl3) and nanoparticles (NP; in
H>0/D;0) at room temperature (TMSP: 3-(trimethylsilyl)propionic-2,2,3,3-ds acid as a standard). The signals
are signed corresponding to the positions of the protons in the chemical formula above.
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Figure 4-10. 1H-NMR spectra of PGA-S65 bulk polymer (dissolved in CDCl3) and nanoparticles (NP; in
H,0/D;0) at room temperature (TMSP: 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid as a standard). The signals
are signed corresponding to the positions of the protons in the chemical formula of Figure 4-9.

For PGA-L75 nanoparticles (Figure 4-9) at room temperature only peaks a and b are
detectable clearly albeit very broad and shallow. Peak a, observed at 0.88 ppm and peak
b at 1.25 ppm are the characteristic peaks for the terminal CHz group and the CH:
groups of aliphatic chains and fatty acids. This confirms that the fatty acid chains of PGA-
L75 are not crystalline at room temperature but highly viscous, just as it is the
corresponding bulk polymer. The small sharp peak at about 2.2 ppm probably
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corresponds to a marginal amount of acetone remaining from the preparation
procedure of the nanoparticles. Other peaks of the bulk spectrum are not visible for the
nanoparticles. Peaks e-i, corresponding to the hydrophilic polymer backbone, could not
be detected for the nanoparticles. This indicates that the backbone parts are not flexible
but rigidly integrated in the particle structure. The architecture of PGA based
nanoparticles therefore has to be distinguished from the structure of the well-known
PEG-PLGA. This polymer forms particles of the core-corona type with flexible PEG
chains extending out into the aqueous environment [238].

For PGA-S65 nanoparticles, temperature dependent measurements were performed in
order to study aggregate state and viscosity of the particles with increasing temperature
(Figure 4-10). The chemical shift for HDO is temperature dependent and was detected in
good agreement with literature data (+ 0.01 ppm) [239]. At 25 °C no other peaks could
be observed, indicating solid particles without any flexible parts. The sharp peak at
about 2.2 ppm is again corresponding to acetone residues. At 37 °C some broad peaks
(a-d) are visible with small amplitudes. The broad peaks originate from highly viscous
chains with moderate mobility, pointing to the beginning of the melting event. This
finding is in good agreement with DSC data (Figure 4-7) which shows the melting onset
at about 35 °C. At 50 °C all peaks of the bulk spectrum are also visible for the
nanoparticles. Peak amplitudes are increased compared to 37 °C but peaks e-i appear
only very weak. These results demonstrate the melting of the fatty acid side chains and
the increasing flexibility during heating.

4.1.8 X-ray diffraction

As indicated in TEM micrographs, PGA based nanoparticles reveal different
architectures, probably driven by nanophase separation due to the immiscibility of
backbone and side chain material. To obtain more detailed information about the inner
structure of the nanoparticles and to investigate the influence of side chain type and
esterification degree, XRD measurements have been performed on the dispersions.
Ordering phenomena in the investigated systems occur at two different length scales
(Figure 4-11). In the SAXS range the supramolecular nanostructure can be detected, i.e.
the arrangement of the side chain phase and the amorphous phase formed by the PGA
backbones - as also directly observed by TEM. In WAXS, characteristic X-ray scattering
peaks yield information on the molecular arrangement of the fatty acid chains and the
resulting subcell structure.
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Figure 4-11. Structural model of nanophase separated PGA fatty acid esters and the accessibility of the
structural domains by XRD. WAXS reports about the arrangement of the side chains whereas SAXS yields
information about the superstructure and the characteristic long spacing d of one repeating unit.

To get an overview of the X-ray scattering reflections, at first, PGA-S20 and PGA-S85
were investigated in bulk by simultaneous temperature controlled SAXS and WAXS
measurements. Figure 4-12a shows the combined SAXS/WAXS trace for PGA-S85 during
a heating and cooling cycle. Starting at 17.5 °C, the first order small-angle peak appears
at a scattering vector of q* = 1.65 nm~! (q = 4msin6/A, with A being the wavelength of the
Cu K radiation and 26 the scattering angle) together with three small peaks
representing the next higher order reflections. As the higher order reflections appear in
equidistant positions of 2q*, 3q* and 4q* a lamellar supramolecular structure is
evidenced. Figure 4-11 shows a schematic model, based on the idea that alkyl side
groups belonging to different backbone molecules form layer-like crystalline
nanodomains which are separated by backbone chains. According to Bragg’s law, the
position of the first maximum q* can be related to the domain spacing d = 2n/q* which
is in this case representing the average distance of the lamellae d = 3.81 nm.

From the relative intensity of the higher order peaks a volume fraction of the crystalline
polymer part can be estimated according to

fooo11(n)d5 __ sin*(n¢n)
[P (Dds  sin?(mg)n?

[240].

Equation 4-2. Estimation of the crystalline volume fraction from the ratio of the integrated intensities of the
higher order peaks I1(n) to the integrated intensity of the first order peak 1:(1) according to [240].

Applying a fit function to the obtained SAXS peaks, a crystalline volume fraction of 0.58
was obtained. This is in good agreement with the calculated volume fraction of the side
chains (0.57), indicating a strong separation of the two phases. On this basis, the
crystalline layer thickness was calculated as 2.2 nm, which is slightly thinner than the
stearoyl side-chain length of ~ 2.4 nm. This supported the assumption of interdigitated
side chains and indicated a side chain tilt angle of = 20°.
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Figure 4-12. (a) Combined SAXS and WAXS traces of PGA-S85 during a heating and cooling cycle (2.05 K
steps from 17.5 to 42.1 °C and back to 21.6 °C, each point 5 min equilibration and 10 min data acquisition).
(b) Combined SAXS and WAXS traces of PGA-S20 during a heating run (2.05 K steps from -9.3 to 42.1 °C, each
point 5 min equilibration and 10 min data acquisition). The inset is a close-up of the SAXS region in a
logarithmic scale. (slightly modified from Weiss et al., Macromol. Rapid Commun., 33 (2012) 35-40)

In the wide-angle regime, a single reflex appears at qw = 15.30 nm-! corresponding to the
(110) direction of a hexagonal packing of the side chains with a lattice parameter
a=0.474 nm. This can be assigned to the hexagonal rotator phase R II of alkanes [241-
243], which typically occurs in the case of n-alkyl-substituted comb-like polymers
[244,245].

During heating, the SAXS traces do not show significant changes until the beginning of
melting at about 28 °C, whereas the WAXS peak qw is shifted slightly to 15.21 nm-1.
During melting, the peak in the WAXS range disappears into an amorphous halo which
shifts to smaller g-values due to thermal expansion. At the same time, the main SAXS
peak becomes broader and shifts to higher g*-values (1.98 nm-1) and the higher order
reflections virtually disappear. This means that the lamellar phase becomes more
disordered and the characteristic length scale of the supramolecular arrangement in the
melt is reduced to = 3.2 nm. This can be attributed to the higher flexibility of the
polymer, especially of the backbone chain, in the melt. It should be noted that in both
SAXS and WAXS, there were still - albeit broad - reflections visible at 42 °C, indicating a
pre-structured melt with a preferential ordering among the nanophases [206,245].

For PGA-S20, the measurement was started at -9.1 °C where in the small-angle range
two peaks at g* = 0.94 nm! and g*' = 1.62 nm'! were observed (Figure 4-12b, region I),
showing a ratio of approximately 1:V3. This indicates a (pseudo-)hexagonal
superstructure. In the wide-angle region, also two peaks were observed
(qw1 = 15.01 nm and qwz = 16.80 nm1), which can be identified as the (110) and (020)
directions of an orthorhombic rotator phase R I of the alkyl side chains [241-243,246]
with lattice parameters a = 0.505 nm and b = 0.748 nm. During the heating process
above = 5 °C (region II), the R I rotator phase transforms into the R II rotator phase,
indicated by a single peak at qw = 15.21 nm! (T = 11.3 °C) in the WAXS range. Thus, in
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this temperature range, the same hexagonal packing of the stearoyl side chains can be
observed for PGA-S20 and PGA-S85. The occurrence of rotator phases and its transitions
in the case of medium length alkanes, fatty acids, and lipids has been discussed
extensively in literature [241,242].

With further increase in temperature, the first SAXS peak shifts to q* = 1.18 nm! and
merges with the V3 peak (q*') into a single broad peak. This can be assigned to a
reorientation of the stearoyl phase in the PGA matrix. The WAXS peak qw is also slightly
shifted to 15.22 nm (T = 23.6 °C). During melting, above 24 °C (region III), the SAXS
peak shifts further to q* = 1.32 nm! and the wide angle reflex vanishes. At about 34 °C
(middle part of region III) only an amorphous halo remains in the wide-angle regime
indicating complete melting.

The internal morphology of the nanoparticles formed by PGA-S85 and PGA-S20 is
summarized in Figure 4-13. The lamellar supramolecular arrangement of PGA-S85 leads
to spherical nanoparticles with an onion-like morphology (Figure 4-13a, left). The
detailed lamellar structure of the alternating crystalline and amorphous phases with the
dimensions obtained from SAXS measurements is represented in the middle part of
Figure 4-13a. The crystallographic packing of the n-alkyl side chains in the hexagonal
rotator phase R Il is shown on the right. As illustrated, rotator phases are characterized
by rotational disorder about the long axes of the alkyl chains [247], resulting in a
scattering of the axial orientations.

For PGA-S20, nanodomains are assumed to be arranged in a board-like pattern (Figure
4-13a, left). The pseudo-hexagonal arrangement of the phase separated domains of side
chains and polymer backbone (Figure 4-13b, middle) is finally the reason for the
nanoparticle formation with polygonal shapes and apparent lamellar arrangement
(Figure 4-13b, left) as observed in TEM images (Figure 4-4i). The packing of the side
chains at low temperatures, corresponding to an orthorhombic rotator phase R I, is
shown on the right [248].
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Figure 4-13. Schematic illustration of the hierarchical structures proposed for (a) PGA-S85 and (b) PGA-S20.
The morphology of the nanoparticles, the arrangement of the nanodomains and the packing of the stearoyl
side chains in a plane normal to their axis are depicted from left to right. (taken from Weiss et al, (2012),
Macromol. Rapid Commun., 33:35-40, with permission from E. Amado).

To further elucidate the peaks in the small angle range and to also include the other
polymers as well as their nanoparticles in the study, detailed SAXS measurements were

performed using a rotating anode.
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Figure 4-14. SAXS profiles of Stearoyl-PGA bulk polymers.
46



4 Results and discussion

The position q* of the first maximum in the SAXS profiles of bulk polymers (Figure 4-14)
and nanoparticles (not shown due to a poor signal-to-noise ratio) shifts to higher q
values with increasing esterification degree of PGA (Figure 4-14). This reflects a
decrease in the long spacing with increasing amount of fatty acid side chains. This can be
explained as follows based on the structural model of these polymers (Figure 4-13). The
long spacing reflects the average thickness of one repeating unit in the polymer which is
the sum of the crystalline side chain layer and the amorphous backbone layer. With
increasing degree of esterification the average distance between the ester bonds in the
PGA backbone is decreasing, leading to a more condensed packing and thus to a
reduction in the amorphous layer thickness. At the same time, the thickness of the
crystalline layer remains constant since it is determined by the stearoyl chain length.
The peak of PGA-S20 is considerably broadened which possibly might be attributed to
the different inner structure and the limited size of the crystal-like structures in this
polymer [206]. No peaks of higher order could be resolved for PGA-S20 bulk and
nanoparticles. In contrast, the SAXS traces of PGA-S50, -S65 and -S85 reveal several
higher order peaks. As already seen in the combined SAXS/WAXS trace, for PGA-S85
equidistant peaks indicate a highly ordered lamellar superstructure. The same is visible
for PGA-S50. At first sight, it was surprising that PGA-S65 only shows one peak of higher
order at 3q* but the peak at 2q" is missing. Nevertheless, this is not pointing to a
different nanostructure in this polymer but can be explained in a short excursus:
The intensities of the Bragg peaks in a diffraction pattern are not equal as the
amplitudes are determined by the scattering function of the sample. Derived from
Porod’s scattering function of lamella [249], the ratio of the integrated intensity of the
nth order peaks I1(n) to the first order peak I1(1) in an ideal periodic lamellar lattice of
the crystallinity ¢ is given by Equation 4-2:

[P nmds _ sin?(ngn)

Joon(Wds — sin?(wg)*n?

[240].

When this ratio is plotted against the crystallinity ¢, the function yields zero for distinct
values of ¢ with

sin?(mt$n) = 0. This applies for m¢n as an integer multiple of m:
mdn = Nm

én = N

c|)=§ with N,n €N and ¢ <1.

As an example, the intensity of the 2nd order peak (n = 2) approaches 0 for ¢ = %, the

3rd order for ¢ = %and = g, etc.

In the case of PGA-S65, the volume fraction of the stearoyl side chains was calculated as
51 %, which complies approximately with the above described situation of ¢ = 50 %
where the second order peak disappears. Overall, a lamellar superstructure of PGA-S50,
PGA-S65 and PGA-S85 bulk polymers can be concluded from the SAXS measurements.
Apart from the poor signal-to-noise ratio, the same was indicated for the nanoparticles.

47



4 Results and discussion

In order to verify this and to get deeper insight into the nanoparticle samples of PGA-
S20 and Oleoyl-PGA, simultaneous temperature controlled SAXS/WAXS experiments
were carried out using synchrotron radiation.
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Figure 4-15. a) SAXS profiles of PGA-S20 nanoparticles at 6°C, 20 °C and 40 °C. The small prepeak is indicated
by an arrow. b) SAXS profiles of Oleoyl-PGA nanoparticles at 20 °C.

The highly resolved SAXS profiles of the synchrotron experiments reveal that several
peaks are present for PGA-S20 (Figure 4-15a) in the range of q = 0.8-2.5 where in the
SAXS profile of the rotating anode only one broad peak has been visible (Figure 4-14).
The appearance of the main peaks is similar to the above described SAXS/WAXS trace
(Figure 4-12b), shifting to higher q values with increasing temperature. However,
additional peaks are detected here, indicating a more complex superstructure. The ratio
of the main peak (q" = 0.87 or 0.95 nm-! for 6 or 20 °C) and the peak at 1.73 or 1.90 nm!
is 2, reflecting a lamellar structure. The small prepeak (marked by an arrow), visible at
approximately 0.5q", the peak at 1.5q" and the very small reflection at 2.5g* (only visible
at 20 °C) point to the existence of another long period, possibly with double spacing.
Whereas these peaks are all decreasing and shifting to higher q values with increasing
temperature, the position of the emerging peak at 1.12 nm! does not change in the
range of 20 to 40 °C. This refers to an initial contraction of the long period and a
subsequent complete reorientation of the polymer chains at higher temperatures. The
relatively broad reflection at 40 °C indicates that nanophase separation is still present
and the domains keep a preferred orientation even in the melt.
For PGA-S20 in bulk, a similar pattern was recorded but with a slight shift to higher q
values. This points to shorter spacings in the bulk compared to the nanoparticles. For
the solid Stearoyl-PGAs, in contrast, spacings for bulk and nanoparticles were about
equal and no additional peaks were detected compared to the results of the rotating
anode.
In the synchrotron, also the viscous Oleoyl-PGA nanoparticles have been investigated.
WAXS experiments revealed only an amorphous halo and no crystalline peaks have been
observed for all Oleoyl-PGA samples (not shown). This confirms the results of the DSC
measurements (4.1.6). Nevertheless, in SAXS (Figure 4-15b) a distinct scattering peak
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was observed, indicating phase separation. During heating from 20 °C to 60 °C no
considerable change of q" could be observed. As this behavior and also the position of
the PGA-0120 peak is similar to the high temperature peak of PGA-S20 (q = 1.12 nm1),
the same superstructure can be assumed for the Oleoyl-PGAs and PGA-S20 at high
temperatures. As no higher order peaks could be detected for the Oleoyl-PGAs - owing
to the limited q range of the measurement setting - no identification of the phase
morphology was possible.

The relating long spacings d, calculated from the positions of the main peak q°, are
depicted in Figure 4-16. For Oleoyl-PGA nanoparticles, this length depends nearly
linearly on the oleoyl volume fraction, indicated by the dotted fit line. The solid Stearoyl-
PGA particles show a similar behavior but with a longer domain spacing. This is most
likely resulting from the different packing mode of the saturated and unsaturated fatty
acid side chains as well as the higher rigidity in the solid polymer. The value for the
highly viscous PGA-S20 is therefore deviating less from the Oleoyl-PGA data. Above the
melting temperature of the stearoyl side chains, all spacings move closer to the Oleoyl-
PGA fit line which confirms the influence of polymer flexibility on the domain spacing.
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Figure 4-16. The domain spacing d as a function of side chain volume fraction is depicted for Oleoyl- and
Stearoyl-PGA nanoparticles. For Stearoyl-PGA spacings above the stearoyl melting temperature have been
added (open circles).
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4.1.9 Multispectral fluorescence imaging of Nile red loaded particles
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Figure 4-17. Spectral emission maxima of Nile red fluorescence in PGA based nanoparticles and reference
substances (Lipof.: Lipofundin® N, MCT: medium chain triglycerides).

Different PGA based nanoparticles were loaded with the solvatochromic dye Nile red in
order to investigate the environment inside the particles. Due to the lipophilicity of this
dye [97], Nile red molecules are most likely to be incorporated in the fatty acid modified
PGA nanoparticles during preparation. It is, however, known that Nile red can also
diffuse into water to a very small extend. Nevertheless it can be expected that only the
spectra of molecules which are incorporated or attached to the particles are detected by
MSFI since Nile red fluorescence intensity in water is almost fully quenched [98].

In general, the excitation and emission maxima of the solvatochromic dye can shift over
a span of 100 nm and both spectra move to shorter wavelengths with decreasing
polarity of the environment. In Figure 4-17, it is visible that the fluorescence emission
maxima of Nile red shift to shorter wavelengths with increasing esterification degree of
PGA. This demonstrates an increasing lipophilicity, resulting in similar values as those
obtained from the parenteral fat emulsion Lipofundin® N and neat medium chain
triglycerides, serving as references.

Comparing the viscous backbone and the three Lauroyl-PGAs, it seems to be an almost
linear relationship (R2=0.996, fit not shown) between esterification degree and polarity,
indicated by the Nile red wavelength. The emission maximum of the viscous PGA-S20, in
comparison, lies a little below this fit line. This is an indication of the higher lipophilicity
of Stearoyl-PGA polymers due to the longer fatty acid chains. However, the solid PGA-
S65 and PGA-S85 have comparatively higher wavelength maxima. This shift of Nile red
fluorescence between viscous and solid particles can be ascribed to the different
aggregate states of its environment. Crystallization of the fatty acid chains might lead to
partial expulsion of the dye from the lipid matrix into more polar environment. This has
also been shown for SLN, where solidification of the triglycerides strongly influenced the
fluorescence of Nile red [80]. Due to the range of polarities of the investigated PGA
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polyesters, they are promising carriers for a variety of different drugs. PGA with high
esterification degrees and long fatty acid chains provide the potential for incorporating
highly lipophilic drugs while polymers with lower esterification degrees or shorter fatty
acid chain lengths might be promising systems for the incorporation of amphiphilic or
slightly lipophilic molecules. For the solid particles, however, a lower loading capacity
might be expected than for the liquid or liquid crystalline ones.

4.1.10 Determination of drug loading

The experiment was planned in order to compare the loading capacity of different PGA
based nanoparticles, especially the solid particles with the viscous ones. After
preparation, the viscous particles macroscopically showed good incorporation
efficiencies. No remaining free drug or dye was visible in the water or on the glass wall.
However, during the separation step in the PD-10 column, the viscous particles stuck to
the column material and were only eluted marginally. The same problem occurred when
applying dialysis as separation method where the viscous particles were adhering to the
membrane.

In view of this, the study was focused only on the loading of solid PGA-S65
nanoparticles. Fluorescent substances were selected in order to establish the method,
determine the elution volume of particles and remaining small molecules and ensure
highly sensitive detection.

The first experiments were performed with the highly lipophilic fluorescent dye Dil.
During the preparation of PGA-S65 nanoparticles loaded with either 0.25 wt% or 1 wt%
of Dil, no free drug was obvious in the water or on the glass walls. After gel filtration
about 95 % of the dye could be detected in the nanoparticle fraction calculated in
relation to the non-separated references (Table 4-2). This points to a high loading
efficiency. After application of 2 wt% Dil in the preparation process, a pink ring was
visible on the glass wall after nanoprecipitation, indicating excess dye and an
overloading of the particles.

As a lipophilic model drug, the porphyrin derivate THPP was applied. The substance was
easily detectable by measurement of its fluorescence intensity. The absorption of THPP
in the UV/VIS measurement was determined with a maximum at 421 nm which was in
good accordance with literature [208,209]. The calibration of fluorescence vs.
concentration ensured linearity in the concentration range of 2 pg/ml up to 75 pg/ml
(data not shown). To stay in this linear range, the acetone volume for solution of the
drug after lyophilization was increased to 2 ml instead of 1 ml for the highest applied
concentration of 10 wt% THPP.
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Table 4-2. Recovery rate of Dil and THPP after SEC (n = 3).

Applied dye/drug Effectively loaded dye/drug Range
[wt% / polymer] [% of applied dye/drug] [%]
Dil 0.25 94.3 17.3

1 95.4 2.6

2 free dye visible
THPP 1 94.4 8.4

5 100.6 7.7

10 97.9 2.5

15 free drug visible

During the preparation of PGA-S65 nanoparticles loaded with 1, 5 and 10 wt% of THPP,
macroscopically no free drug was visible. The particles showed a narrow size
distribution (PDI < 0.09) and with 140-160 nm, their size was in the same range as for
unloaded particles. The recovery rates of the drug in the nanoparticle fraction after SEC
are shown in Table 4-2. For all concentrations up to 10 wt% of applied drug almost
100 % could be found after gel filtration. By adding more than 10 wt% of THPP to the
polymer, a slight violet ring was visible on the glass wall after nanoprecipitation,
indicating an overloading of the particles.

The interpretation of this data is yet ambiguous. The results indicate high loading
efficiencies of 94-100 % in the nanoparticles up to 1 wt% of applied Dil and 10 wt% of
THPP. This is, however, no clear proof that the small molecules are actually incorporated
in the nanoparticles. In fact, the molecules could also be adsorbed to the surface of the
particles and due to the highly hydrophobic nature and the practical insolubility of Dil
and THPP in water don’t detach during SEC to a relevant extent. Thus, this experiment
doesn’t necessarily show the efficiency of incorporation but at least the efficiency of
drug loading in or on PGA-S65 nanoparticles.

4.1.11 Hemolytic activity

Hemolytic activity was determined by incubating freshly separated RBCs with 1 %
(10 mg/ml) or 0.1 % (1 mg/ml) of nanoparticle suspension for 1 h at 37 °C. Hemolysis
was assessed in reference to 2 % aqueous sodium dodecyl sulfate (SDS) solution as
100 % value (positive control); the value of PBS was set as zero (negative control). The
nanoparticles of PGA-BB, PGA-S50 and PGA-S65 showed only marginal hemolytic values
in the highest applied concentration of 10 mg/ml (Table 4-3). In contrast, for
nanoparticles of PGA-S20, hemolysis of approximately 28 % was observed in this
concentration. The hemolytic effect might be ascribed to the different hydrophilic-
lipophilic ratio of this polymer with only 20 mol% converted hydroxyl groups, leading to
pronounced amphiphilic properties. The effect is, however, concentration dependent, as
for 1 mg/ml nanoparticles the value dropped to about 1 %. The hemolytic activity of
PGA-S20 nanoparticles could also be decreased by adding Poloxamer 188 to the polymer
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during the preparation process (1:1). Poloxamer 188 is a triblock copolymer composed
of a central hydrophobic chain of polyoxypropylene (POP) flanked by two hydrophilic
chains of polyoxyethylene (POE). During the nanoprecipitation process, it is likely that
the hydrophobic POP blocks become incorporated in the particles while the hydrophilic
POE blocks extend into the water phase, forming a corona-like structure [250]. Because
of their hydrophilicity and steric repulsion, these POE chains appear to prevent the
interaction of the PGA-S20 particles with the RBCs and thus reduce hemolytic activity
[131,251]. With this, hemolysis of the 1 % suspension was only 6 % compared to 28 %
without Poloxamer. For the 0.1 % suspensions the hemolytic effect dropped to 1 % for
both preparations.

Table 4-3. Hemolytic activity of 10 mg/ml and 1 mg/ml nanoparticle dispersions after 1 h incubation at
37 °C. The extinction of PBS was subtracted from the other measurement data and set to zero. All values are
given in reference to the 100 % hemolytic SDS solution. The mean values with the respective range are given
(n = 3, references n = 9).

Hemolysis of 10 mg/ml Hemolysis of 1 mg/ml
nanoparticles nanoparticles
mean [%] range [%] mean [%] range [%]
PBS setas 0 0.71
PGA-BB -0.84 0.50 -0.65 0.39
PGA-S20 27.7 5.24 1.1 0.20
PGA-S20 + Pol188 6.1 0.59 0.9 0.18
PGA-S50 1.8 1.04
PGA-S65 0.49 0.07
SDS2 % 100 8.78

4.1.12 Cell culture studies

4.1.12.1 Cell viability and proliferation

The optimal cell number per well was determined by correlation of the seeded cell
number with the resulting fluorescence intensity after 3 d (data not shown). Assays
based on measuring metabolic activity of living cells require good linear correlation and
a high slope of this curve to provide accurate and sensitive results [252,253]. When the
initially seeded cell numbers are too high, linearity of the slope is lost and results in the
upper fluorescence range can be underestimated. With 103 to 104 seeded cells per well,
the cell number vs. fluorescence curve showed good linear correlation (R* = 0.999).
When the initially seeded cell numbers exceeded 104 linearity of the slope was lost.
Therefore, with 5x103 cells per well a rather low initial concentration of cells was
seeded (5x10% cells/ml), so that linearity was assured for the three day duration of the
experiment. Assays based on measuring metabolic activity of living cells require good
linear correlation and a high slope of this curve to provide accurate and sensitive results
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[252,253]. When the initially seeded cell numbers are too high, linearity of the slope is
lost and results in the upper fluorescence range can be underestimated.
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Figure 4-18. Cell proliferation of HepG2 cells after 24 h incubation with nanoparticle samples in different
concentrations without (grey and hatched columns) or with (white columns) addition of 10 % FBS to the
medium. Pure medium (DMEM) and the commercially available Lipofundin® N (Lipof, only in the
concentration of 250 ug/ml) served as references. (a) QBlue assay as a measure of metabolic active cells and
(b) modified LDH assay as indication of the cell amount. For each sample the mean and the standard
deviation are shown (n = 6).

The QBlue viability assay was firstly performed in standard procedure without the
addition of FBS to the culture medium. Pure culture medium (DMEM) and Lipofundin® N
served as references. Lipofundin® N is a commercially available nanoemulsion for
parenteral nutrition based on soya oil stabilized by lecithin and sodium oleate. It was
used as a second reference for the high concentration samples. As expected, the
metabolic activity of HepG2 cells did not change compared to DMEM. Nor did PGA-BB
nanoparticles show a significant difference in the measured fluorescence intensity
(Figure 4-18a, grey and hatched columns). In contrast, for the PGA-S20, -S50 and -S65
samples with 100 pg/ml and 250 pg/ml of nanoparticles an increased metabolic activity
compared to DMEM was observed. However, no difference between the two
concentrations could be detected.

In addition to the QBlue viability test, a modified LDH assay was applied to obtain
information about the cell amount. The results of the LDH assay looked almost equal to
those of the QBlue experiment although the standard deviations of the measured values
were quite large (Figure 4-18b). Lipofundin® N and PGA-BB particles again didn’t show
any significant difference after 24 h compared to the culture medium whereas the
Stearoyl-PGA nanoparticles showed higher absorbance values that indicate increased
cell numbers, especially for the higher sample concentration.

The observed increase in metabolic activity (QBlue assay) and cell amount (LDH assay)
after 24 h incubation might be an indication for metabolization of the Stearoyl-PGA
polymers by the cells leading to increased cell activity and proliferation. As the PGA
backbone did not show higher cell numbers or increased activity, it could be assumed
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that the stearic acid fractions are primarily used by the cells, which is also in good
accordance with the physiologic conditions [254].

To investigate whether better growth conditions for the cells would influence the
results, the QBlue assay was performed again with DMEM containing 10 % of FBS as
mitogen. Supplementation of FBS increased the metabolic activity of the untreated cells
compared to cells in pure DMEM [255] to about double values (Figure 4-18a). The cells
incubated with Lipofundin® N and PGA-BB particles also showed higher activities. The
values for the Stearoyl-PGA samples, however, were about the same for both conditions.
This supports the above stated hypothesis that in the absence of FBS, cells used the
polymers for metabolic activity.

4.1.13 In vivo experiments

4.1.13.1 Tumor growth
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Figure 4-19. Comparison of tumor volume in different groups. Median and range are displayed respectively.
*In group 2 one mouse had to be sacrificed after 30 d because of high tumor burden and weight loss.

All subcutaneous HT29 tumors grew gradually and their volumes increased about
exponentially overall (Figure 4-19). After 26 d, the mice were randomized into three
groups according to their tumor volume and injected with the respective nanoparticle
samples. The tumor volume was comparable between the different groups until after
30 d - which was 4 d after nanoparticle injection - one mouse of group 2 had to be
sacrificed because of high tumor burden and weight loss. All other mice initially gained
weight and did not lose more than 2 g afterwards until the end of the study.

4.1.13.2 Fade of fluorescence after injection

PGA-S65 nanoparticles were selected for the in vivo study. They are solid, spherical in
shape and their crystallinity accounts for about 50 %. With these features, they can be
regarded as “standard” particles. Their body fate was monitored and compared with
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physically and covalently coated PGA-S65 particles by measuring the in vivo
fluorescence intensity of DiR by MSFI. The DiR signal was intended to track the location
of the nanoparticles as the highly lipophilic dye (logP = 20) with virtually no water
solubility has practically no tendency to diffuse from the lipophilic nanoparticle core
into the bloodstream. In the applied NIR detection range, the autofluorescence of the
mouse body is negligible.

Figure 4-20a displays the fade of the DiR fluorescence signal in healthy SKH1 mice after
injection of the different DiR loaded PGA-S65 nanoparticles.
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Figure 4-20. (a) Fade of NIR fluorescence signal in SKH1 mice. Median with minimum and maximum value
are shown respectively (n = 3 in each group). Group 3 was monitored for only 2 weeks. (b) Fade of NIR
fluorescence signal in tumor bearing Nude-Foxnl mice. Median with minimum and maximum value are
shown respectively (n = 3 in each group).

The signal of the uncoated nanoparticles dropped very fast to about 25 % of the initial
intensity during the first 4 hours. Afterwards, the intensity faded gradually towards a
value of about 5 % after 3 weeks. The fluorescence of the physically coated
nanoparticles (S65+UH23), in contrast, did not show such a great loss of signal in the
first day. About 50 % of the initial signal was still observed after 24 h, 25 % were
measured after 1 week and at the end of this study, after 3 weeks, approximately 13 %
were still remaining. This indicates that the physical coating with the HPMA copolymer
was beneficial to protect the nanoparticles from MPS uptake and thereby to prolong
their circulation time. The covalently coated nanoparticles, however, only revealed a
smaller benefit in this study. The initial loss was not quite as high as for the uncoated
nanoparticles with about 40 % remaining intensity after 4 h but after 1 week, the
average intensity values were just around 3-4 % higher than those of the uncoated
particles. Unexpectedly, the covalent coating with UH27 seemed to be less efficient than
the physically attached UH23. The reasons for this discrepancy are a matter of
speculation. Possible reasons are a higher thickness of the coating layer with the 31 kDa
UH23 vs. the 20 kDa UH27, a differently structured shell with another density due to the
different methods of attachment and particularly a more efficient coating reaction for
UH23 compared to UH27.
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In the Nude-Foxn1 mice (Figure 4-20b), the benefit of the UH23 coating was even higher
than in the SKH1 mice. The signal of the physically coated particles was considerably
higher than that of the uncoated sample from the beginning until the end of the
experiment after 2 weeks. A loss of 50 % of the initial intensity wasn’t reached before
3 d had passed. 22 % of the first signal were still remaining after 2 weeks compared to
about 8 % for the uncoated nanoparticles. The covalently coated nanoparticles again
showed only slightly higher intensities compared to the plain PGA-S65 particles.

Given that the only major difference between the SKH1 and the Nude-Foxn1 mice was
the subcutaneous HT29 tumor in Nude-Foxnl, the slower fate of all nanoparticle
samples, and especially of S65-UH23, in these mice could be caused by an extravasation
of the particles in the tumors by the EPR effect. Due to the fact that solid tumors tend to
lack lymphatics [32,139,141] the dye cannot be eliminated quickly, leading to an
accumulation and retention in the tumor tissue and prolonged detectability. The higher
circulation time of S65-UH23 particles in the bloodstream (as shown in healthy SKH1 in
Figure 4-20a) could lead to a greater exploitation of the EPR effect and thus higher
tumor accumulation.

4.1.13.3 In vivo distribution and tumor accumulation in Nude-Foxn1 mice

In vivo distribution of the nanoparticles is discussed here only in Nude-Foxn1 mice as
the overall distribution in SKH1 mice was similar except for the tumor.

To compare all nanoparticle samples, the distribution of the DiR signal was firstly
studied over time. As expected for nanoparticles [108,122,256], all samples showed high
fluorescence signals in the liver already at the first measuring time point after 5 min.
The high signal intensity reduced the automatically adjusted exposure time of the
camera to such an extent that signals in other organs could hardly be detected in some
cases. Therefore, in order to visualize other organs, the area of the liver was covered by
a black plastic plate in selected images.
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Figure 4-21. Distribution of PGA-S65 nanoparticles containing DiR in a Nude-Foxnl mouse after (a) 5 min,
(b) 24 h (2-fold magnification) and (c) 2 weeks (4-fold magnification).

For the uncoated PGA-S65 nanoparticles, DiR signal of considerable intensity was
detected in the bones already after 5 min and remained until the end of the experiment

after 2 weeks (Nude-Foxn1, Figure 4-21) or 3 weeks (SKH1, not shown). This points to
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an accumulation of the particles in or on bones which was afterwards investigated in
more detail (4.1.15).

After injection of the physically coated nanoparticles in SKH1 mice, a high Dy676 signal
in the bladder was obvious in the first fluorescence image after 5 min and a lower signal
after 90 min (Figure 4-22). This shows that the dye was rapidly eliminated via the
kidneys and thus present in the urine. Given that the amide bond between Dy676 and
the HPMA copolymer should not be cleaved in vivo, this is a strong indication that free
unbound UH23 polymer was present in the injected sample. With about 31 kDa, the
molecular weight of UH23 is below the renal threshold of 45-50 kDa for HPMA
copolymers [148,257]. However, it was reported [148,149] that amphiphilic HPMA
copolymers bearing cholesterol, similar to UH23, in vitro self-assemble into micelles
with an average hydrodynamic diameter of about 30 nm which are too large for renal
filtration [148]. The presence of such micelles was also observed for the UH23
copolymer in AF4 measurements (Figure 4-6). Yet the high Dy676 signal in the bladder
points to dilution of the micelles below the critical micelle concentration (2.1x10-> g/ml
for a similar copolymer with 3 % cholesterol vs. 2.2 % in UH23 [149]) in the
bloodstream and a disassembly into polymeric monomers. This was confirmed by the
pure UH23 copolymer sample which was injected as reference and also revealed high
signals in the bladder after 5 and 90 min (not shown).
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Figure 4-22. PGA-S65+UH23 nanoparticles without ultrafiltration: Distribution of Dy676 signal in SKH1
mouse after (a) 5 min and (b) 90 min.

To remove the free unbound UH23 copolymer from the nanoparticle suspension, the
freshly prepared S65+UH23 sample for the Nude-Foxnl mice was purified by
ultrafiltration. After injection of the purified sample, none of the four Nude-Foxn1 mice
showed any signal in the bladder after 5 min (e.g. Figure 4-23a). In two of the mice,
however, a Dy676 signal was visible after 90 min in the bladder (e.g. Figure 4-23b). This
could be either due to a small fraction of remaining free UH23 polymer in the purified
sample or resulting from a detachment of the physical coating from the PGA-S65
nanoparticles during circulation in the bloodstream.

The image sequence in Figure 4-23 illustrates the distribution of the Dy676 signal after
injection in a Nude-Foxn1 mouse and the successive accumulation in the HT29 tumor. It
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is obvious that the intensity initially increased in the liver but already after 4 h
considerable signal was found in the HT29 tumor. Again, fluorescence in the bones was
visible, mainly in the femurs. The tumor signal continuously increased during the first
four days and slightly decreased afterwards. The same applied to the UH23 reference
which also showed high tumor accumulation after one day until the end of the
experiment. No signal in the bones has been detected.
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Figure 4-23. PGA-S65+UHZ23 nanoparticles with ultrafiltration in Nude-Foxnl mouse: Distribution of Dy676
signal after (a) 5 min, (b) 90 min, (c) 4 h, (d) 8 h, (e) 24 h and (f) 4 d.

Monitoring of the DiR signal revealed high intensities in the liver from 5 min until the
end of the experiment. Figure 4-24 displays images with unmixed DiR (green) and
Dy676 (red) signals after 4 d. Without coverage of the liver area (a), the DiR signal is
only visible in the liver. Nevertheless, covering of the liver area during fluorescence
imaging (b) visualized DiR signals in bones and also in the tumor. The yellow signal in
the tumor is generated by an overlay of red and green, displaying the presence of both
dyes in the HT29 tumor. Separate images of fluorescence intensity distribution for each
dye (Figure 4-25) supported this finding.
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Figure 4-24 PGA-S65+UH23 nanoparticles purified by ultrafiltration in Nude-Foxn1 mouse after 4 d: Unmixed
composite with green DiR and red Dy676 signal are shown (a) without and (b) with coverage of the liver.
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Figure 4-25. PGA-S65+UH23 nanoparticles with ultrafiltration in Nude-Foxnl mouse after 4 d: signal
intensity of Dy676 (a) and DiR (b). The area of the liver was covered with a plastic plate.

Why the intensity distributions of Dy676 and DiR in liver and tumor were so different,
cannot be answered easily without further investigation. There are a number of possible
explanatory approaches and the true cause might be a combination of various factors.
First of all, as mentioned before, some unbound UH23 conjugate might have been
present in the sample which was not eliminated by renal filtration and circulated in the
bloodstream as micelles. Also a partial detachment of the UH23 coating from the PGA-
S65 nanoparticles during circulation might be considered. Uncoated or partially coated
nanoparticles would be more likely to be taken up in the liver and coated nanoparticles
as well as UH23 micelles would show prolonged circulation and enhanced uptake into
the tumor. The quite effective tumor accumulation of such micelles has been reported
earlier [148] and was confirmed here by the performance of the injected UH23
reference. Another possibility would be the release of DiR from the nanoparticles.
Although this is a very lipophilic dye with a very low tendency to diffuse into the blood
(the very similar Dil was reported to transfer from lipid nanoparticles <5 % in 2 weeks
[258]), it might be possible that DiR which was located on or close to the surface of the
particles could be released and accumulated in the liver. Also destabilization of the
particles in the bloodstream, e.g. by attached proteins, and a subsequent release of DiR
should be considered as reported for liposomes and micelles [125]. A further factor
which could influence signal intensities in the liver is the different penetration depth of
light as a function of its wavelength [259,260]. It is known, according to Beer-Lambert
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law that the intensity of an electromagnetic wave decreases exponentially during the
passage through an absorbing material. With increasing wavelength, the absorption
coefficient decreases, leading to a higher penetration depth in the given material [260].
For example, a study of Stolik et al. [259] reported penetration depths for liver tissue (in
vivo and postmortem) which were about 2.5-fold for A=780 nm compared to A=633 nm
(the wavelengths which are closest to the excitation wavelengths of DiR and Dy676). In
view of this, it is likely that the NIR dye DiR (710-760 nm) is excited to a considerably
higher extend in deeper tissues, especially in the liver, than Dy676 which is excited in
the red wavelength range (615-665 nm). For the excitation of Dy676 in the
subcutaneous tumor, however, the light only has to pass the already tensioned skin
without the “hindrance” of many blood vessels, etc. Aware of this, simultaneous
measurements of differently excited dyes must be generally interpreted with caution.
For the covalently coated PGA-S65 nanoparticles the observations were similar as
described for the physically coated sample (images not shown). Here as well Dy676
signal was found in the bladder after 5 min, 90 min and in some of the mice still after 4 h.
This was rather surprising as neither the amide bond to the covalently attached UH27
conjugate nor the amide bond of the linked dye should be cleaved in vivo. Under this
assumption, this was evidence for the presence of free unbound UH27 in the sample. In
contrast to UH23, this conjugate doesn’t have hydrophobic moieties for self-assembly
and is with about 20 kDa also substantially smaller. For such HPMA copolymers rapid
elimination from the bloodstream and quick elimination by renal excretion is known
[139]. The accumulation in the tumor seemed to be lower than for the UH23 coated
particles.

In order to quantify or rather estimate tumor accumulation of the different nanoparticle
samples, the tumor accumulation value (TAV) was calculated according to Equation 3-2
[119].
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Figure 4-26. Tumor accumulation value of the Dy676 signal (solid lines) and the DiR signal (dotted lines,
open symbols) in the different groups. Median with minimum and maximum value are shown respectively.
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The TAV of the Dy676 signal (Figure 4-26, solid lines) sharply increased during the first
24 h after injection of all samples. For the PGA-S65+UH27 sample, the signal afterwards
remained about constant before it slightly increased again after 9 d. The signals of the
UH23 coated sample and the UH23 reference first increased until 48 and 72 h before
remaining constant and decreasing after 5 d. After 2 weeks, the TAV of the Dy676 signal
was between 1.9-2.2 for all groups. Similar values have been reported for the
accumulation of linear and star-like HPMA copolymers in HT29 tumors [119]. The
variation between the 3-4 mice within one group was rather high at the beginning and
decreased towards the end of the experiment. The data of the UH23 control resulted
from two mice until 24 h and from only one mouse afterwards. As already assumed on
the basis of the prolonged circulation and prolonged detectability of the S65+UH23
sample as well as the unmixed fluorescence images, tumor accumulation was
considerably more effective for the physically coated sample than for the covalently
coated, at least for the most part of this study. Why the TAV decreased for S65+UH23
towards the end while it increased for S65+UH27, cannot be elucidated by this data.

The TAV of the uncoated nanoparticles could only be calculated by means of the DiR
signal. Within all groups, the TAV of the DiR signal (Figure 4-26, dotted lines) also
showed high variation and the values were much smaller than those for Dy676. These
lower numbers of DiR are primarily a result of the much higher DiR signals in the liver.
The calculation method of the TAV is based on the ratio of the fluorescence signal of the
tumor area and the overall signal of the mouse body without the tumor area. Thus, the
high DiR intensities in the liver lead to high values for the denominator of this equation
and thereby to smaller values for the TAV.

There was no considerable difference of the TAV for DiR between the three groups for
9 d. After 7 d, the TAV of the covalently coated particles increased whereas the value of
the uncoated NPs slightly decreased which finally lead to a higher accumulation of the
covalently coated particles in the tumor compared to the uncoated sample.

These results seem to indicate that the HPMA coating and the prolonged circulation time
did not automatically lead to higher accumulation of DiR loaded nanoparticles in the
tumor which was rather unexpected. In fact, this calculation method suggests that the
coated particles extravasate only about as effective as the uncoated sample. Under the
assumption that the lipophilic DiR is not released from the particles to a relevant extend,
this would consequently mean that the high TAVs of Dy676 only resulted from the
accumulation of free HPMA copolymers, not attached to nanoparticles. But as discussed
above, this assumption is not unquestionable.

However, these are only the results of one method, which is influenced by many variable
factors. As already mentioned, the variability within the groups was high for both dyes.
Moreover, mouse handling lead to unavoidable variation when placing the mice in
lateral position for imaging. The determination of tumor contours in the analyzation
program was sometimes highly ambiguous as well.
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The above described direct interpretations of the fluorescence images seemed to show
higher DiR signals in the tumor for the coated particles, especially for S65+UH23,
compared to the uncoated particles both in single spectra images and in unmixed
composites.

4.1.14 Ex vivo experiments

To shed more light on the body distribution, various organs were removed and analyzed
after the mice had been sacrificed at the end of the study. Stomach and intestine could
not be used for analysis because of high autofluorescence in the red filter set which was
used for the detection of Dy676.

As also observed in vivo, the signal intensity in the organs was different for the two dyes.
Figure 4-27a depicts the distribution of the DiR signal, which was - as already seen in
the in vivo images - predominantly found in the liver for all samples. The percentage for
the PGA-S65+UH23 group in the liver was higher than for the other groups and thereby
lower in most other organs. The second highest intensity in all groups was detected in
the spleen which is, besides the liver, also known as a preferential side for nanoparticle
accumulation [108,122,256,261]. This data demonstrates that the HPMA coating was not
beneficial to avoid uptake of PGA-S65 nanoparticles in these organs of the MPS.

For the uncoated PGA-S65 nanoparticles, the concentration in bones, adrenal glands and
lung seem slightly higher than for the coated nanoparticles. DiR intensity in the tumors
was only about 2-4 %.
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Figure 4-27. Ex vivo (a) DiR and (b) Dy676 fluorescence intensity (Fl) of the mouse organs after 14 d
displayed in percent based on the data of three mice per group for the particles and one mouse for the UH23
control. The FI values are calculated by dividing the organ signal (counts/s exposure time) by the organ area
(mm) projected in the image. Median with minimum and maximum value are shown respectively.

The intensity distributions of the Dy676 signal, corresponding to the coated
nanoparticles as well as the free HPMA copolymers, are displayed in Figure 4-27b. As
larger nanoparticles are more likely to be taken up by the MPS [94,129] than free
polymers or small micelles, it is unsurprising that both particle samples showed higher

63



4 Results and discussion

accumulation in liver and spleen than the UH23 control. The percentage of Dy676 signal
in liver and spleen was, however, less than half compared to the DiR signal for the
coated nanoparticles.

Intensity in the tumor showed the same pattern as the calculated TAV (Figure 4-26)
with about 16 % for S65+UH27, 19 % for S65+UH23 and 22 % for the UH23 control.
Magnified images of transected tumors revealed the highest accumulation in the center
and on the ventral side of the tumor for all samples as exemplary shown in Figure 4-28.
Most likely, vascularization of these areas was higher, leading to better blood supply
than in the skin facing exterior parts of the solid tumor.

Figure 4-28. Exemplary fluorescence image of an autopsied tumor (cross section). The curved surface of the
tumor, here lying on the outside, was the side facing the skin in vivo. (a) Intensity weighted single spectrum
image of DiR. (b) Intensity weighted single spectrum image of Dy676. (c) Unmixed composite with overlaid
signals (red Dy676, green DiR). The mouse had been treated with S65+UHZ23 nanoparticles.

Surprisingly, the signals in the adrenal glands and the ovaries showed also relatively
high values for all samples. Figure 4-29 displays images of the removed organs.

Figure 4-29. Exemplary images of removed ovaries with fallopian tubes (top, a-d) and kidneys with adrenals

(bottom, e-g). From left to right are shown respectively: (a,e) Intensity weighted single spectrum image of
DiR. (b,f) Intensity weighted single spectrum image of Dy676. (c,g) Unmixed composite with overlaid signals
(red Dy676, green DiR). (d) Magnification of ovaries. The mouse had been treated with S65+UH23
nanoparticles.

Accumulation of nanoparticles or liposomes in mouse ovaries has been reported before,
e.g. in [122,262-266] and was studied in more detail by Schadlich et al. [262]. As
visualized in the magnification of the ovary in Figure 4-29 (d), the fluorescence was not
equally distributed in the ovary but elevated signal was observed in round
substructures. This could indicate an enrichment in tertiary follicles or - as suggested in
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other studies [262,263] - in the cells of the corpus luteum. For this highly proliferating
and highly vascularized tissue [267] an accumulation similar to the EPR effect has been
proposed [262]. However, accumulation in ovaries has been reported only for
nanoparticles =2 45 nm and not for free polymers < 35 nm so far. The high Dy676 signal
for the free UH23 conjugate was therefore highly surprising and might be attributed to
the accumulation of the self-assembled micelles of the polymer.

Accumulation of nanoparticles and certain aminated polymers in adrenal glands was
also reported before [264,266,268-271] but without any further investigation of
reasons. This could also not been studied in more detail here.

For S65+UH23 and the UH23 control, Dy676 intensity in the bladder and the kidneys
were similar respectively. In contrast, the PGA-S65+UH27 sample showed threefold
signals in the kidneys without higher intensities in the bladder. The signal of DiR in the
kidneys (Figure 4-27a) was only about twice compared to S65+UH23. This indicates an
accumulation of UH27 coated nanoparticles and free UH27 conjugate by specific
interaction of UH27 with the kidneys apart from the normal excretion via this route.
Kidney accumulation of certain HPMA copolymers was already observed in several
studies before [119,272-276]. Different structural aspects have been suggested to
increase accumulation, such as high modification through attached drugs, peptide
moieties or functional groups [272,273,276], negative charge [274,275] or interaction of
free hydrazide groups with the anionic membrane of the kidney cortex [119]. For the
different accumulation of UH23 and UH27, however, the reason is not obvious at all.
Hydrazide groups are only present in UH23 and not in UH27, which excludes this thesis.
As the zeta potential of both nanoparticle samples was very similar, the argument of
negative charge does also not apply here, at least not for accumulation of the coated
particles. Structural differences between the two HPMA conjugates are the lower
molecular mass of UH27, the possible self-assembly of UH23, the higher Dy676 content
of UH27 and the different spacers between backbone and dye (6-aminohexanoic acid for
UH23 and B-alanine for UH27). From the finding of Lammers et al. [272,273] who
reported a higher accumulation of drug-functionalized HPMA copolymers, it could be
speculated that the higher content of Dy676 might promote the accumulation of UH27 in
the kidneys while the attached dye in UH23 might be hidden within the micelles and
protected from direct contact with the environment.

In view of the already mentioned (Figure 4-21) observation of fluorescence signals in
the bone regions, the left femur of each mouse was also removed and measured by MSFI
along with the other organs. The nanoparticle samples showed higher signals in the
bones compared to the UH23 control, though, no huge enrichment could be detected in
the bones at the end of the study. However, the mice which were autopsied after 24 h
showed higher bone signals of about 10 % for the uncoated particles, supporting the
observations of the in vivo images (Figure 4-21). This accumulation points to a specific
interaction of the PGA polyester with bones which was investigated in more detail
afterwards (4.1.15).
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The signals in lung and heart were similar to each other and comparable to the
autofluorescence of these organs in the red filter set.

In general, all of the presented fluorescence data must be treated with caution. Although
the method was designed to minimize measurement errors, the different light
absorption within the autopsied organs and their variable thickness still biased the
results considerably. The signal intensity was calculated in counts per [second exposure
time x organ area] by normalizing the measured fluorescence to the applied exposure
time and to the projected organ area which was viewed from above. Thereby the
thickness or volume of the organ was neglected which would have been rather complex
to assess and to include in the calculation. Undoubtedly, the recorded intensity from a
thicker organ is higher than from a thinner organ of the same area, albeit the excitation
in deeper layers is lower and the emitted signal attenuated. For this reason, signal
intensity of large organs with high thickness, especially the liver, was most likely
overestimated compared to thin organs such as adrenal glands, ovaries and bones.
Although the autopsied tumors were also voluminous, the situation was rather contrary
due to the irregular distribution of the signal. Because the fluorescence signal was
mainly concentrated in the center of the tumors and they were measured as a whole, the
obtained value was probably underestimated. The different absorption coefficients for
the organs and the resulting discrepancies in penetration depth for the exciting light as
well as the variable extent of scattering and absorption of the emitted fluorescence are
further parameters of major influence which could not be taken into account in this
method.

4.1.15 Investigation of “bone targeting”

The observed attraction of PGA-S65 nanoparticles to bones could be caused by various
reasons. Possible mechanisms are an attachment of PGA to the inorganic matrix, mainly
hydroxylapatite (HA) or calcium ions, an attachment to the organic matrix or phagocytic
uptake by mononuclear macrophages of the MPS lining the bone marrow sinusoids
[160-162]. To further elucidate the relevant mechanism, the possible binding of the
nanoparticles to Ca?* ions was investigated by complexometric titration and a binding
assay with HA.

Both methods of Ca?* titration led to unsatisfying outcomes despite various efforts in
optimization of the experimental set-ups. The first applied method [213] with calcein
solution as indicator didn’t reveal a sharp titration end point and thus yielded variable
results. The indication of the end point in test experiments was better with Eriochrome
black T in the second method [214]. However, when performing the assay with the
addition of nanoparticles, higher volumes of EDTA-Naz solution were spend to reach the
titration end point compared to blank samples. This indicated that the centrifugation of
the samples after the incubation did not completely eliminate all nanoparticles from the
supernatant which then probably bound EDTA-Na; during titration. Not even
centrifugation at 40000g for 30 min led to satisfying values.
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Nevertheless, the results of the hydroxylapatite (HA) assay support the in vivo
discovered phenomenon of the attraction of Stearoyl-PGA nanoparticles to bones. HA as
an integral part of bones also revealed to bind PGA-S65 nanoparticles in this assay
(Figure 4-30a) so that decreased fluorescence intensity in the supernatant was
measured after centrifugation. In contrast, cetyl palmitate (CP) SLNs which were used
for comparison did not bind to the HA powder at all (Figure 4-30b). This indicates that
the binding effect is not unspecific but at least somewhat specific for the PGA based
nanoparticles.

The relative part of nanoparticles bound to HA decreased about exponentially (Figure
4-31a; R? = 0.995) from 73 to 14 % by rising the concentration tenfold, yet the absolute
amount thereby increased from 7.5 to 14 %. The second experiment with different
amounts of HA (Figure 4-31b) showed a linear dependency (R2 = 0.9996, fit not shown)
between the HA mass and the bound fraction of PGA-S65 nanoparticles. The CP SLNs
again did not show any binding effects. Both results indicate an equilibrium reaction for
the binding of PGA-S65 nanoparticles to HA. The more HA is available, proportionately
more nanoparticles attach to it. However, the more nanoparticles are present in the
mixture, the more saturated does the surface of HA get so that the increase of the
binding is only moderate.

Linearity of fluorescence vs. concentration in the range of the experiment was ensured
by calibration (data not shown).
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Figure 4-30. Fluorescence intensity of supernatant in samples (grey columns) and blanks (white columns) of
PGA-565 nanoparticles (a) and CP SLNs (b). For better comparability, the intensity of the blank with the
highest concentration was set to 100.
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Figure 4-31. (a) Dependency of the binding of PGA-S65 nanoparticles from the total nanoparticle
concentration. (b) Influence of HA amount incubated with PGA-S65 and CP nanoparticles (medium
concentration of 0.3125 mg/ml).

A possible reason for the binding of PGA based nanoparticles to HA might be the
presence of free carboxyl groups on their surface. It is known that Ca2* binding domains
of several proteins, such as osteonectin, are acidic regions with aspartic (Asp) and
particularly glutamic acid (Glu) sequences [277-279]. It has been shown that small
acidic peptides are preferentially adsorbed on the surface of HA in vitro [280]. In vivo,
fluorochromes with carboxyl groups, like calcein, were used to target microcracks by
chelating Ca2* ions of bone surfaces [281]. Moreover, molecules and nanoparticles
functionalized with Asp or Glu were reported as bone targeting moieties [282-284].

In view of this, the enhanced fluorescence signal of the bones, especially for uncoated
PGA-S65 nanoparticles, could result from the higher number of free carboxyl groups
compared to the covalently coated sample and the more exposed carboxyl groups
compared to the physically coated particles.

4.1.16 Further investigations of coated nanoparticles

In view of the in vivo results which indicated an incomplete coating reaction for PGA-S65
nanoparticles with UH23 and particularly with UH27, all coated samples were
investigated in more detail.

4.1.16.1 Physical coating

The PGA-S65 nanoparticles loaded with DiR and coated with UH23 which were used for
the in vivo study were applied to gel filtration in a Sephacryl® S-300 column. Only one
peak was observed after separation, corresponding to the nanoparticles and no evidence
of free HPMA copolymer was found. With regard to the in vivo study, where unbound
UH23 was detected, it was hypothesized that free UH23 formed high molecular weight
micelles as already known for similar cholesterol bearing HPMA copolymers [148,149].
It is possible that these micelles could not be separated from the nanoparticles by gel
filtration due to the limited length of the column. To elucidate this, the one observed
peak was divided into three fractions and analyzed by VIS spectrophotometry (Figure

4-32). The peak at 681 nm corresponds to Dy676 of the coating polymer and the peak at
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756 nm to DiR which was incorporated in the nanoparticles. Due to the sloped baseline
and the overlapping peaks, a quantitative interpretation of the spectra was not possible.
Nevertheless, it is obvious that the content of nanoparticles drastically decreased from
fraction 1 to 3. This finding supports the hypothesis of UH23 micelles with a molecular
weight too high to be separated from the nanoparticles during the passage in the
Sephacryl® column. The higher intensity of Dy676 in fraction 2 and 3 indicates the
presence of free unbound HPMA copolymer in this sample.
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Figure 4-32. VIS spectra of 3 peak fractions after gel filtration of PGA-S65-DiR-UH23 nanoparticles.

4.1.16.2 Covalent coating with UH26

During gel filtration of PGA-S65 nanoparticles coated with the Dox-bearing UH26 on
Sephacryl® S-300 there was no evidence of free unbound UH26 conjugate. It seemed
that the majority of the coating polymer was covalently attached to the surface of the
nanoparticles in all cases (different ratios polymer/nanoparticles). This was further
studied by amino acid analysis which revealed 8.5 wt% of Doxorubicin in UH26. This
means that a quantitative coating with the ratio 2/1 would result in coated
nanoparticles with 2.8 wt% of Dox. For two fractions of coated nanoparticles which
were analyzed after gel filtration contents of 1.7 and 2.6 wt% of Dox were observed. Due
to the limited amount of sample, both fractions were measured only once and no further
experiments could be conducted. Nevertheless, it seemed that the coating process was
almost quantitative for one analyzed fraction and about 60 % for the other. The zeta
potential, which was close to 0 mV for both fractions, indicated a complete conversion of
carboxyl groups for this sample.

4.1.16.3 Covalent coating with UH27

After the linking reaction, the nanoparticles were colored blue-green which indicated
successful coating with the Dy676-bearing HPMA copolymer UH27. During purification
by centrifugal ultrafiltration, however, the eluates of the first washing steps were
colored. This demonstrated that the reaction did not proceed quantitatively as still free
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UH27 was present. The zeta potential of -11.1 mV supported this finding. Repetition of
the coating reaction with the same and with a freshly synthesized UH27 conjugate again
showed only partial conversion, verified by VIS-spectrophotometry.

Most probably, the reason for the incomplete reaction was steric hindrance of the
functional groups. As the few carboxyl groups of the PGA backbone are distributed in the
structure of the nanoparticles and the terminal amino groups of UH27 are likely to be
hidden in the polymer coil, the functional groups hardly ever meet each other in the
reaction mixture.

The same assumption applies to the coating reaction with UH26 where, however, the
reaction seemed to be efficient. A possible explanation for the seemingly successful
coating might be the structure motif GlyPheLeuGly-DOX of this polymer which is
hydrophobic and thus working like a hydrophobic anchor similar to cholesterol. With it,
the unbound polymer molecules can attach physically to the nanoparticles, pretending a
quantitative coupling reaction. As this hydrophobic structure is missing in the UH27
conjugate, the unbound molecules are in this case not or only weakly attached to the
nanoparticles and can thus be separated by ultrafiltration.
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4.2 PGA based implants

Figure 4-33. Injection of PGA-L25 into PBS. (a) during injection with a 25 G needle. (b) 1 min after injection.
(c) 6 h after injection.

After injection of Lauroyl-PGA into PBS buffer, which is exemplarily shown for PGA-L25
in Figure 4-33, the polymer formed a rather spherical shape. This indicated surface
minimization to decrease the contact area of the lipophilic polymer with the buffer. For
different samples, this allows good comparability due to a similar surface area. The same
behavior was also reported for hexPLA [187] which is a promising material for
injectable viscous implants.

4.2.1 'H-NMR relaxometry
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Figure 4-34. Influence of the esterification degree of Lauroyl-PGA on the transversal relaxation time T of the
polymers. The mean value and the range are displayed for 3 measurements each.

The non-invasive method of H-NMR relaxometry provides information about the
physical state and the mobility of protons [285]. The transverse relaxation time Ta,
characterizing the signal decay, decreases with reduced mobility [191-193]. In this
study, T2 relaxation times of different Lauroyl-PGA polyesters were measured in order
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to get information about the mobility of their protons and thereby indication about the
viscosity of the polymers [194].

As depicted in Figure 4-34, the obtained T: relaxation times of the samples with low
esterification degrees PGA-L15, -L25 and -L30 were only slightly higher than the value
of the unsubstituted PGA backbone. The low relaxation times below 1 ms indicate high
viscosity of the polymers with rather immobile polymer chains. For T, < 1 ms, obtained
values should be considered with caution, as information is lost in the CPMG
measurement when the relaxation times approach a similar magnitude than the echo
spacing (0.135 ms) [194]. The protons of the polymers with higher amounts of lauroyl
side chains (PGA-L50 and particularly PGA-L75 and -L95) show increased mobility,
which is expressed by higher T relaxation times. However, compared to e.g. the T of
pure oleic acid (173 + 7 ms) which is a fluid fatty acid, the transverse relaxation time in
these polymers is still rather low. This demonstrates a strong immobilization of the
chains in Lauroyl-PGA.

4.2.2 Texture analysis

Texture analysis was performed in order to get further information about the
mechanical properties of Lauroyl-PGA polyesters. The following parameters were
calculated from the compression curves as illustrated in Figure 4-35a [286-288]:

0 Hardness (1, peak positive force): The load detected at the highest peak during
compression. Hardness is the force necessary to attain a given deformation.

U Work (2, total positive area): The integrated area under the compression cycle. It
displays the total energy required to penetrate the sample which is a measure of
the internal strength of bonds within a product.

U Adhesive force (3, peak negative force): The maximum negative load. It is the
force required to “pull” the probe from the sample.

U Adhesiveness (4, total negative area): The integrated area under the negative
peak as the probe withdraws from the sample after the compression.
Adhesiveness is the work necessary to overcome the attractive forces between
the material and the surface of the probe as it retracts, thus being a measure of
stickiness.
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Figure 4-35. (a) Force-by-time plot through one cycle of penetration of different Lauroyl-PGA polyesters and
PGA-BB to determine texture profile analysis parameters. The positive peak force 1 is the hardness of the
polymer; the total positive area 2 displays the total energy required to penetrate the polymer, which is a
measure of its consistency; the negative peak force 3 is the adhesive force; the total negative area 4 displays
the work that is necessary to overcome attractive forces as the probe retracts and is a measure of the
adhesiveness of the polymer. (b) Cut-out from the left graph to visualize the force-by-time plots of the
Lauroyl-PGA polyesters, which show much smaller forces than PGA-BB.

In Figure 4-35a, it is obvious that the PGA backbone by far is the most rigid of the
examined polymers. The substituted Lauroyl-PGAs exhibited much smaller deformation
curves, decreasing with increasing esterification degree. This is also expressed by the
calculated hardness of the polymers (Figure 4-36a). The force necessary to attain the
predetermined deformation of PGA-BB was about 6 times higher than for PGA-L25 and
about 50 times higher than for PGA-L75. PGA-L95 was too soft to measure, as the probe
did not detect the polymer surface at the lowest possible trigger force. The effect of the
esterification degree on the total work of compression showed the same dependency as
the hardness and is not depicted here. These findings are in agreement with the results
of the 1H-NMR relaxometry study described above. With decreasing hardness in texture
analysis, the T; relaxation time in TH-NMR relaxometry increases, indicating decreasing
viscosity. The large difference between the esterified Lauroyl-PGAs and PGA-BB was,
however, less pronounced in 1H-NMR. As already mentioned, this could be a result of the
inaccuracy of Tz values below 1 ms in the CPMG measurement [194]. Nevertheless, it
was shown in both experiments that esterification of the PGA backbone with lauroyl side
chains causes a rising fluidity of the polymers.
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Figure 4-36. The effect of the esterification degree of Lauroyl-PGA on the hardness (a) and the adhesive force
(b) of the polymers. The mean value and the range are displayed for 3-5 measurements respectively.

As also apparent in the force-time plots (Figure 4-35), the adhesive force of the
polymers is considerable, displayed by the large negative peak during the withdrawal of
the probe. The adhesive force (Figure 4-36b) approximately reached the same values as
the hardness and the adhesiveness (not shown) exhibited similar values as the total
work of compression. This sticky behavior might be a drawback for polymer handling,
particularly for those with lower degree of esterification and the PGA-BB.

With the methods of 1H-NMR relaxometry and texture analysis it has been shown that
the degree of esterification in Lauroyl-PGA polymers considerably influences their
mechanical properties. Viscosity, hardness and adhesiveness of the polymers decrease
with increasing amount of esterified OH groups of the PGA backbone.

4.2.3 Spectral spatial ESR imaging of model implants

Spectral spatial ESRI gives insight into the processes going on within the implants
during incubation in the buffer medium. Through the extraction of spectra from distinct
slices of the image, differences inside the implant can be revealed. The specially
designed sample holder with the cuboidal cavity (Figure 3-1) improved interpretability
of images compared to the formerly used round containers. Due to the rectangular
geometry, edge effects in the images were minimized. It was, however, still not
unambiguous to definitely determine the top and bottom edge of the implants from the
images. Nevertheless, one bottom slice was defined in each of the samples which served
as reference for the spatial positions within the implant.
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Figure 4-37. Rotational correlation times of Tempol in the different slices over time.

The rotational correlation time tr quantifies the state of rotational motion of a spin
probe. It is the period of time after which it is not possible anymore to deduce from the
present orientation of the spin label how the orientation was before this period of time
[289]. tr is a measure of mobility and thereby of the viscosity of the local environment of
the spin probe [217]. Low tr indicates high mobility of the spin probe and thus, in this
study, most likely the contact of Tempol with penetrating buffer medium. The rotational
correlation time was calculated from the parameters of the first derivative spectra as
described in 3.2.3. Figure 4-37 depicts the time course of tr in six distinct slices of the
implant. In the dry state, tr is quite high, owing to the limited mobility of Tempol in the
dry implant. After placing the implant into the buffer medium, a rapid decay of tr is
obvious within the first days of incubation. In the top layers, tr is decreasing faster than
at the bottom of the implant during the first 2 d. This displays the progressing
penetration of the buffer medium into the implant from top to bottom. The first drop of
Tr from the dry state to 1 h incubation which is obvious in all layers might be resulting
from the temperature rise to 37 °C in the buffer medium and the concomitant decreased
viscosity of the polymer. After 3 d of incubation, the rotational correlation times are
similar in the different layers and the minimum values are reached. This points to a
complete hydration of the implant. In the further experiment, the rotational correlation
times stay on a constant level. Towards the end of the experiment, the signal-to-noise
ratio gets worse because of the decreasing Tempol concentration. Therefore, the
analyzation of the parameters gets more and more imprecise and the slightly fluctuating
values should not be overinterpreted. After 28 d, the spectra of the 3 top layers cannot
be analyzed properly anymore because of the low signal of the remaining spin probe.
Comparing the final values of the rotational correlation time with the value of Tempol in

pure buffer, where tr is about one order of magnitude lower, it is obvious that the
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motion of the spin probe is still quite restricted within the implant after buffer
penetration. This difference is also visible directly from the ESR spectra (Figure 4-38)
when comparing the line widths. The highly mobile Tempol in pure buffer medium,
gives a spectrum of three sharp lines (c) whereas the spin probe in the dry implant (a)
shows a strong line broadening due to restricted motion in the highly viscous
environment [290]. During the hydration of the implant, the line widths AB of the ESR
lines continually decreased (b).

Figure 4-38. Exemplary ESR spectra of Tempol. a: Middle layer of the implant in the dry state, b: same layer
after 3 d, c: pure buffer. ay marks the hyperfine splitting, AB indicates the line width.

The hyperfine splitting an (Figure 4-38) of the lines in an ESR spectrum is another
parameter that provides information about the local environment of the spin probe. The
hyperfine splitting of Tempol is sensitive to the polarity of the spin probe nitroxide
group environment and increases with increasing polarity [291]. For higher sensitivity,
not an but 2ay, the distance between the first and third line [181] was evaluated in this
study (Figure 4-39a). The top layers of the implant show a greater splitting than the
bottom layers (Figure 4-39a), indicating higher polarity. This can be attributed to the
surrounding buffer medium. During the first week of incubation the hyperfine splitting
is steadily increasing, demonstrating the progressing hydration of the implant. This is in
good accordance with the results of the rotational correlation times (Figure 4-37). After
an incubation of 21 d, the hyperfine splitting was not analyzable anymore due to the
poor signal-to-noise ratio.
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Figure 4-39. (a) Hyperfine splitting of Tempol in 5 distinct layers of the implant (2ay = splitting of low- and
high-field line). (b) Release of Tempol from the different layers, determined from the areas under the ESR
spectra, shown in reference to the start value of the respective layer.

The release of Tempol from the implant, determined from the areas under the ESR
spectra, roughly shows first order kinetics (Figure 4-39b) with ti,2 of about 5 d
(ke # 0.14-0.15 d-1). The decrease of the signal in the top layers seems a bit faster than in
the bottom layers. This phenomenon was, however, expected to be even more evident,
particularly in the beginning of the release. Due to the hindered diffusion and the slower
penetration of buffer, the release from the bottom of the implant should have taken
more time.

The interpretation of intensity data from ESR spectra is, however, not an easy task and -
at least for the release of drug delivery systems, containing water - by far an absolute
method. There are various factors influencing signal intensity such as water content,
sample positioning in the cavity of the ESR spectrometer, drying of the sample, heat
development during the measurement, frequency fluctuations of the resonator etc. The
accuracy of sample positioning was to some degree ensured by the design of the sample
holder which restricted the insertion into the cavity by a special nose at the end of the
holder (Figure 3-1). The drying of the sample through heating was sought to be
prevented by covering the opening of the sample holder with plastic film. Nevertheless,
despite all efforts to keep the measurement conditions constant, variation of room
temperature, humidity and resonator frequency could still have been influencing
parameters. Another influencing effect on the signal intensity is the shielding of ESR
signals by water. Changing water content furthermore affects the development of heat
during the measurement as the dielectric loss increases with increasing amount of water
in the sample. These factors were addressed by removing excess buffer from the implant
and by drying of the sample holder before each measurement. However, particularly
during the first days of incubation, the water content inside the implant is naturally
increasing by hydration of the polymer, leading to reduced signal intensity by the
shielding effect of water. Additionally, it was just discovered recently (after this study
was finished) that water may penetrate into certain slots of the sample holder, resulting
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in a signal loss of about 10-20 % during the first 12 hours [292]. But not only signal loss
by shielding and higher heat development but also the fact of penetrating buffer through
the bottom and the sides of the sample holder, most likely falsified the presented results
of this ESRI study. It should therefore be kept in mind that this is regarded as a
preliminary study and the results should be considered with caution.
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Figure 4-40. Left: Exemplary ESR signal (top: derivative, bottom: integrated), extracted from a contour plot
image: the broad 3-line spectrum of 1*N-HD-PMI is superimposed by the 2 narrow lines of 1°N-AT (at about -1
and +1 mT) in PGA-L30 after 6 d of buffer exposition. Right: Chemical structures of HD-PMI and D-1>N-AT.

In addition to the experiments with Tempol, the same implants were prepared with a
mixture of 1*N-HD-PMI and D-1°N-AT. Exploiting the different nuclear spins I of the two
nitrogen isotopes (14N I = 1, 15N [ = %) which result in different numbers of lines in the
ESR spectrum, the simultaneous study of a lipophilic and hydrophilic model drug was
possible. As displayed in Figure 4-40, the two narrow lines of the deuterated 15N
nitroxide can be distinguished from the 3-line spectrum of the 14N nitroxide.
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Figure 4-41. Left: Contour plots of integrated ESR spectra (the intensity increases from green via yellow
through to red m ; intensities < 50 % are masked. Each contour plot is scaled to its maximum
amplitude; the signal-to-noise ratio gets therefore worse towards the end). Right: extracted spectra of 3
distinct slices, corresponding to the white dotted lines in the contour plots.

In the dry state of the implant, only a broad signal of HD-PMI is visible in all slices
(Figure 4-41), indicating a high degree of immobilization. After 1 d exposition to the
buffer medium, the first small shoulders appear in the spectra of the top layer,
corresponding to the spectrum of rapidly tumbling 15N-AT. This displays the penetration
of the buffer into the outer layer of the implant, solubilizing the hydrophilic spin probe.
After 2 d, the 15N-AT signal is visible in the middle of the implant and after 3 d also in the
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bottom slice. Furthermore, the 1>N-AT lines increase and sharpen within the first week.
This nicely illustrates the penetrating buffer front from outside to inside and the
concomitant hydration of the implant. The signal in the top layer does not get very high
at all time points, indicating a continuous release of the spin probe. After 14 d, the
15N-AT lines are only obvious in the bottom layer and after 21 d there is hardly any
signal left. This displays the gradual release of the hydrophilic spin probe from top to
bottom. Simultaneously, the HD-PMI signal also decreases and is only very weak after
35d.

The area under the central line of the ESR derivatives of HD-PMI over time is depicted in
Figure 4-42a.
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Figure 4-42. Area under (a) HD-PMI signal (calculated from the central line of the derivative) and (b) 1°N-AT
signal over time, indicating the release of the spin probes.

The signal of the lipophilic spin probe HD-PMI showed the highest intensity in the dry
implant and is almost constantly decreasing over time. The plot resembles first order
kinetics with 2 phases. The release during the first week seems to be faster than
afterwards. There is no relevant difference between the different layers of the implant.
After 42 d, at the end of the experiment, only about 3-4 % of the HD-PMI signal was left
in the implant. This indicates a gradual release of HD-PMI from the implant into the
0.01 % (w/v) surfactant containing buffer medium.

The release of 1°N-AT from the implant on the basis of the evaluated areas is shown in
Figure 4-42b. In addition to the information from the contour plots (Figure 4-41), the
analysis of the areas provides a more detailed picture on the 15N-AT concentrations in
the different layers of the implant. As already mentioned, the signal of 1>N-AT was not
visible at the beginning of the incubation. Therefore, the presentation of the areas under
the 15N-AT lines (Figure 4-42b) is different from HD-PMI (a) where all values were
normalized to the initially measured area of each layer. For 15N-AT, in contrast, the
absolute numbers are displayed, illustrating the measured areas in different spatial
positions of the implant. The first signal appeared after 24 h in the 3 top slices,
displaying the penetration of the buffer medium which solubilized the hydrophilic spin

probe. The highest signals appeared after 6-8 d, followed by a constant decrease of the
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area due to the release of the spin probe. The signal in the top layer gets lost in the noise
after 6 d already. The release of 1°N-AT is slower the greater the distance from the
implant surface, shown by the steepness of the signal decay. Only in the 2 bottom layers,
analyzable lines of 15N-AT could still be found after 24 d.
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Figure 4-43. Dependency of the hyperfine splitting of D-1SN-AT on the pH value of the buffer medium (pH
value adjusted with 0.001 M HCI). The experimental data was fitted by a Boltzmann fit with a correlation of
R2 = 0.9997. The chemical structures of D-15SN-AT are displayed in the respective pH environments. By
protonation in the acidic milieu, the spin density at the nitroxyl nitrogen decreases which results in a
decreased hyperfine splitting [293].

15N-AT is a pH sensitive spin probe [196,293]. The hyperfine splitting of the two ESR
lines is influenced by the pH value of the environment in the range from about pH 5 to
7.3 as shown in Figure 4-43. By means of a calibration curve, the pKa value of the spin
probe in the applied release buffer was determined as about 6.2. Based on the sigmoidal
Boltzmann fit of the calibration data, the pH value of a particular layer could be
calculated from the hyperfine splitting of the respective 1°N-AT spectrum. Thus it was
possible to follow the microacidity inside the degrading implants. Figure 4-44 displays
the process of the pH value over time in the different implant slices. Reliable pH values
could be calculated after 3 d when enough water was penetrated into the polymer and
the sharp lines of rapidly tumbling 1>N-AT were visible. The pH could be assessed only
as long as the 15N-AT signal in the layer was large enough to be analyzed.

However, the pH value is not the only parameter influencing the hyperfine splitting of
the 15N-AT lines. As seen for Tempol (Figure 4-39a), also the polarity of the surrounding
environment is having an impact. For Tempol, it has been shown that the hyperfine
splitting decreases with increasing distance from the top of the implant. This is also seen
here and should therefore not be overinterpreted in terms of the pH value. In general,
due to the overlay of both effects for 1°N-AT, the pH values shown in Figure 4-44 are not
claimed to be absolute. Nevertheless, they are at least minimum values for the pH in
these slices. The important result of this study is the relative stability of the pH value
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which doesn’t drop under 5.8 during the duration of the experiment. In comparison, for
degrading PLGA implants pH values as low as pH 3 or 2 have been reported [181,182]
which could be very unfavorable for the stability of incorporated proteins, peptides and
small molecules [197]. Furthermore, the biocompatibility of the implant with respect to
surrounding cells and tissue could be affected [182].
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Figure 4-44. Process of the pH value in different slices of the implant over time. The pH values are calculated
from the equation of the Boltzmann fit of the calibration curve (Figure 4-43).

4.2.4 In vitro release study by multispectral fluorescence imaging

Multispectral fluorescence imaging is a fast and powerful tool to investigate the release
behavior of implants in vitro and in vivo. For the in vitro experiments, the lipophilic
fluorescence dye Dil and the hydrophilic Rhodamine110 were included into different
Lauroyl-PGA implants as model drugs.
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Figure 4-45. Fluorescence intensity of (a) Rhodaminel10 and (b) Dil in the different Lauroyl-PGA implants
over time. Median and range of 3 implant models are shown respectively. For PGA-L95 data of only one model
is shown as the implants in the two other models moved and stuck to the covering PET network which
falsified the results.
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The fluorescence intensity of the hydrophilic dye Rhodamine110 dropped rather fast
during the first week. Thereby, the speed of release from the three Lauroyl-PGA
polyesters was slightly different with a dependency on the esterification degree. From
PGA-L25, the polymer with the lowest amount of lauroyl chains, the fluorescence was
reduced by half after 4 h already. For PGA-L30, this took about 2 d and for PGA-L50
almost 4 d. A residual content of 10 % was reached for PGA-L25 after approximately
20d, for PGA-L30 after about 100 d and for PGA-L50 after about 140 d. Overall,
Rhodamine110 was released slower from the polymers with higher esterification degree
than from those with lower degree of lauroyl side chains. The data of one PGA-L95
implant followed this tendency but is not representative. Due to the low viscosity of this
polymer, two of the implants and also the third after some time, moved to one side of the
container and stuck to the covering PET network, so the analysis of the fluorescence
data was falsified.

In comparison to the hydrophilic Rhodamine110, the lipophilic dye Dil was released
very slowly from all of the implants (Figure 4-45b). It took about 4 months until the
intensity reached half the initial values. After some fluctuations in the first week, the
fluorescence intensity decreased almost linearly until at the end of the experiment after
6 months about 20-30 % of the dye were still remaining. An explicit dependency of the
release of Dil on the esterification degree of the polymer could not be detected.

4.2.5 Invivo release study by multispectral fluorescence imaging

0 0.2 0.4 0.582

Figure 4-46. Fluorescence images of one mouse carrying a PGA-L25 implant on the left thigh (bottom) and a
PGA-L95 implant on the right thigh (top). The pictures b-e show the fluorescence after 1 day, 2 weeks, 4
weeks and 5 months.

For the preliminary in vivo study, Dil was incorporated as a lipophilic model drug in the
two polymers with the most different properties, PGA-L25 and PGA-L95. A reliable in
vivo monitoring of the hydrophilic dye Rhodamine110 would not have been possible as
the mouse body shows high absorption and autofluorescence in the blue wavelength
range [115,294] which is used to detect this dye. Furthermore is the penetration depth

of blue light into tissue very limited due to the relatively short wavelength [259,260].
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The primary result of this study was the much faster degradation of PGA-L95 compared
to PGA-L25 as it can be followed by the decrease of the fluorescence signal in Figure
4-46. In view of the only slight differences of Dil release in the in vitro study (Figure
4-45b), the faster signal fate of PGA-L95 can be mainly attributed to faster polymer
degradation rather than only faster release of the dye. Whereas for the PGA-L25
implants at least 30 % of the initial intensity was measured after 6 months (Figure
4-47b), the intensity of the PGA-L95 implants dropped by half after 2 weeks (Figure
4-47a). After 7 weeks, only a marginal fluorescence intensity of about 5 % could be
detected for PGA-L95.

(a) (b) 120
100

--—-E--mouse 1 &3

,,,,, O----mouse 2 & 4
100 [

80

k7 ‘G I AT ST T
£ € 604: I
Q (0] § l I
2 4 e " - *
g g 40 walg R Lo
3 ] ‘i-..-l
S 20 g 20
Y Y
E-Emmgg
0 T T T T T T T .V_th-—" 0 T T T T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160 180
time [d] time [d]

Figure 4-47. (a) Fluorescence intensity of Dil in PGA-L95 implants. The average value and the range of two
mice are shown. (b) Fluorescence intensity of Dil in PGA-L25 implants. Each line shows the data of two mice.
The solid line displays the data of two mice with good compatibility and the dashed line depicts the data of
two mice with slight irritations (elevations over the location of the implant).

The data of the two mice with PGA-L95 implants was in good accordance with each
other and the implants were well tolerated. No indications for inflammation or edema
have been detected. The PGA-L25 implants were also well tolerated by two of the mice
(mouse 1 & 3) but the two others (mouse 2 & 4) showed slight elevations of the skin
over the location of the implants after about 40-50 d. This difference is also reflected by
the fluorescence data (Figure 4-47b) where the values for mice 2 & 4 steeply increased
after about 45 d and stayed on a high level during the whole experiment. The elevations
subsided afterwards but were visible again after 127 d, especially in mouse 2. The
tensioning of the skin brought the implants closer to the camera which might be the
reason for the subsequent high fluorescence intensities in these mice. After 141 d,
mouse 2 showed a small bite wound in the skin over the implant which resulted in a
very high signal, displayed by the top of the error bar.

The elevations of the skin could be an indication of slight edema, developed around the
implants. This could be caused by irritation and inflammation of the surrounding tissue
or by an increased water attraction of the implant [295] or by a combination of both.
The continuously high signals in these mice could be an indication for a fibroblastic
reaction, leading to encapsulation of the implant by connective tissue as often observed
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for solid implants and injectable biomaterials [296,297]. This capsule, as an additional
barrier, could hinder the further degradation of the implant and the release of the dye
[298]. Why two of the mice did show signs of irritation and two did not, could not be
elucidated in this study. Tissue response towards implants is influenced by many factors
including the extent of injury by the needle, the loss of basement membrane structures,
the extent of inflammatory reaction, the degree of cellular necrosis, etc. [299], all of
which can be different for the individual mice. Apart from that, all mice stayed healthy
during the whole period of the study without any loss of weight or other pathological
signs.

It should be mentioned that it is generally a challenge for in vivo imaging to place the
mice in the same position for every measurement. Slight variations in handling as well
as changes of the mouse body itself can influence the results of the measured
fluorescence intensity unintentionally which can result in high variance of the measured
signals.

The huge difference in signal fate of PGA-L25 and PGA-L95 implants suggested a faster
degradation of the PGA-L95 implants in vivo. This seemed surprising at first glance as
faster degradation was expected for PGA-L25 due to its higher hydrophilicity. Given that
polyesters degrade mainly via hydrolysis, the reaction velocity is influenced by water
accessibility to the ester bonds [300-302]. As lipophilic polymers in contrast to
hydrophilic ones can only take up small quantities of water, the velocity of degradation
is usually decreased [11,301]. It was therefore presumed prior to the study that the
more lipophilic PGA-L95 would degrade slower than PGA-L25. However, the uptake of
water is not the only factor influencing polymer degradation in vivo. It has also been
reported that other polymer properties, in particular viscosity, are influencing factors
for encapsulation and in vivo degradation [299,303], e.g. by enzymes. Polyester implants
with higher fluidity might be accessed more easily by esterases than rigid ones.
Furthermore, it is assumed that softer implants with lower viscosity tend to be better
accepted than solid implants which stimulate encapsulation reactions by high
mechanical resistance to the surrounding tissue [303]. As the T> relaxation time of PGA-
L25 is about one order of magnitude lower (see 4.2.1) - indicating higher viscosity - and
its hardness, measured by texture analysis, about one order of magnitude higher (see
4.2.2) compared to PGA-L95, this could be a possible explanation for the slower
degradation and adverse tissue effects.

4.2.6 Exvivo investigation of implants by confocal laser scanning microscopy

To examine the remaining size and structure of the implants at the end of the study, the
four mice have been sacrificed and autopsied after 6 months. No remains of the PGA-L95
implants could be found after this period of time. The residual parts of the PGA-L25
implants, however, could be dissected; some of them were subcutaneously disintegrated
into small fractions. Most pieces were easily relocatable and removable. Some of the
larger remnants, especially those of mice 2 & 4, were surrounded by a thin membrane
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which could be appearance of a fine capsule of connective tissue. This points to a normal
mild foreign body reaction which was reported for many other biocompatible implants
before [296,303,304]. This finding supported the above mentioned considerations of
implant encapsulation hindering polymer degradation and drug release.

The remaining implant of mouse 2 which was adhering to surrounding dermal tissue
was investigated by confocal microscopy (Figure 4-48). The micrographs indicate
ingrowth of connective tissue into the implant. There is, however, no evidence that a

substantial inflammation had taken place.

Figure 4-48. Ex vivo micrograph (a) of a PGA-L25 implant (green fluorescence) at the contact area with the
surrounding dermal tissue (marked with white box). The 3 lines indicate distinct layers of a confocal z-stack
series which are displayed in the 3 details (b-d), from bottom to top.

More detailed investigation of the biocompatibility of PGA based implants should
include sectioning and histological staining of the implants together with adjacent tissue
at various time points after injection. Only a closer look to the different stages of tissue
response and the precise determination of involved cells can provide a reliable picture
of biocompatibility.
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Poly(glycerol adipate) is an interesting biodegradable polymer with great potential for
the application in various drug delivery systems. The free pendant hydroxyl group of the
PGA backbone provides the possibility for versatile modification and thus flexible
adjustment of its properties. By esterification of the hydroxyl groups with different fatty
acids, promising amphiphilic polymers with a wide range of characteristics could be
obtained.

The major part of this work reports about the preparation and comprehensive
characterization of nanoparticulate drug carriers from fatty acid modified PGA. Based on
the optimization of the interfacial deposition method, self-stabilizing Lauroyl-, Stearoyl-,
Oleoyl- and Behenoyl-PGA nanoparticles with defined sizes and narrow size
distributions could be prepared. Their characteristics have been intensely studied and it
has been shown that the chain length of the attached fatty acids as well as their
esterification degree substantially influence the physicochemical properties of bulk
polymers and nanoparticles. Driven by nanophase separation between the polymer
backbone and domains formed by the fatty acid side chains, diverse nanostructured
polymeric aggregates were obtained which was demonstrated by TEM and XRD. The
grafting density and the corresponding volume fraction of the alkyl chains strongly
influenced the aggregation of the polymer in water and thus the nature of the resulting
colloidal system (Table 5-1).

Table 5-1. Influence of esterification degree on polymer aggregation.

Substituti
Hbsttution Zero low medium high
degree
polymer I I ' III Flll
structure
PGA network
expected ] ) cylindrical/
swollen PGA with spherical )
structures i ) elongated lamellar domains
] chains alkyl domains as ]
in water ) domains
cross-links

Contrary to existing literature [24], different TEM techniques revealed that not only
spherical particles were formed, as it is typical for esterification degrees over 50 %.
Furthermore, non-spherical particles with well-defined geometries could be prepared
by Stearoyl-PGAs with lower esterification degrees, which was not known before. By
AF4/MALLS measurements combined with PCS, additional shape information regarding
the third dimension of the particles was gained. SAXS and WAXS measurements gave
deep insight into the inner architecture of various PGA based nanoparticles and also
revealed differences as a result of the grafting density. On the basis of these findings, two
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structural models were created, suggesting the different architectures inside the
nanoparticles.

The diverse shapes and structures could qualify the formulations for different
applications and incorporation strategies. As it is known that geometry, surface
properties and internal structures might substantially influence drug incorporation and
in vivo behavior, a thorough investigation of shape and structure is absolutely vital for
the rational design of nanoparticulate drug carriers.

Not only structural diversity of PGA based nanoparticles could be detected but also
other characteristics, such as aggregate state, degree of crystallinity, thermal behavior
and polarity were variable in different formulations. These properties can be tailored by
varying parameters like esterification degree, length of side chains and use of
unsaturated fatty acids. Another possible variation could be the use of another
dicarboxylic acid for polycondensation with glycerol in the synthesis of the polymer
backbone. This toolbox provides the flexibility to adjust the PGA delivery systems
according to the requirements of various drug molecules and applications. This is a
major advantage over most other polymeric systems as well as SLNs. Furthermore,
compared to SLNs, which are reported as quite promising carriers for lipophilic drugs,
the absence of any emulsifier or stabilizer and the lower degree of crystallinity are
advantageous. The studied PGA based polyesters form intermediate systems,
somewhere in between highly ordered crystals and viscous emulsions which is
favorable for both drug protection and incorporation.

For the determination of drug loading capacity, an own procedure has been developed
and an exemplary study was conducted with PGA-S65 nanoparticles. For these
nanoparticles, drug loads up to 1 % of the highly lipophilic fluorescent dye Dil and 10 %
of the lipophilic THPP were observed which are quite high values compared to other
polymeric nanoparticles or SLNs [74,258]. This was, however, only a pilot study which
needs to be extended to the other PGA based particles and to other drugs to get a better
picture of the different possible applications.

In the next step towards in vivo experiments, cell compatibility studies were carried out
in which different PGA based nanoparticles were tested with respect to hemolysis of red
blood cells as well as their influence on metabolic activity and growth of HepG2 cells. It
was shown that nanoparticles of Stearoyl-PGA with medium and higher degrees of
esterified hydroxyl groups as well as those of the PGA backbone do not show any
hemolytic activity up to a concentration of 10 mg/ml. For PGA-S20 nanoparticles in high
concentrations, however, considerable hemolysis was detected which could be reduced
by the addition of Poloxamer 188. All tested PGA based nanoparticles were nontoxic for
HepG2 cells. Stearoyl-PGA particles rather increased cell activity and proliferation which
can be most likely ascribed to the metabolization of their stearic acid fractions by the
cells.

On the basis of these promising results, a preliminary in vivo experiment in healthy mice
was carried out with DiR loaded PGA-S65 nanoparticles in order to get information
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about body distribution and fate of the nanoparticles after i.v. application. In view of the
relatively fast clearance - which is typically observed for hydrophobic nanoparticles -
strategies for prolonged circulation have been considered. In cooperation with the IMC
in Prague, PGA-S65 nanoparticles have been coated with HPMA copolymers by physical
attachment as well as covalent bonding. By use of two different fluorescent dyes -
Dy676 was labeled to the HPMA copolymer and DiR was loaded on the nanoparticles -
simultaneous tracking of coating polymer and particles was possible in vivo. The results
of the in vivo study showed that the physical coating with the HPMA copolymer was
beneficial to protect PGA-S65 nanoparticles from rapid uptake by the MPS and thus to
prolong their circulation time in healthy and even more in tumor-bearing mice.
Unexpectedly, the effect of the covalently coated nanoparticles, in comparison, was less
efficient in both groups. This could be afterwards explained by an incomplete coating
reaction. All studied nanoparticle samples showed high fluorescence signals in the liver.
Particularly for the uncoated particles, considerable intensity was additionally detected
in the bone regions. This phenomenon was further investigated and confirmed by an in
vitro assay in which PGA-S65 nanoparticles were bound by hydroxylapatite. When the
mechanism of this affinity could be elucidated and the polymer appropriately modified,
PGA might be an interesting material for the application in bone targeting.

For the coated samples, Dy676 signal was observed in the bladder of the healthy mice,
revealing that the attachment of HPMA copolymers was not quantitative. This indication
was later verified in vitro by VIS spectrophotometry after gel filtration. The samples
injected in the tumor-bearing mice were therefore purified again by ultrafiltration,
which, however, did not completely eliminate the bladder signal.

Apart from that, a successive accumulation of the fluorescence signal in the xenograft
HT29 tumor was detected for the coated nanoparticles over time; again a higher benefit
was achieved with the physical coating. Why especially the Dy676 signal was visible in
the tumor region - also expressed by increased tumor accumulation values (TAV)
compared to DiR - is comprehensively discussed in this work. A number of explanatory
approaches have been proposed which can, however, only be enlightened by further in
vitro and in vivo investigations. Some important questions for future work would be:
Why is there still free unbound coating polymer present in the sample after
ultrafiltration? Is there a partial detachment of the physical coating in vivo? Are the
nanoparticles destabilized in the bloodstream and is DiR released? What impact does
the different penetration depth of red and NIR light have on the intensity results?

Ex vivo autopsy confirmed the in vivo observed body distribution and tumor
accumulation of Dy676. Additionally, relatively high Dy676 signals were found in the
adrenal glands and the ovaries. For the covalently coated sample, also an accumulation
in the kidneys was observed. The reasons of these findings are still a matter of
speculation and could be only partly elucidated by literature review. It was, however,
remarkable that several nanoparticle studies were found in literature where quite high
signals in these organs have been reported without paying further attention to it. The
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issues of nanoparticle accumulation in ovaries together with the possible diffusion of
DiR out of nanoparticles in vivo are currently highly topical and still under investigation
in our laboratory.

Nevertheless, the results of the in vivo study demonstrate that the coating of PGA based
nanoparticles could retard body fate and enhance tumor accumulation. Certainly, the
HPMA copolymer coating requires further improvement to achieve a quantitative and
strong attachment. Regarding the physical coating, HPMA copolymer with higher
content of cholesterol or with stearate chains instead of cholesterol might be beneficial
to strengthen the hydrophobic interaction between the amphiphilic HPMA copolymer
and the nanoparticles. However, the question of detachment in vivo would always be
open for any physically attached coating. Therefore, the covalent coating reaction should
be studied in more detail to reveal the reasons of the incomplete process and achieve
quantitative conversion. A possible approach for the optimization of this reaction might
be the introduction of groups designed for copper-free click-chemistry in the PGA
backbone prior to nanoparticle preparation. In particular, dibenzylcyclooctyne (DBCO)
moieties could be introduced on hydroxyl groups of PGA where afterwards the HPMA
copolymer, bearing azide groups, could be clicked. Another approach could be the
coupling of an HPMA copolymer to a fatty acid modified PGA polyester in an organic
solvent, followed by the preparation of nanoparticles from this block/graft copolymer.
And certainly, there is room for many other coating approaches, including HPMA
copolymers as well as other hydrophilic macromolecules.

Since the in vivo distribution study as well as the HPMA coating was only carried out
with solid spherical PGA-S65 nanoparticles, it would be interesting to study and
compare also the behavior of the viscous particles and the particles with different
shapes. Thereby it could be investigated if these characteristics actually influence the
distribution pattern and the extravasation in tumor tissue.

In the second part of this work the use of viscous Lauroyl-PGAs as implants for sustained
drug release is reported. This application of PGA was completely new ground, entered in
this study. In comparison to currently used market products, viscous Lauroyl-PGA
combines several advantages, qualifying it as a promising implant material. Due to its
biodegradability, it does not have to be removed after the treatment period, as necessary
for some RCM implants composed of non-biodegradable polymers. Furthermore, it can
be injected by standard needles which increases patient compliance compared to solid
preformed implant systems. An advantage over in situ forming implants - which also
comply with the above mentioned benefits - is the possible injection without the
addition of organic solvents or with only <5 % of NMP. Moreover, in contrast to the
widely used PLA or PLGA, the pH value inside the implant does not drop into highly
acidic regions during polymer degradation, at least during the measurement period of
40 d.

The methods of 1H-NMR relaxometry and texture analysis provided information about
the viscosity and the mechanical properties of the polymers and the influence of their
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esterification degree. Lauroyl-PGAs with higher grafting density revealed lower
viscosity, hardness and adhesiveness which enable them to be mixed and injected more
easily. An in vitro study of four Lauroyl-PGAs displayed a rather fast release of the
hydrophilic dye Rhodamine110 with half-lives from 4 h to about 4 d, increasing for
higher esterification degrees. The lipophilic Dil, in contrast, was released very slowly
with only slight differences between the polymers and a half-life of about 4 months. The
different release rates of the hydrophilic substance and the relatively constant slow
release of the lipophilic dye indicates a broad range of possible applications for the
sustained release of drugs by these polymers.

By ESRI it was possible to monitor the progress of buffer penetration inside the implant.
It was shown that in a one side open container it took about 3 d until all parts of the
PGA-L30 implants had been hydrated. Full hydration with an equilibrium state seemed
to be reached after about 6 d. The release of the hydrophilic spin probe Tempol from
PGA-L30 roughly showed first order kinetics with a half-life of about 5 d. By means of
the pH-sensitive nitroxide 15N-AT, not only water penetration and spin probe release but
also the pH value in different layers of the implant could be assessed non-invasively over
time. With the fact that the pH inside the implant did not drop under about 5.7, this
polymer could be an appropriate alternative for the incorporation of acid-labile small
drugs and therapeutic peptides or proteins.

In a small in vivo study, conducted with four mice, PGA-L95 was degraded much faster
than PGA-L25 which was presumed to be a result of its softer characteristics. PGA-L95
was well tolerated and completely degraded subcutaneously. The half-life of the
monitored fluorescence intensity of the lipophilic Dil was about 2 weeks. In contrast, the
fluorescence signal of the PGA-L25 implants still amounted to about 30 % at the end of
the study after 6 months. Two mice out of four showed slight irritation reactions
towards PGA-L25 implants and fine fibrous capsules were detected after autopsy
surrounding some of the remaining PGA-L25 pieces. However, the remnants were easily
relocatable and no evidence of a stronger inflammation could be found.

This very different degradation behavior for the two polymers in vivo indicates a high
flexibility of the desired treatment period, tailored by the esterification degree.
Certainly, this has to be confirmed in a larger study with other Lauroyl-PGAs. To
increase the variation spectrum, the also viscous Oleoyl-PGAs could be investigated for
this application as well. Thereby, it should be kept in mind that oleic acid is known to be
a skin penetration enhancer with modulating effects on the stratum corneum [305,306].
If these characteristics are also relevant in a subcutaneous environment needs to be
elucidated in a detailed biocompatibility study. In general, the biocompatibility of PGA
based implants requires further investigation with detailed histologic staining and
analysis of the involved cells after various time points. This is the only way to get a true
picture of the tissue reaction towards the foreign material.

Overall it has been shown that PGA offers an interesting toolbox for the preparation of
various biodegradable materials. In order to tailor their properties, not only different
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fatty acids with different grafting densities can be used but also other side groups might
be attached to the free hydroxyl groups. Even the coupling of active substances to the
polymer backbone could be an attractive alternative. The wide range of applications in
drug delivery - from nanoparticles to implants - is very promising just as many of the in
vitro and in vivo results of this study. Yet, there are still some remaining questions to be
answered. The suggested explanatory approaches and further ideas give impetus to
deeper investigation and further development of PGA based polymers and delivery
systems which is certainly both necessary and worthwhile.
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7.1 Supplementary material

Figure 7-1. Chemical structure of UH18 and UH19.

Figure 7-2. Chemical structure of UH23.
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Figure 7-4. Chemical structure of UH27.
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7.2 Inhaltsangabe in deutscher Sprache

Poly(glyceroladipat) (PGA) ist ein interessantes bioabbaubares Polymer mit grofiem
Potenzial fiir die Verwendung in verschiedenen Drug Delivery Systemen. Die freie
Hydroxylgruppe der PGA Hauptkette ermoglicht vielfiltige Modifizierung und damit
eine flexible Anpassung der Eigenschaften. Durch die Veresterung der Hydroxylgruppen
mit verschiedenen Fettsduren wurden vielversprechende amphiphile Polymere mit
einer grofden Bandbreite an Eigenschaften erhalten.

Der Hauptteil dieser Arbeit beschaftigt sich mit der Herstellung und der umfassenden
Charakterisierung von nanopartikuldren Wirkstofftragern aus fettsduremodifiziertem
PGA. Durch die Optimierung der Nanoprazipitationsmethode konnten selbst stabilisierte
Lauryl-, Stearyl-, Oleyl- und Behenyl-PGA Nanopartikel definierter Grofde und enger
PartikelgrofRenverteilung hergestellt werden. Thre Eigenschaften wurden eingehend
untersucht und es wurde gezeigt, dass die Kettenlange der angehangten Fettsdaure sowie
der Grad der Veresterung die physikochemischen Eigenschaften der Polymere und
Nanopartikel erheblich beeinflussen.

Photonenkorrelationsspektroskopie ~ (PCS),  asymmetrische  Fluss  Feld-Fluss
Fraktionierung (AF4) und verschiedene Techniken der
Transmissionselektronenmikroskopie (TEM) lieferten fundierte Ergebnisse zu
Partikelgrof3e sowie Partikelform und -struktur. Die innere Struktur der Partikel wurde
zudem detailliert durch Rontgenklein- und -weitwinkelstreuung (SAXS, WAXS)
untersucht. Auf Grundlage dieser Ergebnisse wurden zwei Strukturmodelle entworfen,
die die unterschiedliche Architektur der Nanopartikel darstellen. Dartiber hinaus wurde
das thermische Verhalten von Polymeren und deren Partikel mit
Differenzialkalorimetrie (DSC), SAXS, WAXS und Kernspinresonanzspektroskopie (1H-
NMR) untersucht. Die Inkorporation des solvatochromen Fluoreszenzfarbstoffes Nilrot
lieferte Informationen zur Polaritit verschiedener PGA Nanopartikel. Zur Bestimmung
der Beladungskapazitit der Nanopartikel wurde eine eigene Methode entwickelt und
eine exemplarische Studie durchgefiihrt.

Als nachster Schritt hin zu in vivo Experimenten wurden Zelltoxizitatsstudien mit
verschiedenen PGA basierten Nanopartikeln durchgefiihrt. Dabei wurde die
Vertraglichkeit  gegeniiber  Erythrozyten und  HepG2  Zellen  (humane
Heptoblastomazellen) getestet, die sich fast ausschliefilich als sehr gut erwies.

Auf Grundlage der vielversprechenden Ergebnisse der in vitro Charakterisierung
wurden erste in vivo Studien an gesunden sowie tumortragenden Labormdausen
durchgefiihrt. Um die Verweildauer der Nanopartikel im Blutkreislauf zu erh6hen
wurden diese mit einem hydrophilen Hydroxypropylmethacrylamid (HPMA) basierten
Polymer beschichtet. Diese Polymere wurden einerseits kovalent gebunden und
andererseits physikalisch angelagert und die Unterschiede in vivo untersucht. Die
beschichteten Partikel zeigten eine erhohte Verweildauer im Korper sowie eine
verstarkte Anreicherung im subkutanen Tumorgewebe gegeniiber den unbeschichteten.

II1



7 Appendix

Im zweiten Teil dieser Arbeit wird die erstmalige Verwendung von Lauryl-PGAs in
Depotimplantaten zur kontrollierten Wirkstofffreisetzung behandelt. Diese Polymere
bieten den Vorteil, dass sie bioabbaubar sind, durch Standardkaniilen injiziert werden
konnen und dies ohne den Zusatz eines organischen Losungsmittels (oder mit max. 5 %
N-Methyl-2-pyrrolidon). Dartiber hinaus findet innerhalb der Implantate kein Abfall des
pH-Wertes in den stark sauren Bereich statt, wie dies bei der Degradation der verbreitet
eingesetzten Polymere PLA oder PLGA auftritt.

Die Methoden der 1H-NMR Relaxometrie und der Texturanalyse lieferten Informationen
liber Viskositat und andere mechanische Eigenschaften der Polymere und zeigten auf,
wie diese durch den Veresterungsgrad beeinflusst werden.

In einer in vitro Fluoreszenzstudie wurde die Freisetzung eines hydrophilen und eines
lipophilen  Farbstoffes aus  vier  Lauryl-PGAs  nichtinvasiv  untersucht.
Elektronenspinresonanzbildgebung (ESRI) lieferte zusatzlich Einblicke in das Innere der
Implantate. So konnte das Eindringen des Puffers, die Beweglichkeit der Spinsonde, die
Mikropolaritat und der pH-Wert in verschiedenen Schichten des Implantates beobachtet
werden.

Dartiiber hinaus wurde die in vivo Freisetzung eines lipophilen Stoffes aus Lauroyl-PGA
Implantaten in einer 6-monatigen Pilotstudie untersucht. Diese lieferte auch erste
Hinweise zur Vertraglichkeit der eingesetzten Polymere.

Insgesamt konnte gezeigt werden, dass Poly(glyceroladipat) durch die vielfiltigen
Variationsmoglichkeiten eine interessante Plattform fiir die Herstellung
unterschiedlichster bioabbaubarer Materialien bietet. Die grofe Bandbreite der
Einsatzmoglichkeiten - von Nanopartikeln bis hin zu Implantaten - ist sehr
vielversprechend, genauso wie viele Ergebnisse der in vitro und in vivo Untersuchungen
dieser Systeme. Dennoch bleiben noch einige Fragen offen, die in der vorliegenden
Arbeit aufgeworfen und diskutiert werden. Die vorgeschlagenen Losungsansitze geben
Anstof3 fiir die weitere Fortentwicklung der Materialien und Systeme, was im Hinblick
auf die bisherigen Ergebnisse sicherlich lohnenswert ist.
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