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1 Introduction

1 Introduction
1.1 Drug Delivery Systems in Nanomedicine

1.1.1 General Aspects of the Application of Polymeric Drug Delivery Systems

At the end of the 20" century a very specialized field in biomedicine emerged, referred to
as polymer therapeutics.! Polymer therapeutics are generally defined as nano-sized
medicines which comprise polymeric drugs, polymer-drug conjugates, polymer-protein
conjugates, polymeric micelles, and polymeric non-viral vectors for gene delivery.?
Although the general concept was already presented almost 30 years before, the
introduction of dendritic polymeric scaffolds opened new opportunities.”! Due to their
unique properties, e.g., high functionality and a (partially) spherical architecture, dendritic
polymers are applied in various applications nowadays and will be discussed in more detail
in Chapter 1.3.1. In the field of drug delivery systems (DDS), the application of dendritic

macromolecules was extensively studied for several decades.”

(i) (iia) (iib) (iii)
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Figure 1: General concepts for DDS systems based on dendritic scaffolds: (i) the active agent is
supramolecularly encapsulated in the host molecule, (iia) the active agent is coupled to the polymer
scaffold without or (iib) with a targeting moiety, (iii) the ligand/inhibitor is multivalently presented on
the polymer surface and the functionalized polymer scaffold is the active agent. Figure adapted from

literature."!

In general, DDS are based on three different concepts (see Figure 1): (i) the active
agent is supramolecularly encapsulated into the dendritic scaffold or its aggregates, (ii) the

active agent is covalently attached to the scaffold via a cleavable linker (iia) without or
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(iib) with a targeting moiety, and (iii) the terminal groups of the dendritic scaffold are
functionalized with pharmacologically active groups, e.g., sulfates.®” The latter concept,
well-known as the Ringsdorf model for polymer therapeutics, will be discussed in Chapter
1.2. The concept of utilizing these polymeric DDS is based on a simple principle: in
nanomedical applications, pharmaceutically active agents need to be administered to the
human body via different routes and accumulated in the requested region to obtain a
therapeutic effect.’™ This delivery step already implements the first hurdle, as active agents
are usually lipophilic and of low-molecular weight with hardly predictable
pharmacokinetics/-dynamics and absorption-distribution-metabolization-excretion
(ADME) behavior.* ®! In consequence, small molecular drugs with poor water solubility
are absorbed extremely inefficient. Regarding the fast renal excretion of small molecules
below the threshold of 45 000 g mol™ or 4-9 nm,[") the blood circulation and retention time
is very small and continuous treatment with high dosage are necessary to stay within the
therapeutic window. Therapies with high and repeating dosage can cause severe side
effects (as discussed for heparin in Chapter 1.2.3.2.)

Both major disadvantages of toxicity and bioavailability can be addressed by DDS for
several reasons. The utilization of macromolecular carriers significantly enhances the
water solubility, reduces renal excretion, and therefore increases the blood circulation and
bioavailability in the blood stream, which in turn reduces the number of treatment sessions
and dosage.”” A low immunogenicity and high biocompatibility, i.e., reduced blood
interaction and complement activation, are also attributed as “stealth/shielding” properties
of certain polymers used for DDS. Especially poly(ethylene glycol) (PEG, PEO) is well
known for its extraordinary shielding properties.*™ The stealth properties of PEG can be
amplified upon multivalent presentation on a multifunctional scaffold, e.g., dendritic
polymers, liposomes, or polymersomes.# 4% 121

In addition to the above mentioned bioavailability issues of polymeric DDS, the
particle size and molecular weight play a crucial role in the absorption, distribution, and
metabolization of the ADME pathway. In case of tumor targeting the optimal DDS size
was determined to 10-300 nm depending on the investigated tumor tissue with pore cut
offs around 380-780 nm.[*¥) A polymeric DDS with this specifications and consequently
prolonged blood circulation time is able to benefit from the enhanced permeability and
retention (EPR) effect (see Figure 2), which is considered as a passive targeting

mechanism. 4
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Figure 2: Schematic presentation of the enhanced vascular permeability and retention (EPR effect) of

small molecules and macromolecules in healthy and inflamed/tumor tissue and the possible clearance by

the lymphatic system. Figure was reprinted from literature.*¥

The EPR effect is attributed to the porous and leaky tissue structure of tumors and
inflamed areas. Whereas healthy tissue is protected by a compact endothelial cell layer, the
endothelium on the tumor is porous and disrupted, because of the unnaturally fast growth
of the tumor tissue. While small molecules can penetrate unselectively into healthy and
diseased tissue, where they are rapidly cleared by the lymphatic system, macromolecules
on the other hand, are preferentially accumulated by the fenestrated tissue of tumors and
sites of inflammation.

In order to induce a therapeutic effect, the DDS has to enter the cell by crossing the cell
membrane after extravasation into the tumor tissue. This cellular compartmentalization is
based on a multistep pathway (see Figure 3).' The internalization properties of any DDS
can be related to its physicochemical properties, e.g., size, shape, charge, surface
chemistry, surface topology, and mechanical properties.*® The most extensively studied
uptake mechanism is the clathrin-mediated endocytosis (CME) pathway of, e.g., nutrients
or viruses, with particle sizes below 300 nm.""! A very special, but rather unexplored way
of uptake within this region is the calveolae-mediated endocytosis route for particles sizes
from approx. 50 to 80 nm. Several viruses and cholera toxins are known to enter cells via

this pathway.*®]
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Figure 3: General schematic pathway for the endocytosis of macromolecules by fluid-phase, adsorptive,
and receptor mediated endocytosis, with respect to a passive or active targeting strategy. Figure adapted

from literature.l®®

A systematic study regarding the surface functionality of poly(amido amine)
(PAMAM) dendrimers showed that only negatively charged particles enter the cell via the
calveolae-mediated pathway.'¥) Both neutral and positively charged polymers were
endocytosed via non-clathrin, non-calveolae-mediated pathways mainly driven by
electrostatic and non-specific interactions. The consecutive important step to successfully
deliver an active agent is the endosomal/lysosomal escape. The ‘“proton sponge”
hypothesis was introduced for the first time to describe this internalization mechanism for
poly(ethylene imine) (PEI) and other polycations.!”” Although this part of the endocytosis
is heavily debated on, it is crucial for the delivery to the target in the cytoplasm and so far
the most accepted mechanism.?! During the transfer from the early to the late endosome
and finally fusion with the lysosome for degradation, a rapid drop from the physiological
pH to approx. 5 occurs. According to the “proton sponge” effect theory different groups on
the polymer, e.g., amine groups for PEI can absorb protons and consequently reduce the
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drop in pH.[?? Because of an osmotic imbalance, the influx of protons and chloride ions is
enhanced which induces osmotic swelling and in an ideal case, rupturing of the endosome.
This endosomal/lysosomal escape mechanism is generally adopted to describe the
endocytosis of polyplexes formed of polycations and nucleic acids.?®! The first step in
endocytosis is regulated by the cellular membrane, which determines the efficacy of the
uptake. Depending on the physicochemical properties of the DDS mentioned above, the
endocytosis proceeds via fluid-phase, adsorption, or receptor-mediated interactions.
However, the properties which enhance the uptake can also have an opposing effect, e.g.,
when applying highly charged or large particles above 200-300 nm. The following
chapters discuss supramolecular nanocarrier systems based on polyglycerol scaffolds as

potent drug delivery systems in more detail.

1.1.2 Polyglycerol Based Drug Delivery Systems

As a result of their spherical architecture, dendritic molecules are able to host guest
molecules, e.g., drugs, dyes, and other pharmaceutically active molecules in their
cavities.” The guest molecules are physically stabilized by electrostatic interactions,
hydrogen bonding, dipole-dipole, and hydrophobic interactions. Meijer and coworkers
studied the so-called “dendritic box” by synthesizing poly(propylene imine) (PPI)
dendrimers for supramolecular encapsulation of hydrophobic guests.!?® The host properties
were achieved by chemical surface modification of the functional groups, which resulted in
a dense shell surrounding the dendrimer. Although the synthesized polymer was not water
soluble, the general concept of core-shell (CS) architectures inspired the chemical society
to further investigate similar structures, consisting of a hydrophobic core and a polar dense
shell.

Among other hyperbranched polymers (discussed in Chapter 1.3.2), dendritic
polyglycerol (dPG) represents an ideal, biocompatible scaffold to synthesize CS
architectures.®® Haag and coworkers followed a post-synthetic functionalization strategy
of the inner hydroxyl groups of the dPG, to introduce hydrophobic moieties into the
interior scaffold.?”? Upon acetal protection of the peripheral hydroxyl groups, derivatized
biphenylmethyl ether groups were introduced to a dPG with 5 000 g mol™ exclusively into
the core. With a maximum degree of functionalization (DF) of 44%, the amphiphilic
architectures were able to transport up to 5.7 and 5.2 mg of Pyrene and Nimodipine per
gram polymer, respectively. Any higher DF yielded water insoluble CS architectures. A

similar study investigated the transport capacities (TC) of dPGs with internal biphenyl
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ester, perfluorinated thiol ether, and perfluorinated ester groups.”®! The TC of guest
molecules Pyrene, Nile Red, and Nimodipine were investigated. In case of Pyrene, the
perfluorinated thiol esters yielded the highest TC. Nile Red was equally well solubilized by
highly functionalized biphenyl ester and perfluorinated cores with a TC of up to
20.3mg g*. For Nimodipine, a TC of 18.9 mg g™ was achieved for the biphenyl ester
derivatized core. Haag and coworkers further elaborated the structure-transport relationship

of biphenyl-derivatized, PEGylated, core-shell architectures according to the same strategy
[29]

utilizing a post-functionalization methodology (see Figure 4).

A = MPEGy

= =00

= B-Carotene
] = Nimodipine

Figure 4: Representation of CS architectures with (i) randomly distributed and (ii) exclusively core-
derivatized hydrophobic moieties. In addition, the figure presents the encapsulation properties of non-

polar guest molecules. Figure was reprinted from literature.?%

Encapsulation studies with the guest molecules Nimodipine, Rose Bengal, Congo Red,
and B-Carotene showed that a defined CS architecture with a biphenyl ester derivatized
dPG core and a dense PEG shell is able to transport guest molecules more efficiently
compared to randomly distributed hydrophobic moieties within the scaffold.

An easier strategy for synthesizing CS architectures is the incorporation of a
hydrophobic core as initiator. Steinhilber et al. utilized a grafting-from approach to attach
dPG to a calix[8]arene core.*” The macromonomers with M, = 6 500 g mol™ were able to
stabilize an indocarbocyanine (ICC) dye and reduced the photobleaching effect. The
photobleaching of the ICC dye was even further reduced, when the PG-based
macromonomers where embedded in a microgel. The building blocks were functionalized
with approx. 5% acrylic groups to perform the gelation of the precursor. This approach
perfectly demonstrated the diversity of the dPG toolbox system (described in Chapter
1.3.3).
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Brooks and coworkers applied a different multistep strategy to synthesize a
hydrophobically derivatized dPG.*" The hydrophilic dPG core was functionalized with the
aliphatic monomer 1,2-epoxyoctadecane, followed by PEG monomethyl ether (mMPEG).
Although the hydrophobic compartments are not exclusively attached to peripheral
hydroxyl groups of the core, it can be described as an inner hydrophobic layer. This type of
core-shell-type systems are considered as unimolecular micelles. In contrast to (self-
assembled) micelles, these carriers are stable upon dilution. Newkome and coworkers
coined the concept of unimolecular micelles and introduced it to the chemical society in
1991.1%% Based on the research of Ringsdorf on the basic principles of self-organization,™!
Newkome and coworkers developed a unimolecular, symmetrical, four-directional
hydrocarbon cascade polymer including peripheral carboxylic acid functionalities. This
architecture was able to transport hydrophobic guest molecules in the lipophilic core. Since
then, many studies on different CS architectures showed the diversity of this concept.
Stevelmans and coworkers reported an inverted unimolecular dendritic micelle based on
PEI dendrimers functionalized with an aliphatic palmitoyl shell.*4 However, PEGylated
systems were predominantly investigated because of their stealth properties and the
solubility of PEG in a wide range of organic solvents as well as water. Fully PEGylated
PAMAM dendrimers were utilized as hosts for the anticancer drugs doxorubicin and
methotrexate.® Partially PEGylated PAMAM dendrimers (DF < 10%) of different
generations showed very high DNA transfection capacities with low cytotoxicity.*® Haag
and coworkers recently published a unimolecular transporter based on a CS architecture
comprising a high-molecular weight branched polyethylene (PE) core with a grafted dPG
shell.B™ The PE core was synthesized by a chain-walking polymerization which allowed
the control of the topology of the PE core regarding the degree of branching (DB) and the
molecular weight by variation of the ethylene atmosphere.*®!

Another very promising universal nanocarrier is based on a core-multishell (CMS)
architecture.®® Aliphatic building blocks Cg, Cs, and Cyg dicarboxylic acids were mono-
functionalized with different PEGs (6, 10, 14 average glycol repeating units), as presented
in Figure 5. The so-called double shell was covalently coupled to the peripheral amine
groups of PEI cores with 3 600 and 10 500 g mol™ with an average DF between 70-100%.
The synthesized CMS architectures were able to transport different hydrophobic and
hydrophilic guests in organic and aqueous media. These CMS architectures were soluble in
a variety of solvents ranging from water to toluene and were described as “chemical

chameleons”.
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Figure 5: CMS architectures based on PEI or dPG cores, an aliphatic non-polar inner shell, and a

Polar core
N Nonpolar inner shell
Hydrophilic outer shell

hydrophilic outer shell. Different dicarboxylic acids have been investigated as well as different linear
and dendronized water-soluble outer shells. CMS architectures mimic natural (bilayer) vesicles. Figure
adapted from literature.[*"!

The CMS was designed in analogy to natural liposomes on a unimolecular basis.
The CMS mimics self-associated bilayer vesicles with the dPG core as the aqueous
interior; the aliphatic chain as the hydrophobic bilayer; and the PEG chain as the aqueous
surrounding medium, with an additional stealth property./*] After the potentially toxic PEI
core was exchanged with a biocompatible dPG core, these promising nanocarriers were
further investigated in vitro regarding the localization of the encapsulated molecules in one
of the outer shells,[*?) their skin penetration properties,*! or the TC upon exchange of the
outer PEG shell with PG dendrons. %]

As discussed before, unimolecular nanocarriers are stable upon dilution. However,
supramolecular assemblies which form at different concentrations can also be beneficial
for certain applications."** Amphiphilic polymers contain at least one hydrophobic and one
hydrophilic building block of a certain length.**) Various polymers can be applied as
building block, e.g., poly(N-vinylpyrrolidone) (PVP),"*! poly(N-isopropyl acrylamide)
(PNIPAM),*®! and PEG for the hydrophilic block. Common polymers used for the
hydrophobic block are poly(lactide) (PLA)“? and poly(lactide-co-glycolide) (PLGA),

whereas the latter polymer is biodegradable.!*®! Depending on the size and structure of each
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individual block, the amphiphiles assemble forming different aggregated architectures,
e.g., bilayers, spherical micelles, or rod-like micelles. The assembly process can be
initiated by different stimuli. Below the critical micelle concentration (CMC) or, in case of
polymers, the critical aggregation concentration (CAC), the process can only start upon
addition of guest molecules. Depending on the polarity of the continuous phase and the
guest, the individual amphiphiles form normal or inverse host micelles. Above the CMC,
the amphiphiles spontaneously self-assemble to the described systems. Non-ionic dendritic
glycerol amphiphiles were investigated for their excellent solubilization of a poorly water-
soluble anticancer drug.*! The drug molecule was encapsulated in defined micelles
depending on the structure of the hydrophobic aliphatic tail and its functionalization with a
bi-aromatic structure. In a consecutive study, the aggregation behavior of amphiphiles,
containing different generations of glycerol dendrons, with respect to the hydrophobicity of
the guest molecules was investigated.®™ The amphiphiles showed different aggregation
behavior dependent on the size of the dendrons, the linkage to the hydrophobic tail and the
hydrophobicity of the aromatic model guest. Gupta et al. used an enzymatic approach to
synthesize biodegradable diblock polymers based on PG dendrons of generation 1 and 2 by
utilizing Novozym-435 as biocatalyst.™™ The different multiamphiphiles were able to
encapsulate hydrophobic guests like Pyrene and 1-anilinonaphthalene-8-sulfonic acid
within the hydrophobic core of the micelles. Although self-assembled polymeric micelles
are fairly stable above the CAC, the supramolecular interactions are sensitive, e.g., towards
pH, salt concentration or temperature.

The second principle of DDS is based on the covalent attachment of an active agent
onto the polymer scaffold via a cleavable linker (see Figure 6).[* ! A variety of functional
groups of organic chemistry were investigated as tunable cleavable moieties.®? pH
responsive systems are often based on acetal, imine, hydrazone, or hydrazide bonds,
depending on the required pH for the cleavage for example of acrylate systems like
poly(acryl amide) (PAA), poly(diethylaminoethyl methacrylate) (PDEAEMA), or
glycerol-based systems.®®! Calderén and coworkers were able to transport doxorubicin in
an ovarian xenograft tumor model by utilizing a dPG core with the drug covalently attach
over an acid-sensitive hydrazine linkage and post PEGylation of the polymer conjugate.
Wang and coworkers synthesized a biodegradable cationic amphiphilic copolymer with
cholesterol side chains for the co-delivery of drugs and DNA into mouse and human breast
cancer models.”Y In various studies disulfide bonds were utilized as reductively cleavable

systems based on peptides, proteins, or liposomes.®® Naturally occurring enzymes were
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investigated to trigger the release of a pharmacologically active agent. The enzymatic
cathepsin B cleavable derivate of the anticancer drug doxorubicin was coupled to a PG
core which was functionalized with 20% amine groups.®® The polymer conjugates showed
high loading ratios and the doxorubicin was efficiently released in the presence of
cathepsin B. UV-responsive DDS were reported to efficiently transport and release DNA
upon irradiation, based on poly(N-methyldietheneamine sebacate) (PDMS), and cationic
cleavable gold nanoparticles (PC-AuNP).E”]

In general, the application of DDS and especially polymer drug conjugates according to
the second strategy described above is mainly limited by the solubility of the conjugate. As
active agents are generally hydrophobic, the loading of the formerly soluble polymer
backbone decreases the solubility and its usability. In contrast, the Ringsdorf model offers
an excellent and facile strategy to solve this solubility limitation, because the polymer
scaffold has a large number of functional groups which can be functionalized with
additional solubilizing groups, if required (see Figure 6). Furthermore, a certain ratio of the
functional groups can be functionalized with active targeting moieties, e.g., antibodies,

saccharides, or ligands for pharmacologically interesting receptors.®

polymer backbone EZ]\'
-~
spherical/

dendritic polymer

Q scaffold
cleavable active solubilizing
linkage agent moiety

Figure 6: Ringsdorf model for drug delivery systems with the basic functionalities: the active agent is
attached to the polymeric scaffold via a cleavable linkage. The multifunctional polymer can be
functionalized with solubilizing groups and targeting moieties, depending on its nature and the desired

application. Figure adapted from literature.[*!

In addition to the enhanced bioavailability deriving from the large molecular weight of

the polymeric scaffold and the resulting EPR effect, the DDS can actively approach its
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target, e.g., tumors with an overexpressed receptor. The strategy of active targeting
resulted in a third concept for DDS, which is based on the multivalent presentation of
targeting and/or solubilizing ligands on the polymer periphery to turn the polymer into a
pharmacologically active agent itself.® This concept will be further discussed in the
following Chapter 1.2, including its impact on the immune system and inflammatory
processes.

11



1 Introduction

1.2 Polyanions as Anti-Inflammatory Agents

1.2.1 The Response of the Immune System
In general, an inflammation is the response of the innate and adaptive immune system to
external pathogens, viruses, or other harmful stimuli. Any inflammatory process can be
classified as either an acute or chronic condition. In an acute setting the inflammatory
activity is induced and mediated, e.g., by mast cells, macrophages, or neutrophile cells,*”
which are able to defend pathogens directly and release a variety of pro-inflammatory
signaling factors to attract further cells. Typical signs of inflamed tissue are warming,
redness, and itchiness. Although acute inflammation can cause severe pain, and in some
cases loss of function, it also indicates the initiation of the healing process.'®¥ The acute
response starts rapidly, but its symptoms only last for several days. Well known examples
are acute bronchitis, allergic reactions, or a sore throat. However, if the healing process is
disturbed, ongoing tissue destruction might occur or abscess formation develops, which is
local accumulation of sanies (neutrophils). If not treated accordingly, an acute
inflammation can also turn to a chronic disease. Prolonged or chronic inflammation, as
occurring in asthma, tuberculosis, or rheumatoid arthritis, can last for an unpredictable
period of time. Chronic inflammation is usually related to a defect within the body which
cannot be eliminated immediately. In some cases, an autoimmune response is the reason,
where the immune system mistakenly attacks a self-antigen. In this case, tissue healing and
destruction occurs concurrently due to autoantibodies and auto-reactive T-cells

In any inflammatory disease, the recruitment of circulating leukocytes from the blood
stream represents the crucial step.®? In order to design anti-inflammatory agents to
dampen exaggerated immune response, it is important to understand the exact
inflammatory cascade. Therefore, the following section focuses on the mechanism of the

inflammation process including its most important steps.

1.2.2 The Inflammation Cascade

The recruitment of leukocytes from the blood stream into the inflamed tissue is the first
key step of the inflammation cascade (Figure 7). The interaction between the leukocytes
and endothelia is mediated by cell adhesion molecules (CAMSs) presented on the
leukocytes, the vascular endothelium, and on platelets. Among others, CAMs comprise L-
selectins, expressed on the leukocyte, P-selectins presented on platelets and the

endothelium, vascular cell adhesion molecule-1 (VCAM), intercellular adhesion molecule-
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1 (ICAM), and mucosal addressin cell adhesion molecule-1 (MAdCAM-1) which interact
with carbohydrate ligands presented on the cell surface. The up-regulation, activation, or
the release of intracellular CAMs is triggered by pro-inflammatory stimuli, e.g., cytokines

responsible to initiate the inflammatory cascade of leukocyte recruitment.

|signalling

Selectin transmigration
ignalli intravascular  paracellular
signalling slow arrest ; i
: adhesion crawling
c transcellular

\rolling
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site of 1/ J
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basement membrane/tissue
Figure 7: Schematic representation of the leukocyte recruitment from the blood stream including the
leukocyte rolling via CAM, adhesion to the endothelium, and transmigration to the site of inflammation.

Figure adapted from literature.®®

The leukocytes circulating within the blood stream are recruited and captured on the
vascular endothelium. Upon weak selectin-carbohydrate interactions with high on- and off-
rates, the leukocyte starts to roll on the endothelial surface. During the rolling on the
surface, the expression and activation of immunoglobulin receptors, e.g., ICAM1 and
VCAML1 is triggered by chemokines and induces integrin—mediated leukocyte arrest,
whereas the leukocyte binds firmly to the vascular endothelium.® Subsequently, the
adherent leukocytes start intravascular crawling and subsequent transmigration. !

Based on scientific findings that revealed key steps of the inflammation cascade, it is
now possible to design strategies to modulate leukocyte extravasation. Most of the studies
conducted over the past three decades focused on the interaction between leukocytes and
the vascular endothelium.®®! In order to prevent the initiation of the cascade, it is necessary
to disturb the leukocyte recruitment from the blood stream. The most direct approach is to
prevent the interaction of CAMs with the receptors presented on the leukocytes and
therefore to inhibit the rolling on the vascular endothelium. This blocking imposes a
structural knowledge about the selectins and their ligands involved in the recruitment
process.[*® As discussed, selectins are subdivided into the classes L-, P-, and E-selectin in
which the E-selectin is exclusively expressed at the endothelium upon a pro-inflammatory

stimulation.!®”! According to in vivo studies, the extravasation of leukocytes is proportional
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to the presence and expression of selectins on the leukocytes or the vascular
endothelium.'®® The down-regulation of the selectin receptors reduced the number of
recruited leukocytes and consequently the immune response.

Various authors reported specific ligands for the binding of L-selectin (MAJCAM-
1), E-selectin  (ESL-1)," and P-selectin (P-selectin glycoprotein ligand-1,
PSGL-1)." ™ Independent from the selectin species, the receptors consist of five
domains: the anchoring domain is located at the cytoplasm which is connected through a
transmembrane region to the complement regulatory domains (CR). The number of the
repeat units within this domain varies for each individual selectin species and consists of
an epidermal growth factor (EGF)-like domain and a terminal carbohydrate recognition
domain (CRD).®”! It was reported, that especially the binding properties of the lectin
domain are crucial for the specific binding of selectin ligands.’? Fundamental studies on
the interactions of E- and P-selectins, identified distinct crystal structures of the
receptors.[”®! Extensive studies on PSGL-1 revealed a sulfated tyrosine residue in close
proximity to a carbohydrate binding site to be important for the selectin binding.[’*
Resulting from the crystal structure of PSGL-1 the scientific community accepts a general
scheme for selectin ligands: all carbohydrate binding sites possess a distinct terminal
oligosaccharide structure. This motif is based on a tetrasaccharide sialyl Lewis x (SiaLe*)
and its structural isomer sialyl Lewis a (SiaLe?).l” Despite the sialylated structure, the
motif also bears the respective sulfated or non-sialylated structure: sulfo-Le*, sulfo-Le?,
Le*, and Le.

With the basic knowledge on how to disrupt the leukocyte recruitment during
inflammatory processes, the main research focus was directed towards alternative
structures for pan selectin ligand SiaLe*[™® The strategy was based on blocking the
selectin ligands with synthetic mimics to prevent leukocyte rolling on the vascular
endothelium. Although a lot of synthetic ligands were evaluated, the main drawback of the
low binding affinity of selectins to SialLe* (kq values in the low millimolar range) limited
their potential use.[’ Recently, a study presented an E-selectin antagonist with a prolonged
half-live in the nanomolar range.[’® Inspired by nature, the solution for low binding
affinities for single receptor-ligand pairs was to mimic the leukocyte surface and the
glycan clusters in physiological ligands.” Based on bi- and trivalent arrangement with
distinct ligand separation, it was possible to address both, the aspects of low binding
affinity and the size of the lectin domain (distance between tetrasaccharide moieties) of

about 40 A% However, the increase in binding affinity upon oligovalent arrangement of
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the ligands was small compared to the monomeric moiety. A multivalent presentation
based on a liposome functionalized with SialLe* was necessary to increase the binding
affinity by approx. five orders of magnitude. A systematic study on SiaLe* and sulfo-Le*
residues, which were embedded in liposomes with a distinct surface functionalization of
sulfate esters, carboxylate, or hydroxyl functionality revealed that the binding affinity of
the multivalently presented ligands is sensitive to the respective functional anionic
groups.’® The binding affinity ranged from the nanomolar for sulfates, over carboxylates,
and neutral hydroxyl groups to the millimolar region for ammonium groups. This study
indicated that anionic groups, especially sulfates, additionally to or instead of glycan
motifs presented on the surface, provide a great potential for L- and P-selectin interactions.

The versatility of the general strategy of a multivalent arrangement of possible ligands
was discovered with a liposomal approach: the affinity of SiaLe* to all three selectin
ligands was utilized in a cytotoxic liposome equipped with additional merphalan which
showed good antitumor activity in an in vivo mouse model.[*?

The following part illustrates the general concept of a common method to quantify the
inhibition potential of especially polyanionic inhibitors. The main focus is directed towards
multivalent inhibitors based on dPG and the systematic investigation of the structure-
activity relationship.

1.2.3 Structure-Activity Relationship of Polyanionic Inhibitors

1.2.3.1 Characterization of the Anti-Inflammatory Properties

The performance of selectin inhibitors and anti-inflammatory agents is generally expressed
by binding affinities, or more explicitly, in ICsy (inhibitory concentration) values. An ICsg
value describes the concentration at which 50% of the binding compared to a control
sample is achieved. The measurement provides relative values and is strongly dependent
on the experimental setup. Therefore, the comparison of binding affinities from literature is
not always representing the biological situation, e.g., static assays do not consider the
physiological shear stress present in the human circulatory system.!®® Nowadays, 1Cso
values are usually performed under flow conditions with standardized equipment, such as
surface plasmon resonance (SPR) devices.® Here, the shear rates present in the capillaries
can be adjusted by varying flow rates in the SPR device. Hence, this in vitro-assay

represents the physiological conditions with good approximation (see Figure 8).
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Figure 8: Schematic representation of a standardized competitive SPR-based selectin inhibition

experiment. The ICs, values are determined relative to the control.

In a competitive SPR selectin inhibition assay, the surface of the sensor chip is covered
with a synthetic selectin specific bi-ligand polymer which consists of the SialLe* and sulfo-
tyrosine binding motifs. Selectin-coated gold nanoparticles (AuNP), which represent the
leukocyte in the blood stream, are passed over the sensor chip surface at a constant flow
rate. Upon selectin-ligand interaction, the L-selectin coated AuNPs are captured and bind
to the surface. Recorded resonance units are set to 100% binding (positive control). The
performance of a potential inhibitor is quantified by a dose dependent preincubation with
the selectin-coated AuNP. In case of no selectin binding of the residual compound, the
resonance units remain unaffected and equal the positive control value. Otherwise

inhibition reduces the binding signal.

1.2.3.2 Dendritic Polyglycerol Sulfates as Anti-Inflammatory Agent

The anti-inflammatory activity of anionically derivatized polysaccharides has been
investigated since the late 1980s. Most of the studies focused on linear, sulfated glycans,
e.g., heparin, dextran, and pullulan sulfate (see Figure 9).®® Whereas heparin is a highly
sulfated glycosaminoglycan, with the highest negative charge density among any naturally
occurring macromolecules, sulfated dextran and pullulan have to be prepared from the
respective neutral sugars.’®® The anionically derivatized glycans were successfully applied
to the treatment of AIDS, sepsis, and human prostatic carcinoma in vitro.!? However,
there are well-known limitations for the application of heparin in polymer therapeutics.®!

As a naturally occurring product heparin is isolated from mammalian organs, which
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renders a potential contamination with pathogens possible.’®¥ The high anti-coagulant and
anti-thrombotic activity of heparin or analogues, and its application for the treatment of
thromboembolic disorders since nearly one century, cannot camouflage the severe side
effects which can occur. In order to achieve an anti-inflammatory effect and in vitro 1Cs
values in a potential therapeutic window, the inhibitors have to be applied in high dosage
over a long time period which can cause severe bleeding due to the anti-thrombotic and

anti-coagulant activity.®
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Figure 9: Structures of linear, anionic polysaccharides with anti-coagulant, anti-thrombotic activity and

affinity towards L- and P-selectin.

However, the fundamental knowledge of the biological activity of anionic
polysaccharides upon binding to proteins (e.g. antithrombin I11) helped in the further
development of anti-inflammatory agents.®” The binding between the hydrophilic anionic
polymers and proteins is usually based on electrostatic interactions of the ionic groups and
hydrogen bonding.® Upon conformational arrangement, the polymeric inhibitors present
their ionic groups usually on the surface and can bind to the respective protein with
different multiple binding sites.

The described side effects of using naturally occurring polysaccharides for
inflammation triggered the need for the development of fully synthetic, or semi-synthetic,
highly sulfated polymer inhibitors with unique physicochemical properties. Therefore,
various non-animal saccharide-based inhibitors were investigated for their selectin binding
behavior, e.g., chitosan sulfate and dextran sulfate.®® Upon chemical modification of
polysaccharides to obtain heparin analogues, the glycans had distinct thrombin-mediating
activity. An extensive study on sulfation of the carboxylated glycans determined that the
anti-coagulating activity is reduced upon increasing the number of sulfate groups or degree
of sulfation (DS), but at the same time the selectin binding to L- and P-selectins was

preserved.®®! A combinatorial study on the effects of molecular weight (MW), and DS of
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animal-derived, isolated sugars, i.e., unfractionated (UFH), medium molecular weight
(MMWH), or low molecular weight heparin (LMWH), and semi-synthetic sulfated linear
polysaccharide derivatives from phycarin, curdlan, and pullulan, revealed a distinct MW
vs. DS relationship.®” For a comparable surface charge density, there is no change in
inhibitory activity above a certain MW threshold. The modulatory effect of the MW on the
selectin inhibition was proven by the fact that larger molecular weight glycans required a
lower DS for a similar performance in the biological assay.

The first study that described dendritic polyglycerol sulfate (dPGS) as heparin analogue
mainly focused on three different core sizes of dPG with constant DS.!® The sulfation was
achieved by an efficient procedure utilizing a highly reactive sulfur trioxide-pyridine
complex (SOgs-Pyr). The inhibition of the complement system and the anti-coagulating
activity of the sulfated architectures was compared to neutral dPG, UFH, and a partially
carboxylated dPG. The neutral and the carboxylated species were inactive in all conducted
assays. The highly negatively charged dPGS significantly inhibited the classical
complement activity (CCA) up to 23.9 times and prolonged the partial thromboplastin time
(PTT), which describes both the intrinsic and the common coagulation pathways, up to
8.1% for the respective architectures. However, there was no clear tendency in the MW-
activity relationship of the investigated structures.

Although not only saccharide based polyanions are known to show anti-coagulant and
anti-inflammatory activity, most of the investigated architectures were based on linear
polysaccharides. In 1998, Whitesides and coworkers presented their studies on polyvalent
interactions for the design of multivalent ligands and inhibitors.®® The bio-inspired
observation that multiple ligand-receptor interactions, with individual low binding affinity
contribute to strong overall binding of complementary surfaces broadened the perspective.
Almost 15 years later, Haag et al. reviewed numerous results obtained from a collaborative
research center, which is devoted to understand, evaluate, and model multivalent
interactions.™!

Papp and coworkers studied multivalent glycan-conjugates and covalently
functionalized a dPG core with different saccharide moieties (see Figure 10). The azide-
functionalized glycans were coupled to propargylated dPG by click-chemistry (1,3-dipolar
cycloaddition). To emphasize the advantage of the multivalent PG scaffold, a galactose-
tetramer was included into the assay. The structures were successfully tested as L- and P-

selectin inhibitors.
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Figure 10: ICg, values for multi- and tetravalently presented glycan displays on a polyglycerol and a
pentaerythritol scaffold.

The specific selectin affinity of the multivalently presented, neutral glycans was
enhanced up to 10%-fold (see Figure 10, black-colored ICsy values) compared to the
tetramer functionalized with the same glycans (see Figure 10, red-colored 1Csq values). For
the presentation of the sulfated glycans the selectin inhibition was increased up to 10°-fold
(see Figure 10, green-colored 1Cso values) compared to neutral tetramer species. The
influence of the glycan moiety on the selectin inhibitory efficacy was further investigated
in a consecutive study, where different non-sulfated and sulfated glycans were covalently
attached to a dPG core.’] The glycans g-D-galactose, a-D-mannose, a-L-fucose, 4-D-N-
acetylglucosamine, S-D-lactose, and the respective sulfate derivatives were multivalently
presented by utilizing “click chemistry.” Similar to the first study, all PG-based
polysaccharides were compared to the respective tetrameric glycan. The 1Cs, values
determined in the competitive SPR measurements showed an L- and P-selectin inhibitory

enhancement of up to 10*fold upon sulfation. The variation of the glycan display only
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marginally affected the inhibition efficacy, as the 1Cs, values ranged from 0.5 nM for dPG-
mannose-O-sulfate to 3 nM for dPG-acetylglucosamine-O-sulfate.

The studies on the sulfated PG-glycans emphasized the importance of the polyanionic
nature for efficient L-selectin inhibition and the anti-inflammatory activity. Weinhart et al.
extensively investigated different PG-based polyanions and correlated their binding
affinity towards L-selectin to the nature of the anionic display (see Figure 11).®! PG-based
polyanionic architectures from cores with number average molecular weights (M,) of

3000 g mol™ and 6 000 g mol™ were examined.
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Figure 11: dPG-based anions and their affinity towards L-selectin. The ICs, values were investigated on
different dPG core sizes of 3 000 and 6 000 g mol™ with a DF > 81%. The L-selectin binding could not
be directly correlated to the surface charge determined by (-potential measurements (results given in

brackets).

The anionic nature was varied by 1,3-dipolar cycloaddition of the sodium derivatives of
prop-2-yne-1-sulfonate, prop-2-ynyloxy methylphosphonate, but-3-yne-1,1-diylbis-
phosphonate, and 4-pentynoic acid, multivalently attached to dPG azide. The dPGS was
synthesized according to the methodology described above and the dPG phosphate sodium
salt (dPGP) was produced by direct interconversion of the hydroxyl groups. All
architectures were obtained with comparable DF, particle size around 6 nm, and with M,

between approx. 7 000 gmol™® and 30000 gmol™ for the respective functionalized
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polyanions. The anionic character was determined by zeta potential ({-potential)
measurements in buffered solution at physiological pH 7.4. Interestingly, both dPGS
species showed the most effective selectin inhibition with 1Csy values of 16 nM and 8 nM,
but the most positive {-potentials of -5 mV and -14 mV, respectively. All other polyanions
possessed an inhibitory efficacy from the medium nanomolar to the high micromolar
range, although surface charge densities of -20 to -35 mV were determined. The results
indicated that a direct correlation of the surface charge to the L-selectin inhibition seemed
to be highly complex. The authors suggested a relationship between the protonation of the
functional group which is dependent on the pH, the related binding strength of the sodium
counter ion, and the formation of an ionic double layer on the polyelectrolyte surface to
significantly influence the surface charge of the dPG-based polyanions. Therefore, the
sodium ion binding in dPG carboxylate and the respective double layer is much smaller
compared to dPGS, and in turn affects the surface charge under the investigated conditions.
From the investigated functionalized dPG scaffolds, dPGS showed the highest L-selectin
affinity with respect to molecular weight and particle size. However, as the differences in
the particle sizes were negligible, the role of the polymer scaffold size and surface charge
density on the L-selectin affinity was investigated more closely (see Figure 12).1°
According to the synthetic strategies described in Chapter 1.3.4, various dPG scaffolds
with molecular weights from 2 000 g mol™ to 800 000 g mol™® were synthesized and
sulfated. For the lower molecular weight dPGs (M, < 100 000 g mol™), three different DS,
and for the high molecular weight dPGs only one high DS were investigated.

L-selectin inhibition increases with PG core si L-selectin inhibition increases with degree of
for comparable degree of functionalization functionalization for comparable PG core siz
Q
Q
o . ety A s <
L 5 @ &2

23 pM 30 pM 8 nM 16 nM  n.i. 8 nM 14 nM 50 pM n.i.
(800K) (480k) (6k) (3k)  (3k) (83%) (41%) (10%) (0%)

ICs0 @ PG , Anionic ICs
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Figure 12: L-selectin inhibition of schematically illustrated, sulfated polyglycerol architectures. An
enhanced inhibition potential was found for increased core size with similar degrees of functionalization

(left), which is crucial for sufficient L-selectin affinity (right).
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Depending on the particle size determined by dynamic light scattering (DLS), the
smaller dPGSs with hydrodynamic diameters from 2 to 10 nm (M, < 13 000 g mol™)
showed ICsy values from 100 to 8 nM. The {-potential ranged from -1.5 to -13.6 mV. The
surface charge of the larger dPGS with diameters above 10 nm (250 000 < M, <
1 800 000 g mol™) was about three times smaller than what was expected for the increased
number of sulfates. With the larger dPGS, the L-selectin affinity was enhanced to an 1Cs
value of 23 pM for a particle size of 17 nm. Interestingly, the change of the inhibitory
effect from 250 000 to 1 800 000 g mol™ was increased only 8-fold compared to a 13-fold
enhancement from 4300 to 13 000 g mol™. This improvement can be attributed to a
surface charge threshold which seems to be reached for the large particles. A second
threshold for the DF was further determined to be around 70 to 80% sulfation. All studies
on anionically derivatized dPGs, either via attachment of sulfated saccharides and anionic
moieties or direct conversion of the hydroxyl groups, clearly determined that the surface
charge density and the nature of the anionic display are crucial for the anti-inflammatory
activity. However, to further characterize the structure-activity relationship of dPGS
regarding its L-selectin affinity, it is necessary to systematically investigate the structural
influence of the polymer backbone itself, e.g., by variation of the flexibility and the
branching, respectively.

The results presented in Chapter 1.1 and 1.2 illustrate the great potential of applying
hyperbranched polymers and especially dPG in polymer therapeutics. The following
Chapter 1.3 will present the historical development of hyperbranched polymer synthesis
and especially focuses on dPG including the state-of-the-art in dPG polymerization with

different methodologies.
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1.3 Synthesis of Dendritic Polymers

1.3.1 Polymer Architectures

Hyperbranched polymers are classified as tree-like macromolecules and belong to the class
of dendritic polymers.™® In general, dendritic polymers can be divided into six subclasses:
(@) dendrimers, (b) dendritic—linear hybrids, (c) dendrigrafts/dendrigrafted polymers, (d)
hyperbranched polymers, (e) star-shaped—linear hybrids, and (f) hypergrafts/hypergrafted,

as presented in Figure 13.

A\VARVS N
A I\/I//—- ( /T/ AV Yz AY YL AYYe
L ~
-—5> I\/<{—- W(—‘ ~ ~— T N
.7 7/ \ \-_. /\\—_< ._/|A | ™ —
'7;!\ /l:'\-' A > TARY TARY TAAY
. (b) dendritic-linear (c) dendrigraft/
(a) dendrimer hybrid dendrigrafted polymer
~J \/ \\/// AVY \\rv, N v,\, v,
DAL, NP, S
T TR TR A
S I/\ —< . e -1 /|\ -—4A N \I""'—'
//\j\ //\‘\ TANTAAY A AY
(d) hyperbranched (e) star-shaped- (f) hypergraft/
polymer linear hybrid hypergrafted polymer

Figure 13: Schematic overview of the subclasses of dendritic polymer architectures: (a) dendrimer, (b)
dendritic-linear hybrid, (c) dendrigraft/dendrigrafted polymer, (d) hyperbranched polymer, (e) star-
shaped-linear hybrid, (f) hypergraft/hypergrafted polymer. Branching (green) and terminal groups (red)

are indicated.

For better comparison of the structural differences, the branching points are depicted in
green and the terminal/functional groups in red. The first three subclasses (Figure 13, (a)-
(c)) are perfectly branched structures with DB = 100% which are generally synthesized via
tedious, multistep procedures. The monodisperse structures are synthesized in a convergent
or divergent approach and consist of different layers or generations, respectively. Tedious
workup of each generation is required. The subclasses containing hyperbranched elements
(Figure 13, (d)-(f)) are usually manufactured in a more facile, one-pot synthetic approach,

resulting in DBs between 0 and 60%.
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The structures presented in Figure 13 are different from the well-known classes of (a)
cross-linked polymer network, (b) branched, and (c) linear polymer architectures, which

are schematically represented in Figure 14.[%!
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Figure 14: Schematic representation of classical polymer structures with (a) cross-linked polymer
network, (b) branched polymer, and (c) linear polymer structures. Net points (green) and terminal groups

(red) are indicated.

Dendritic polymers exhibit defined hydrodynamic diameters and surface functionalities
with respect to their DB. The perfectly branched structures (a), (b), and (c) in Figure 13
possesses no internal functional groups but are fully surface functionalized with regard to
the dendritic part (linear compartments are not considered). With their predominantly
spherical structure, a high surface functionality, a distinct hydrodynamic diameter,
dendritic and hyperbranched polymers represent a class of molecules with unique chemical
and physical properties, e.g., solution viscosity and aggregation behavior, which are
considerably different from the classic polymer architectures shown in Figure 14.[%4

The following Chapter will focus on hyperbranched polymers manufactured by
different synthetic methodologies. Additional information on the monomers for different
synthetic methodologies and general applications for hyperbranched polymers will be

discussed.

1.3.2 Hyperbranched Polymers

The seminal report on hyperbranched polymers was published at the beginning of the 20™
century when the resin formation from an A;B, (tartaric acid), and a B3 monomer
(glycerol) was reported.™®! The monomers were classified by the nature of the functional
group Ay with the index x representing the number of functional groups per monomer.
Tartaric acid contains two carboxylic acid A, and hydroxyl groups B, and glycerol
provides three hydroxyl groups Bs. The study described the reaction between phthalic

anhydride (latent A, monomer) or phthalic acid (A, monomer), respectively, with glycerol
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(Bs monomer), and it was determined that the specific viscosity of the branched A;B3
products was different compared to the values for linear polystyrene and indicated special
structural properties.’®! This method was later referred to as the double-monomer
methodology (DMM), in which the hyperbranched structure is built by the polymerization
of orthogonally functionalized monomers.'® The first industrial synthetic plastic and
commercially available polymer with a so-called randomly hyperbranched structure, was
introduced by Baekeland.!*® The cross-linked phenolic polymer resins were polymerized
from resole precursors which were made from formaldehyde (latent A, monomer) and
phenol (latent B3 monomer).

In the beginning of the 1940s, Flory published his first theoretical calculations on
three-dimensional polymers with respect to the incorporation of tri- and tetra-functional
branching units and their effect on the molecular weight distribution. ! In 1952, Flory
reported his concepts on ‘degree of branching’ and ‘highly branched species’.[loa] In
addition, he suggested a polycondensation mechanism for highly branched structures using
an AB,, monomer (n > 2).

Based on Flory’s suggestions, the copolymerization of 3-acetoxy benzoic acid (AB
monomer) and 3,5-(bisacetoxy)benzoic acid (AB, monomer) yielded the first highly
branched polyesters in 1982.1%! The term ‘hyperbranched polymer® was finally introduced
in 1988 with the synthesis of carboxylate functionalized polyphenylene as a soluble,
hyperbranched polymer made from an AB, monomer.™**! This approach was described as
the single-monomer methodology (SMM), with the subclass (a) ‘polycondensation of AB;
monomer’. The other subclasses developed in the following decade are referred to as (b)
‘self-condensing vinyl polymerization’ (SCVP),M™ (c) “self-condensing ring-opening

polymerization’ (SCROP),[MZ] [113]

and (d) ‘proton-transfer polymerization’ (PTP).

Table 1 presents a summary of classical hyperbranched and commonly applied
architectures, including their preparation method, applicable monomers, and the pioneering
authors who developed the systems and conducted the fundamental research that science

and industry are benefiting from today.
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Table 1: Selected hyperbranched polymers with the specific synthetic methodology for their preparation,

applicable monomers, and possible applications.

Polymer class Applicable monomers Authors
SMM — Polycondensation of ABn monomers

Polyphenylenes Kim & Webster4
CL Morgenroth & Miillen**!
X=Br, Cl

Polyesters >§ Hawker & Fréchet!*®!

Malmstroem & Hult™**"!

Polyamides P Hobson & Feast!!®!

/\g NH*Cl

Polycarbonates

Polyureas,
Polyurethanes

Polyethers

Bolton & Wooley!**%!

HOl !OH

OH

HaN Kumar & Meijer*?!
QCONg

HoN

HZN/\/\H/\/\NHZ

”O; Uhrich & Fréchet!*?ll
Br

HO

Polystyrenes

Polymethacrylates,

Polyacrylates

SMM — SCVP of AB” monomers

= O/\/Om/LBr

o

Fréchet, Grubbs,
Hawker[tt% 1221

Coessens &
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1 Introduction

The summary in Table 1 provides a first indication of the variety of the available
hyperbranched polymers nowadays. Polyphenylene architectures are generally used as
thermal stability modifiers, advanced coating systems, and in organic electronics. /14115 127]
Polyureas and polyurethanes (precursor) are especially applied for automotive and housing
applications as, e.g., foaming agent, adhesive, filler, and cross-linker.'*¥ The
hyperbranched aliphatic polyesters from the AB; monomer 2,2-bis(hydroxymethyl
propionic acid) (bis-MPA) developed by Hult and coworkers,™" are commercially
available under the tradename Boltorn™ and classified as a high performance polymer.
Another economically important hyperbranched polymer is PEI which is used for various
applications in industry and research, e.g., as engineering polymer, transfection agent,
flocculating agent, or soluble support, due to its outstanding foaming, complexation, and
solubility properties.[*?®! An overview of common industrial and research applications for

hyperbranched polymers is presented in Figure 15.

Blend Components
Additives
Coatings

Cross-linkers

Hyperbranched
polymers

Figure 15: General applications of hyperbranched polymers in industry and research.

Although a lot of research in biomedicine is focused on dendritic architectures, most of
the polymers share a tremendous disadvantage which is their reduced biocompatibility and
increased toxicity. Based on the unique properties of dPG, which was extensively
discussed in Chapter 1.1 and 1.2, it represents a potential alternative to other
hyperbranched architectures. The following chapter provides insight into the historical
development of dPG and the pioneering work of various scientists which is the basis for

the state-of-the-art in dPG synthesis presented here.
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1.3.3 Historical Development of Hyperbranched Polyglycerols
Already at the early stage of development, glycidol was investigated as a potential
monomer for the synthesis of branched species. With the latent AB, monomer exhibiting
an epoxide and a hydroxyl group, Sandler and Berg first reported the polymerization of
glycidol with various catalysts.'*! The catalyst [e.g., triethylamine (TEA), pyridine,
potassium hydroxide (KOH), or sodium methoxide (NaOMe)] was suspended in the
monomer and the mixture was stirred at room temperature for several days. For some
initiators, e.g., NaOMe as well as pyridine at ¢ = 1 wt%, low-molecular weight
oligoglycerols with M, <500 g mol™ were detected. For other initiators, e.g., TEA and
KOH, changes in the inherent viscosity #in compared to the pure monomer were found. A
base-catalyzed anionic polymerization mechanism was proposed for the growth of
oligoglycerols without consideration of branching. In 1985, the anionic polymerization of
glycidol was investigated in more detail, using KOH and potassium tert-butoxide (KOtBu)
as initiators.™*” The branched structures were characterized by “*C-NMR spectroscopy and
the branching was explained by a PTP mechanism. The reported polyglycerols were
obtained with weight average molecular weights (M,,) of approx. 2 000 g mol™. In 1994,
Tokar and coworkers utilized the initiators boron trifluoride diethyl etherate (BF3-OEL,),
hexafluorophosphoric acid-ether complex (HPFg-OEt,), and tin(I1) chloride (SnCly) for the
cationic polymerization of glycidol.l'*] Although cationic reaction conditions at low
temperature were applied, only oligoglycerols were obtained. A study on the reactivity of
epoxy model compounds with amines at different temperatures and without solvent
revealed that the reactivity at 20 °C is too low for most of the derivatives which were
used.3

Due to an increasing interest in hyperbranched polymers in the scientific community,
Frey and coworkers conducted topological investigations on AB;, AB3, and ABy, (m > 2)
monomers,™3! which finally resulted in the development of the slow monomer addition
technique (SMA\) at the end of the 20" century.™3

Starting from theoretical considerations on the relationship between monomer addition
speed versus molecular weight and branching, Frey and Haag utilized the ring opening
multibranching polymerization (ROMBP) of the latent glycidol monomer to synthesize
dPG on large scale.l*?® 3 The ROMBP represents a combination of the SCORP and the
PTP mechanism; both of which belong to the SMM methodology (see Figure 16).[2%8 A
benefit of this approach is the utilization of a latent AB, monomer, i.e., one of the B-

functionalities is inactive until one A and B of two different monomers react with each
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other. In an ideal setup without moisture and self-initiation, the second B-functionality is
liberated upon epoxide opening and can react further. From theoretical considerations, the
system is classified as a living system. In reality, however, a large number of factors
influence the ROMBP system based on the SMA technique and will be discussed within
the context of the presented results. In Figure 16, the reaction steps of initiation and
propagation are generally assigned to distinct reaction steps, and are different from the
classical mechanisms which are known from radical or ionic polymerization. Here, the first
attachment of a monomer to the initiator is considered as the initiation step. Subsequent

attachment of monomer is described as propagation steps.

*MO-R
(ore)—oH
(i) Initiation °
L\/OH
- OM" [ (ii) Propagation
OH
OH
C rG, oM
OH
oH 3 on
(iv) Intermolecular o oMt
transfer
- oM
OH (iii) Intramolecular
OH transfer
- om*
OH
OH

Figure 16: Schematic representation of the ROMBP mechanism, including (i) deprotonation/initiation,
(ii) propagation upon SMA, (iii) intramolecular, and (iv) intermolecular proton transfer. Scheme adapted

from literature.1?¥

With its highly functional, biocompatible polyether backbone, dPG is an alternative to
perfectly branched dendrimers.”*"! Nowadays, dPG is used in numerous applications, e.g.,
as catalyst support,l**! as building block of biodegradable scaffolds,™*" and in polymer
therapeutics.l**®! The use of dPG as scaffold in a wide range of applications (described in
Chapter 1.1 and 1.2) is based on the versatile toolbox system (see Figure 17). The dPG
scaffold can exhibit unique properties by fine tuning of the functional monomers, bi-
functional initiators, and the distinct surface functionalization.!”®¥ The toolbox system is
extremely variable, i.e., the different building blocks are mostly independent from each

other. This opens the possibility for dPG with two or three distinct functionalities, e.g., a
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clickable core, with a hydrophobically derivatized backbone and a hydrophilic surface

functionality.

" PG
HO}COH on m
HO OH /\E\OH
OH
U pe =
OH
OH
/\["]'?\/K,OH @
-y
Core M Post-
molecules onomers modification

Figure 17: The dPG toolbox system — selective chemical differentiation by utilizing functional initiators,
(co-)monomers, and surface functionalization to create polymers with unique properties. Scheme

adapted from literature.!?%

1.3.4 State-of-the-Art in Polyglycerol Synthesis

Since the discovery of dPG and its unique properties, many studies focus on its application.
However, the dPG synthesized by the SMA method introduced by Frey and Haag was
determined to have certain limitations with regard to the molecular weight distribution
(MWD). The dispersity index (DI) was determined to significantly increase with increasing
molecular weight above 10 000 g mol™.**! In consequence, the accessible hydrodynamic
particle size is restricted to approx. 6 nm. For instance, the limited core size cannot cover
all fields addressed in nanomedicine, e.g., regarding the ADME behavior which is
dependent on size, surface charge, chemical modifications, or surface morphology.* 1]
The request for dPG with particle sizes from the nanometer to the low micrometer range
amplified the need for new PG-based architectures and triggered the development of new

synthetic strategies (see Figure 18).124%
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Figure 18: Different PG-based architectures with particle sizes from 1 nm to 30 pum for applications in
polymer therapeutics, and comparable other natural and synthetic products in the same size range. Figure
adapted from literature.[**!

A direct approach towards higher molecular weights utilized dPG macroinitiators
which provide a higher number of functional groups compared to a low molecular weight
initiator and therefore an increased degree of deprotonation (DD), assuming no or less side
reactions.'*) dPG with molecular weights of up to 24 000 g mol™ with dispersities
between 1.3 and 1.8 were synthesized using 500 and 1000 g mol™ PG-based initiators.
Brooks and coworkers prepared high molecular weight dPGs with up to 800 000 g mol™ by
applying a solvent-assisted, pseudo-emulsion polymerization strategy, in which neither
monomer nor polymer were soluble in the applied solvent.?*? By utilizing different
solvents and solvent/monomer ratios, the achieved molecular weights were explained by
variation of the reactivity upon counter ion complexation of the solvent.™**! However, the
underlying mechanism is not fully elucidated and still under investigation.

The excretion/elimination mechanism of administered particles has become of great
interest over the past years. On one hand it is important to benefit from high molecular
masses and the EPR effect, but on the other hand the described ADME behavior is a

limiting factor. In this context, the accumulation of high molecular weight PG (above the
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renal excretion threshold) in the liver presents a challenging topic.!***! This issue can be
addressed by the incorporation of cleavable units into the polymer scaffold.!**! Two
synthetic strategies for biodegradable polymers were recently published. A dPG with
biodegradable ester groups was synthesized by a hybrid polymerization of the hetero-
bifunctional monomer glycidyl methacrylate (GMA) with glycidol.**"@ By applying the
comonomer GMA, it was possible to propagate the reaction oxyanionically over both the
double bond and epoxide functionalities. The final polymer degraded under distinct acidic
conditions via an ester cleavage. Similar to the macroinitiator strategy, a biodegradable
dPG with a star-shaped macroinitiator was designed by Kizhakkedathu and coworkers.[**™!
The cleavable core was synthesized by a multistep approach and functionalized with dPG
according to the ROMBP mechanism. Although the sizes of both the polymer and
degradation products were below a pharmacologically relevant threshold, the general
strategy offers great potential for bioconjugation applications.

The versatile nanogel methodology was developed to address the need for larger PG-
based nanoparticles (see Figure 18, right section). Recently, Haag and coworkers published
a strategy to synthesize gels in various dimensions based on functionalized dPG
precursors.*®! The acrylated macromonomers were processed by mini-emulsion and
microfluidic templating. A thermoresponsive PG-based nanogel was manufactured by
crosslinking PNIPAmM with small amounts of acrylated dPG.*" The hydrodynamic size
was reversibly switchable between 80 and 160 nm depending on the environmental
temperature. Regarding the ADME behavior of synthetic nanoparticles especially in the
micrometer range, biodegradability is essential. A nanoprecipitation-based biodegradable
PG nanogel, which was synthesized by click coupling of functional dPG precursors,
allowed for efficient encapsulation and release of various guest molecules.**” From the
selected examples of dPG applications, the need of high-quality and biocompatible dPG is
obvious.

In order to understand the ROMBP process in more detail and discover further fields
for optimization, the following section provides a brief insight into the basic kinetics of the
PG polymerization applying the SMA technique in comparison to the classical

polymerization mechanisms.
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1.3.5 Basic Principles for Polymerization Mechanisms and Kinetics

The knowledge of the polymerization mechanism is a crucial requirement to determine
opportunities to influence this polymerization process in order to improve the quality, the
yield, and the efficiency of a synthetic process. In general, any polymerization is based on
either a step-growth or a chain-growth mechanism.!"*! Based on the two principles, the
kinetics of the processes differ fundamentally and different aspects are more or less
important to synthesize high quality polymers in a reproducible fashion. For the step-
growth mechanism, which implements an addition and condensation mechanism, it is
important to achieve high conversions and to apply balanced monomer feed ratios of 1:1
for AABB systems, which is of less importance for AB systems. Especially for the
polycondensation, it is important to remove the condensation by-product, e.g., by
evaporation and/or neutralization to shift the chemical equilibrium. In general, the system
is best described by the Carothers equation for the relationship between conversion and
molecular weight.?®™ 8 On the other hand, chain-growth polymerizations are
fundamentally different. With an anionic, cationic, free-radical, controlled-radical, or
coordinative growth mechanism, the reaction is influenced by many aspects. For a free-
radical polymerization, it is important to quench the reaction at an early stage in order to
avoid uncontrolled conditions.™**! In contrast, an ionic growth mechanism is considered a
“living” polymerization with slowly and uniform propagating chains.® In this “living”
type of polymerization, the ratio of monomer to initiator is directly proportional to the
target molecular weight, and generally not susceptible to side reactions, when the
monomers are purified beforehand and the reaction conditions are adjusted
accordingly.’® In controlled-radical polymerizations, only a small amount of monomer or
growing chain is in an active state. The majority is in a “dormant” state. At periodic
intervals, every monomer is activated upon a chemical equilibrium. However, side
reactions can occur in controlled-radical polymerizations and therefore it is not considered
a “living” type of polymerization.

The PG synthesis under SMA conditions, which was introduced by Frey and Haag and
extensively discussed in Chapters 1.3.3 and 1.3.4, is based on such a “living”
mechanism.? 1 However, the ROMBP mechanism (see Figure 16) is more susceptible
for side reactions, which disturb the uniform growth and consequently reduce the quality of
the final polymer. This lack of control results from the glycidol monomer, which can
thermally add to other monomers in an uncontrolled fashion. Although a base-mediated

propagation is expected, the high reaction temperatures of approx. 120 °C may be high
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enough for thermal propagation by a ring-opening reaction of the three-membered, highly
reactive epoxide ring. This side-reaction is comparable to the thermal propagation in a
vinyl polymerization at high energy input, e.g., high reaction temperatures.®? In
comparison to the transfer-to-monomer side reaction, glycidol as a latent AB, monomer
can be deprotonated (accept a counter-ion) and act as an initiator, which is also classified
as uncontrolled side reaction. The discussed reactions render the “living” character of the
ROMBP mechanism to “pseudo-living”. However, it is essential to further study the
kinetics of the PG polymerization to gain a deeper understanding of the limitations of the

process and to provide high quality polymers.
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2 Scientific Goal

As described in the introduction, dendritic polyglycerol (dPG) exhibits unique
physicochemical properties and is applied in numerous biomedical applications.
Consequently, the demand for polyglycerols with constant high quality is increasing and
therefore it is even more important to understand the kinetics and parameters which
influence its synthesis, which is the main goal of this work. This knowledge will help to
develop a highly reproducible process for the synthesis of high-quality dPGs. In the first
part of this work, the large scale polymerization of dPG will be investigated in more detail
and in particular with regard to the contribution of thermal and base-mediated propagation
to the final molecular weight distribution (see Figure 19).

Kinetics of the
thermal polymerization
of glycidol

Kinetics of the
ROMB polymerization
of glycidol

Figure 19: Investigation of the thermal polymerization of pure glycidol and the base-catalyzed ROMB

polymerization of glycidol onto a TMP initiator.

The reaction mixture will be probed at regular intervals, and subjected to GPC and
NMR analytics. In a second study, the complete process, including initiator and base-
catalyst, will be investigated for three different molecular weights, according to the same
protocol. An extensive parameter simulation will be conducted to establish a model with
defined reaction coefficients to model all experimental data.

Previous studies on anti-inflammatory dendritic polyglycerol sulfates (dPGS) revealed
a distinct structure-activity relationship with respect to the functionalization and the size of
the polymer scaffold.®® In order to extend the knowledge of this relationship, the second
part of this work will focus on the derivatization and biomedical application of dPGS
utilizing the flexible polyglycerol toolbox system. The synthesis will be manipulated by
the addition of a protected comonomer to the monomer feed, which can introduce linear
branching units only. This will reduce the degree of branching (DB) from approx. 60% to
an intermediate value, depending on the monomer feed ratio. After deprotection and

functionalization the evaluation will be performed by different biological assays, i.e.,
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cellular uptake, competitive SPR measurements, and blood compatibility studies of
sulfated and dye labeled polyglycerols with intermediate to 100% DB.

Effect of branching
on dPGS properties

dPGS-based
nanocarrier systems

Figure 20: The polyglycerol toolbox system for the synthesis of derivatized polyglycerol sulfates with
(i) different DB and (ii) hydrophobic moieties.

As described in the introduction, unimolecular core-shell (CS) and core-multishell
(CMS) nanocarriers are highly potent drug delivery systems (DDS) which are able to
transport guest molecules over biological barriers to specific targets. Numerous dendritic
polymers have been investigated as scaffold for DDS. With its toolbox system, dPG can be
easily modified to exhibit host properties. In the third part, different hydrophobically
derivatized dPGSs will be investigated as nanocarriers with anti-coagulant and anti-
inflammatory properties. The flexible toolbox system will be manipulated by including
three aromatic-derivatized glycidol monomers. In one polymer library, the hydrophobic
moieties will be exclusively positioned in the core by a core-first synthetic approach. For
the second library, it will be randomly distributed over the whole hydrophilic PG matrix by
polymerization with defined monomer feed ratios. The biological evaluation of the sulfated
copolymers will be conducted with representative human cancer cell lines in both
fluorescence activated cell scanning (FACS) assays and confocal laser scanning

microscopy (CLSM).
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3.1 Estimating Kinetic Parameters for the Spontaneous Polymerization of Glycidol
at Elevated Temperatures

This chapter was published in:

M. E. R. Weiss, F. Paulus, D. Steinhilber, A. N. Nikitin, R. Haag, C. Schutte,

Macromol. Theory Simul. 2012, 21, 470-481,

http://dx.doi.org/10.1002/mats.201200003
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The ring-opening polymerization of glycidol at elevated temperatures was investigated. In
order to improve the synthesis of dendritic polyether polyols, experiments were performed
without initiator to identify the influence of side reactions. The study revealed the

influence of the thermal polymerization pathway on the dispersity of the final product and
the sensitivity to the reaction temperature.

Author contribution:
- Polyglycerol synthesis at different temperatures with sampling over 24 h
- Evaluation of GPC characterization and translation to raw data
- Support and development of the theoretical model
- Preparation of the manuscript parts: 2. Experimental section, 4.1. Experimental
results

- Correction of the manuscript/page-proofs
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3.2 Anionic Ring-Opening Polymerization Simulations for Hyperbranched
Polyglycerols with Defined Molecular Weights

This chapter was published in:

F. Paulus, M. E. R. Weiss, D. Steinhilber, A. N. Nikitin, C. Schitte, R. Haag,

Macromolecules 2013, 46, 8458-8466;

http://dx.doi.org/10.1021/ma401712w
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The anionic ROMBP of dPG was investigated in detail. Different molecular weights were
targeted and the reaction mixtures probed at regular intervals. The experimentally
determined molecular weight distributions for each time point were subjected to extensive
computer simulations to determine the rate coefficients of the base-catalyzed, thermal,
inter- and intramolecular reactions. The base-catalyzed propagation was identified as the
main reaction. However, the thermal propagation significantly contributed to the dynamics
of the system. The thermal or base-catalyzed side reaction of self-initiation was determined
to primarily increase the dispersity of the final product, especially for target molecular

weights exceeding 10 000 g mol™.

Author contribution:
- Polyglycerol synthesis at different temperatures with sampling over 24 h
- Evaluation of GPC characterization and translation to raw data

- Preparation of the manuscript, except computer simulations
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3.3 The Effect of Polyglycerol Sulfate Branching On Inflammatory Processes

This chapter was published in:

F. Paulus, R. Schulze, D. Steinhilber, M. Zieringer, I. Steinke, P. Welker, K. Licha, S.
Wedepohl, J. Dernedde, R. Haag, Macromol. Biosci. 2014, 14, 643-654;
http://dx.doi.org/10.1002/mabi.201300420

Different scaffold architectures of polyglycerol sulfates were synthesized and investigated
for their effects on inflammatory processes and hemocompatibility. Fully glycerol-based
hyperbranched polyglycerol architectures were obtained by either homopolymerization of
glycidol or a new copolymerization strategy of glycidol with ethoxyethyl glycidyl ether
(EEGE). Two polyglycerols with intermediate degree of branching (DB) were synthesized
by using different monomer feed ratios. A perfectly branched polyglycerol dendrimer was
synthesized according to an iterative two-step protocol. The biological assays showed that
the DB made the different polymer conjugates perform differently with the optimal DB of

60% in all assays.

Author contribution:
- Synthesis and purification of the EEGE monomer
- Synthesis of polyglycerols with intermediate branching
- Purification of synthesized polymers (before coupling)
- DLS and Zeta-potential measurements
- Preparation of the manuscript, except methods for competitive SPR measurements,

cellular uptake studies, hemocompatibility assays
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3.4 Structure Related Transport Properties and Cellular Uptake of Hyperbranched
Polyglycerol Sulfates with Hydrophobic Cores

This chapter was published in:

F. Paulus, D. Steinhilber, P. Welker, K. Licha, D. Mangoldt, K. Licha, H. Depner, S.

Sigrist, R. Haag, Polymer Chemistry 2014, Advanced Article;

http://dx.doi.org/10.1039/C4PY00430B
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Different core-shell-type (CS) architectures have been investigated with respect to the
encapsulation properties of hydrophobic guests. Each of three block and statistical
copolymers was synthesized with different aromatic substituents and subsequently
sulfated. The sulfate groups provided an electrostatic stabilization of the aggregates and a
highly active targeting moiety for inflammation and cellular uptake. UV measurements
show a supramolecular encapsulation of the investigated guest molecules in the low uM
range. The transport studies with Pyrene and indocarbocyanine dye further indicated a
defined core-shell-type architecture which provides a distinct amphiphilicity as required
for supramolecular guest complexation. The combination of a host functionality with an

active sulfate targeting moiety has been used for cellular transport.

Author contribution:
- Synthesis and purification of monomers
- Polymerization of polymer architectures, functionalization and purification
- Loading of polymer architectures with guest molecules
- DLS and UV/Vis measurements

- Preparation of the manuscript
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The first part of this work was focused on fundamental investigations and modeling of the
ring-opening multibranching (ROMB) polymerization of dendritic polyglycerol (dPG) in
solution. With a better understanding of the mechanism, the reproducibility of the process
and consequently the quality of the dPG should be increased. In order to reduce the
complexity of the mechanism to a smaller amount of parameters, the main and side
reactions were investigated individually. Pure glycidol was polymerized at different
temperatures. This thermal polymerization, which is considered a side reaction, yielded
large polymeric species with high dispersities in comparison to values from classical
polycondensation reactions. The main ROMB polymerization, including initiator and base-
catalyst was investigated by targeting three defined molecular weights. The acquired data
sets from GPC and NMR characterization were subjected to extensive computer
simulations using a simplified model of the ROMB polymerization mechanism. Based on
the rate coefficients determined for the thermal polymerization of glycidol, the coefficients
for the base-catalyzed main reaction, the intramolecular, and the intermolecular transfer
reaction were determined. The thermal propagation was identified to contribute
considerably to the polymer growth.

The second part of this work focused on the structure-activity relationship of dendritic
polyglycerol sulfates (dPGS) and inflammatory processes. From literature it is known that
the size of the dPG scaffold and the sulfate group density on the surface influence the anti-
inflammatory properties. In order to extend this knowledge with respect to the branching
and flexibility of the scaffold, two dPG species with intermediate degrees of branching
(DBs) were synthesized. The versatile toolbox system was manipulated by polymerization
of defined monomer mixtures of glycidol and ethoxyethyl glycidyl ether (EEGE). The
evaluation of the sulfated and/or dye labeled dPGS architectures was performed by cellular
uptake studies with model cell lines, competitive SPR-based and blood compatibility
assays. With constant molecular weight, degree of sulfation (DS), and surface charge, the
conjugates performed differently, depending on the DB. Here, 60% was the ideal DB. The
results presented in this work extend the knowledge of the structure-activity relationship of
polyanions and especially dPGS.

The third part of this work concentrated on the synthesis of potential nanocarriers based
on dPGS. As hyperbranched polymers and especially dPG are well-known scaffolds for the
synthesis of unimolecular nanocarriers, the toolbox was modified and six hydrophobically

derivatized core-shell-type (CS) dPGSs were synthesized. The CS-structure was varied by
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using either a core-first or copolymerization approach, applying three phenyl-derivatized
glycidol monomers and glycidol. Only the defined CS architectures with the hydrophobic
bi-aromatic moieties exclusively located in the core were able to transport small amounts
of the guest molecules Pyrene and ICC dye. The sulfated and dye-loaded architectures
were able to enhance the cellular uptake of the ICC dye into model cell lines compared to
the free dye. With the presented polymer architectures, it is possible to combine the unique

anti-inflammatory properties of polyanions with supramolecular host properties of DDS.
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5 Outlook

The advantages of the established model for the ROMB polymerization are enormous.
With the mathematical description of the process, it is now possible to simulate variations
and manipulations of the reaction conditions, e.g., monomer addition speed and its impact
on the final product specification. However, it is necessary to first define the limitations of
the model. This can be achieved by independent simulations of defined parameters and
comparison to experimental results. The model can considerably ease further optimization
in the dPG synthesis and increase the batch-to-batch reproducibility, which will serve the
need for high-quality dPGs.

The discussed results on dPGS with reduced branching and the hydrophobic dPGS
derivatives emphasize the versatility of the PG toolbox system and extend the knowledge
of the structure-activity relationship in inflammatory processes. The change in the
biological activity upon variation of the scaffold branching may be also transferred to other
established conjugates to further investigate structure-activity relationships. The
hydrophobic dPGS derivatives combine the good blood compatibility with supramolecular
host properties of amphiphilic architectures. The presented nanocarrier systems will be
further investigated for the solubilization and targeted delivery of pharmaceutically

interesting molecules.
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Ziel der vorliegenden Arbeit war die Erstellung eines Modells der anionischen
Ringdffnungspolymerisation von hyperverzweigten Polyglycerinen. Durch ein besseres
Verstandnis des zugrundeliegenden Reaktionsmechanismus kann die Reproduzierbarkeit
und folglich die Produktqualitat gesteigert werden. Hierbei wurde hauptsachlich der
Einfluss der verschiedenen Haupt- und Nebenreaktionen hinsichtlich der resultierenden
Molekulargewichtsverteilung individuell untersucht. Dadurch konnte die Komplexitat des
Modells in der Parametersimulation signifikant reduziert werden. Die thermische
Polymerisation von Glycidol wurde bei drei verschiedenen Reaktionstemperaturen in
Abwesenheit von Initiator und Basenkatalysator, durchgefiihrt. Uber den als
Nebenreaktion klassifizierten, thermischen Reaktionsweg konnten Polyglycerine mit hohen
Molekulargewichten und breiter Verteilung hergestellt werden, die vergleichbar mit
Werten aus den klassischen Polykondensationsreaktionen sind. Des Weiteren wurde die
eigentliche  Ring6ffnungspolymerisation  bei  drei  verschiedenen,  definierten
Molekulargewichten untersucht. Basierend auf den Daten der GPC- und NMR-
Charakterisierung wurde ein vereinfachtes, computerbasiertes Modell der Polymerisation
erstellt. Anhand dieses Modells konnten Reaktionskoeffizienten sowohl fir die
verschiedenen Reaktionswege der anionischen und thermischen Ring6ffnung als auch fur
den intra- und intermolekularen Kationentransfer bestimmt werden. Obwohl der
Koeffizient des thermischen Reaktionswegs kleiner ist als der des basenkatalysierten
Hauptreaktionswegs, tragt die thermische Polymerisation signifikant zum Wachstum des
Polymers bei.

In einem weiteren Teil dieser Arbeit wurde das grundlegende Verhaltnis zwischen
Struktur und Aktivitdt von Polglycerinsulfaten in Entziindungsvorgangen untersucht.
Hierbei wurde das etablierte, flexible Syntheseprotokoll modifiziert, um den
Verzweigungsgrad des Polymergeriists zu verandern. Uber definierte Monomer-
Mixturen/Mischungen von Glycidol und EEGE konnten Polyglycerine mit mittleren
Verzweigungsgraden hergestellt werden. Die korrespondierenden Polyglycerinsulfate mit
verschiedenen Verzweigungsgraden wurden hinsichtlich ihrer zellularen Aufnahme, der L-
Selektin-Affinitdt und Blutkompatibilitdt charakterisiert. Hierbei zeigte sich, dass ein
Verzweigungsgrad von 60% die optimale Polymer-Architektur darstellt. Die durchgefuhrte
Studie tragt erheblich zum grundlegenden Verstdndnis von Entziindungsvorgangen und

deren Préavention, mittels Polyglycerinsulfaten bei.
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6 Zusammenfassung

Im letzten Teil dieser Arbeit wurden vielversprechende Polyglycerinsulfat-
Nanotransporter hergestellt. Es ist bekannt, dass hyperverzweigte Polymere und speziell
Polyglycerine tberaus geeignete Polymergeriste flir Nanotransporter darstellen und mittels
Copolymerisation wurden drei hydrophobe Glycidol-Derivate in die Polyglycerin-Matrix
eingebaut. Hierbei wurden drei Block-Copolymere Uber eine 2-Stufen-Synthese und drei
statistisch-verteilte Copolymere (ber die Polymerisation definierter Monomer-
Mixturen/Mischungen hergestellt. Die Bibliothek von sechs hydrophob-derivatisierten
Polyglycerinsulfaten wurde hinsichtlich der Verkapselungseigenschaften der Gastmolekiile
Pyren und Indocarbocyanin charakterisiert. Es zeigte sich, dass ausschlieBlich die
definierten Kern-Schale-Architekturen mit bi-aromatischen, hydrophoben Gruppen
genugend Amphiphilie besaRen, um ein Gastmolekil zu komplexieren und transportieren.
Diese Systeme waren in der Lage, die zelluldare Aufnahme im Vergleich zu dem freien
Indocarbocyanin-Farbstoff ~ zu  erhohen.  Die  synthetisierten,  hydrophoben
Polyglycerinsulfate kombinieren die einzigartigen, entziindungshemmenden Eigenschaften

der Polyglycerinsulfate mit supramolekularen Tragereigenschaften.
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