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1 Introduction

´Targeted cancer therapy is the mantra now chanted by oncologists of all types´[1].

Cancer is one of the oldest and abundant diseases of mankind. It is said that the term
cancer was coined by the most famous ancient physician Hippokrates II of Kos (ca.
460 BC - 370BC, Figure 1.1). At the moment, about 12.5 % of all deaths world-
wide[2] and 25 % of deaths in Germany[3] are caused by various types of cancer.
Despite the common use of the term ’cancer’ the meaning is vague, as it stands

Figure 1.1:
Hippokrates, often re-

garded as father of ´sci-

entific´ medicine (vs.

spiritualistic). He sup-

posedly also coined the

term cancer for neopla-

sia.

for about 100 different malign neoplasia. They originate
from different cell types, differ in growth rate and aggressive-
ness, need different methods of treatment and result in vary-
ing survival rates. The most abundant cancers worldwide are
lung cancer and stomach cancer in men, and breast and cervi-
cal cancer in women[2]. These four tumor types can also stand
as examples of different ways to acquire a cancer. Unhealthy
nutrition (stomach) and habits such as smoking (lung) as well
as unsafe sexual practices (cervical cancer caused by human
papillomavirus) and genetical predisposition (breast) are the
main reasons. However, one has to be aware that in most
cases there might not be one single reason for development
of the disease but rather a cascade of events that trigger the
fatal mutation and proliferation of cells[4]. 35% of all cancer
deaths worldwide can be attributed to nine habit dependent
risk factors. The most damaging are smoking (21% of cancer
deaths) and alcohol consumption (5% of cancer deaths), fol-
lowed by obesity, physical inactivity, low fruit and vegetable

1
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consumption, unsafe sex, urban air pollution, indoor smoke from household fuels, and
contaminated injections in health care settings[5–7].
Just as the diseases are diverse (not only which cells mutated, but also how), individual
treatment is recently thought to be crucial for success in various cancers[8]. This indi-
vidual treatment involves identifying patient specific peculiarities and reacting upon
them. Subsequent patient treatment can be specific in terms of the targeting strategy
as well as the treatment strategy.
Traditional treatment of tumors involves surgical excision or systemic administration
of cytotoxic substances which distribute all over the body and kill cells during mi-
tosis (cell division). Many tumor cells are proliferating fast, thus dividing at a high
rate. In this way tumors can be treated with cis-platinum, doxorubicin or other highly
cytotoxic compounds. But this treatment results in a high whole body toxicity and
leaves the patient with serious side effects, since not only tumor cells are attacked
(e.g. loss of hair). Radiation is also widely used to destroy malignant cells. However,
radiation does not discern between cells in general, which means that specific delivery
is even more crucial in the case of radiation therapy. Both latter treatment strate-
gies lack universal applicability, as various tumors are highly resistant against various
chemotherapeutics or radiation.
There are a number of strategies to specifically target cancer cells. One concept is
to apply polymers as carriers for moieties that serve as ´homing device´ towards the
tumor. Along with the homing device, the polymer carries a pharmacological active
component which eventually kills the cells. This concept goes back to Prof. Helmut
Ringsdorf of Mainz University[9]. As homing devices, chemical structures can be used
which bind specifically to tumor cells, the extracellular matrix surrounding the tumor
or to blood vessels that grow into the tumor. Antibodies, small peptidic fragments
or peptidomimetics can serve this purpose and all have advantages as well as disad-
vantages which will be discussed later. Also macromolecules themselves can exhibit a
certain homing effect via the enhanced permeability and retention effect. This effect
will also be explained in more detail in following chapters.
When this work was started, the aim was to develop a novel polymer carrier system
for tumor-homing peptides as well as diagnostic and therapeutic radionuclides. How-
ever, poly(2-oxazoline)s might be much more versatile and could possibly be applied
in a number of different biomedical applications as a highly defined, modular and
biocompatible polymeric carrier system.
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In this chapter, the underlying principles, ideas and concepts of this work are dis-
cussed. A focus is put on the biomedical background, even though the work presented
is nearly purely chemical, and only in the final stages touches the biological realm.
The background is discussed in more detail and to a wider scope than might seem
necessary. This work is hopefully only the beginning of much more detailed and ex-
tensive work on poly(2-oxazoline)s for biomedical applications. Thus it is necessary to
consider the factors that need to come together, and need to be kept in mind together
for the development of polymer therapeutics for the peptide mediated radionuclide
cancer therapy and other applications. These aspects include the biocompatibility
and bioavailability of the polymer together with the factors that influence its phar-
macokinetics and excretion pattern. Additionally, the target, which normally is, or is
related to, diseased cells or tissues and its unique features and availability needs to
be known and understood. Finally, after reaching the target, how can it be effectively
modified or killed without creating to much havoc in the surrounding tissue or the
whole organism itself? These issues and problems will be addressed in this chapter.
Moreover, poly(2-oxazoline)s (POx) will be discussed as well as possible methods for
effective polymer analog reactions. Finally hydrogels, another possible future biomed-
ical application of poly(2-oxazoline)s will be mentioned.

3
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2.1 Targeted Drug Delivery

2.1.1 Conventional and non-targeted cancer therapy

Nowadays, conventional cancer therapy mainly relies on three approaches, which are
often applied in combination. Surgical excision of a primary, solid tumor, systemi-
cally administered chemotherapeutics1 and radiation therapy[10]. Table 2.1 summa-
rizes these therapies with some of their advantages and disadvantages. In the case of

Table 2.1: Conventional and non-targeted tumor treatment

Type of Therapy Advantages Disadvantages
Surgery fast and cheap complete removal often difficult

limited applicability
Chemotherapy broad spectrum of therapeutics often serious side effects

and applicable tumors (systemic administration)
Radiation therapy limited side effects some resistant tumors,

broad applicability limitations for metastatic lesions

surgical removal of the tumor, it is often difficult for the surgeon to define the exact
boundaries of the malignant tissue. A single remaining cancer cell can lead to relapse
of the tumor, or even worse, to metastasis. The possibility for surgical excision may
be also limited when the tumor tissue is within or very close to vital organs, as in the
case of brain tumors.
Both remaining conventional treatment methods lack specificity. However, in modern
external radiation therapies (teletherapy, greek: tele = far/long) the radiation beam
can be adjusted so that the main effective volume of the radiation is located around
the tumor. Internal radiation therapy (brachytherapy, greek: brachy = close/short)
uses the local incorporation of radioactive materials into the tumor or its proximity.
Great efforts are undertaken in pharmaceutical research to reduce side effects and other
inadequacies due to systemic administration and action of drugs such as chemother-
apeutics. The optimal drug concentration (in terms of pharmacological efficiency
towards the target) is often clinically/routinely not achievable, since the conventional

1The term ´chemotherapeutics´ in this work always refers to anti-neoplastic chemotherapeutics
(cytostatics), not anti-microbials (antibiotics).
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drugs distribute rapidly throughout the organism with no preference for diseased cells
or tissue. Even if the mode of action of the drug has a certain degree of specificity (as
seen in cytostatics), this is typically not exclusive. Chemotherapeutics interfere with
cells only during mitosis. This happens either by interaction with the deoxyribonu-
cleic acid (DNA) (e.g. alkylation, intercalation or cross-linking) to prevent replication,
interference directly during mitosis (either with the microtubuli or the mitotic spindle,
e.g. paclitaxel, colchicin) or important enzymes during DNA replication (e.g. topo-
isomerase inhibitors). Since most tumor cells replicate faster than most normal cells
a certain specific toxicity is observed.
However, a number of normal cells are also rapidly dividing, including hair follicles,
the intestinal epithelium and mucosae cells. This, and other cross-toxicities (e.g. car-
diotoxicity of anthracyclins) leads on a regular basis to dose limitations. Recent clinical
developments in administration schedules and dosage, strongly reduces side effects and
increases the therapeutic effect. Although developments within conventional cancer
treatment protocols is promising, it is commonly regarded as a necessity to develop
more specific treatment of the various types of tumors.
Two main goals for the development of targeted drug delivery can be identified[11].

• Identification of biological targets in diseased cells which are selective for the
target

• Improvement of the targeting selectivity of drugs towards specific organs, tissues
or cells by means of drug formulation, administration or conjugation.

Available strategies for targeting are circumstantial targeting (aiming at general char-
acteristics of the target cells), passive targeting and active molecular targeting. The
latter two will be discussed in more detail in this chapter.

2.1.2 Targeting strategies

Although ongoing developments conventional therapeutic approaches for cancer treat-
ment are promising, great efforts are undertaken to establish truly specific treatment
of cancer. Two main approaches can be distinguished:
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• Targeting on the molecular level/ligand targeting: Upon mutation to
become cancer cells, specific features connected to these cells may form or alter.
This certainly includes differences on the genetic level and the metabolism of
the cells which is, in many cases, accompanied by alteration in the pattern and
abundance of various cell membrane receptors.

• Targeting on the macroscopic level: The aforementioned changes on the
molecular level result in distinct changes on the macroscopic level in solid tumors,
often referred to as the tumor microenvironment. These changes include hypoxia
(subnormal oxygen level), acidosis (low pH value) as well as disorganized blood
vessels in tumor vicinity together with the lack of lymphatic drainage (vide infra,
Chapter 2.1.2).

In addition, a further distinction of targeting strategies is important, where sometimes
both modi may be used simultaneously:

• The targeting moiety itself is the therapeutic. This is currently the way most ap-
proved and commercial available compounds act (e.g. Herceptinr (Trastuzu-
mab), Gleevecr (Glivec, Imatinib), Iressa, Avastin)[8] with more compounds
in clinical trials (e.g. cilengitide[12]) .

• The homing device serves as a carrier for a therapeutic agent, that can be a
cytostatic or a radionuclide (e.g. Mylotargr, Zevalinr).

A great number of research groups are trying to utilize the various peculiarities of
different types of cancer to find new, specific ways to treat cancer. Allen [13] recently
reviewed ligand-targeted therapeutics while Juillerat-Jeanneret and Schmitt [11] dis-
cussed targeted therapy in general. They identify the aims and necessities for active
drug targeting. After defining suitable targets the appropriate drug has to be attached
by suitable chemistry via an adequate linker. Release of the drug (if necessary) needs
to fit the delivery profile. Additionally, the complete conjugate must be stable against
biotransformation and degradation during the transport to the target. In the following
chapters some of these aspects will be discussed in some more detail which will lead
eventually to the basis of this work; namely the use of small peptidic, tumor specific
structures for tumor targeting.
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Down to the basis, gene targeted therapy or targeted gene therapy

The changes cancer cells undergo to become malign typically include the deregulation
of transcription factors, an important event for the uncontrolled proliferation of
these cells[14]. Three main approaches of targeting of cancer cells on the genetic level
can be identified:

• Cancer-specific introduction of gene fragments: Due to the specific delivery
and/or specific expression of the gene a minimal toxicity for the organism is
expected (targeted gene therapy). A therapeutic effect can be achieved in two
ways.
1) Boosting the immunogenicity of the tumor, leading to enhanced immune re-
sponse of the organism against the cancer cells (introducing genes encoding e.g.
cytokines)[15, 16].
2) Introducing a gene encoding an enzyme that eventually produces cytotoxic
substances within the cell[17, 18].

• Targeting Genes: Gene fragments, that bind to cancer specific genes are admin-
istered and are expected to bind only to the DNA of cancer cells (e.g. by triple
helix formation, DNA triplexes). This alone can block transcription of the gene.
In addition, radionuclides can cause damage of the DNA by e.g. double strand
breaks (DSB), leading to cell death[1].

• Oncolytic Virotherapy: A virus with specificity for certain cancer cells is admin-
istered. The virus reproduces itself only in tumor cells and therefore, as typical
for virus-infected cells, leads to their death.

Despite promising results of gene therapy in general, one major obstacle remains:
The intact delivery of systemic administered DNA to the nuclei of cancer cells. Free
DNA is very rapidly decomposed in vivo. To prevent this, a vector -biological or non-
biological- has to be used to protect and transport the DNA. Among others, the major
side effects include formation of gene-therapy derived tumors, strong immunoresponse
and the stability of expression of transferred genes. Reviews on cancer specific gene
therapy[14, 19,20] and delivery systems[21–23] can be found in literature.
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Excursion: Physiological aspects of soluble polymers in the blood stream.
Before we go into details about the blood vessels within tumor tissue, a short glance
should be taken to the fate of solutes in the blood as they pass through the kidney.
Renal excretion is, together with the excretion via the hepatobilliary tract, the
major way mammals can get rid of waste (other pathways include lung and skin).
The processes in the liver generally involve metabolization of transported substances.
In general, this is time-consuming and requires the involvement of and uptake into
cells. This may lead to toxicity, if cytotoxic compounds, such as cytostatics or particle
emitters are involved.
The primary effect of the kidney, in contrast is only filtration. Here no uptake into cells
is necessary. The filtration of the blood takes place in the Malpighian corpuscle
(renal corpuscle) (Figure 2.1a)) of the kidney and can be separated into several steps,
corresponding to the respective barriers. The Malpighian corpuscle consists of the
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Figure 2.1: a)Illustration of the Malpighian corpuscle (taken from[24], with modifica-
tions). b)Illustration of the glomerular filtration barrier [25].

glomerulus and Bowman´s capsule surrounding it. The glomerular capillaries are
leaky (fenestrated, vide infra, Figure 2.3) and are surrounded by the mesangial cells
(important support for the capillaries) and the basement membrane. Behind this
membrane (in terms of flux direction) the podocytes follow, finishing the filtration
barrier as illustrated in Figure 2.1b). The blood is filtered into the capsule. The first
step is filtration through the fenestrated capillaries. Here only big, cellular components
of the blood or other particles (> 50 - 100 nm, e.g. erythrocytes, lymphocytes) are
restrained. Directly adjacent to the capillaries, the basement membrane (secreted by
both capillaries and podocytes, thickness approx. 300 nm) is an effective barrier for
large proteins and is believed to serve as a mechanical scaffold. As a last barrier,
already on the urine side of the capsule, the podocytes are found[25, 26]. Podocytes are
highly specialized cells which are mainly responsible for the restrainment of valuable
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proteins in the blood stream. A vast number of extensions of first and second order
(pedicels) are formed. Especially the interdigitation of the pedicels gives an effective
filtration, while a high exchange area is maintained (Figure 2.2). Podocytes completely
cover the outer surface of the glomerular capillaries, but between the pedicels small
slits are left, through which the filtrate can pass. This slits are spanned by a thin
diaphragm and are small enough to hold back proteins and polymers of a diameter of
4 - 8 nm. All these barriers are negatively charged (endothelium and podocytes on their

primary 
processes

foot (secondary)
processes
(pedicels)

podocyte 
cell body

Figure 2.2: Scanning electron micrograph of podocytes surrounding glomerular cap-
illaries. The cell bodies (asterisks), primary and secondary processes (pedicels) can
be seen (with kind approval of Prof. Witzgall, University of Regensburg)[27].

surface, basement membrane as a structure), which leads to coulomb interaction with
charged solutes. It is generally assumed that negatively charged macromolecules have
a reduced filtration rate, due to coulomb repulsion[28, 29]. However, various examples
have shown that this is not necessarily the case. It has been reported that a negative
charge on the macromolecules has no effect[30], whereas in other cases an enhanced
filtration has been observed[31–33]. This contradicts a repulsive effect. In literature it
is generally stated that polymers of a molar mass of 35 kDa and greater evade renal
clearance. However, it is important to keep in mind that not the molar mass, but
a combination of size, charge, shape and flexibility determines the renal filtration of
macromolecules.
After filtration, reabsorption into the blood can occur within the tubulus. Without
going into detail, it has been reported that this event, again, is charge dependent and
negatively charged compounds (proteins) are generally reabsorbed less then positively
charged ones[34].
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Size does matter - the EPR effect

In this chapter the mode of action of the majority of polymer therapeutics is described.
It will focus on how the targeting of tumors is possible, while in subsequent chapters
actual examples of polymer therapeutics, utilizing this mode of targeting will be dis-
cussed.
The Enhanced Permeability and Retention (EPR) effect, described by Matsumura and
Maeda [35] for the use of SMANCS, but also described earlier by other researchers[36–39],
arises from two physiological peculiarities of tumor tissue. At the same time it can
only come into effect due to the reduced filtration of macromolecules in the kidney.
The pharmacokinetics and distribution of a drug is strongly dependent on the way
it was administered. The compounds that are discussed in this work are to be ap-
plied intravenously (i.v.). This chapter will therefore deal with physiological aspects
of polymeric compounds within the bloodstream.
Upon entering the bloodstream, solutes are distributed rapidly all over the body within
1 - 2 min, but how can they leave the bloodstream again? Small molecules can easily
diffuse through the blood vessels into surrounding tissue (other than brain). This be-
comes increasingly restricted as the molar mass and thus, the hydrodynamic or Stokes
radius increases. In order that the EPR effect can occur, the molecules must main-
tain a high blood pool concentration over a prolonged time. In the case of rodents, a
minimum of 6 h is reported[40].
An early review of Jain [39] outlines the ways, how (macro-)molecules travel from the
blood stream into the tumor tissue on the cellular level. The various types of blood
vessels found in tumor tissue and their peculiarities and influences on tumor growth
and tumor spreading are described. On the tumors perpetual quest for growth, it
stimulates formation of blood vessels towards the tumor. The newly formed blood
vessels are at times ill grown and do not have a tight endothelium and are leaky
in consequence (enhanced permeability). Among others, the following types can be
present (Figure 2.3):

• Non-fenestrated (continuous) capillaries: These are the common ´normal´ capil-
laries consisting of an intact endothelium which is surrounded by a basement

membrane.
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• Fenestrated capillaries: The endothelium shows circular openings (fenestrae) of
∼ 400 - 800 Å size. The basement membrane is intact. This type can be found in
intestinal mucosa, glomerulus and other tissue as well as some tumor types.

• Discontinuous capillaries (sinusoids): Ill-defined vessels with large holes in both
endothelium and basement membrane (might be absent altogether). Found in
liver, spleen, bone marrow and various carcinomas.

• Postcapillary venules: Having weak interendothelial junctions, in tumor tissue
even devoid of basement membrane. Highly permeable and sites of intravasation
of cancer cells.

• Blood channels: Blood channels formed directly between tumor cells, connected
to actual vessels.

abluminal side

luminal side

abluminal side

luminal side

abluminal side

luminal side

intercellular junctions

basement membrane

epithelial cell

fenestrae
openclosed

Continuous Capillary

Fenestrated Capillary

Discontinous Capillary

extravasation

extravasation

extravasation

Figure 2.3: Illustration of some different types of capillary vessels. The permeability
for solutes through the blood vessel increases from the continuous capillaries towards
the discontinuous capillaries[39].

Jain addresses the problems to obtain comparable data for different tissues and dif-
ferent types of vessels. However, two trends are identified. The permeability of blood
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vessels for solutes decreases with the molecular size and with increasing negative charge
of the solute. While this approach is based on fluid dynamics studies and uses mathe-
matical models for the interpretation, the approach of Maeda and co-workers is rather
phenomenological.
In the early 1980s it was noted that in tumor bearing rats a raise in the systolic
blood pressure (induced by angiotensin II infusion) significantly increased the blood
flow within the tumor while leaving the blood flow in normal tissue and organs un-
affected[40]. This is attributed to the ill-defined and ill-grown blood vessels found in
tumors and absent regulation as it occurs in normal tissue (Figure 2.4). This increased
blood flow leads to an increased concentrations of solutes in the tumor. However, only
macromolecules are retained to a high degree in the tumor interstitium, while low
molar mass compounds diffuse back into the blood stream as the blood pool concen-
tration drops. One reason for prolonged retention of solutes in cancerous tissue is the
lack of functioning lymphatic drainage, reducing the transport of interstitial fluid, and
eventually dissolved macromolecules back to circulation (enhanced retention) in com-
parison to normal tissue (Figure 2.4). There is a variety of polymer-drug conjugates
on the market or in clinical trials that utilize this effect. In literature recent reviews
about the EPR effect and polymer therapeutics can be found[40–49]. While the EPR
effect allows the targeting of the polymer-drug conjugate to the polymer, the bound
drug remains inactive (prodrug concept). Neither does it diffuse throughout the
body rendering deleterious side effects nor is it rapidly excreted. The size-threshold,
from which the EPR effect can be observed varies from 30 to 45 kDa. Strictly speak-
ing, it does not reflect the molar mass of the compounds, but rather the hydrodynamic
radius at physiological pH.
The targeting effect with EPR is effective and has led to a number of approved cancer
therapeutics. However, the targeting is rather slow. This may arise problems for the
application in radionuclide therapy, since prolonged whole-body exposure of cytotoxic
radionuclides could lead to serious side effects. Thus, a more rapid - active - targeting
is needed. This can be achieved by specific ’homing’ molecules that target structures
which are only, or predominately present on, or in the vicinity of cancer cells.
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Figure 2.4: Illustration of the enhanced permeation and retention effect.
Macromolecules are hindered to leave the bloodstream when the endothelium is
intact. Tumor-associated blood vessels, however, are ill-grown and leaky so that
large molecules can escape from circulation. Due to the absent lymphatic drainage
in tumor tissue macromolecules can remain there for a prolonged period of time in
comparison to normal tissue.
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Ligand targeted therapeutics (LTT´s)

In this section the major targeting mode actively targeted drugs will be discussed,
the binding of ligands to cancer specific receptors (or other cancer related structures).
There are some basic considerations that are important to identify suitable targets,
ligands, drugs and combinations thereof [13].

Target The targets are typically cell membrane receptors of cancer cells or tumor asso-
ciated cells (mostly tumor vasculature) or, other types of antigens (expressed
factors, like growth factors, enzymes and alike). The homogeneity and density
of target expression is of considerable importance. The density should be high,
especially in comparison to normal tissue. If the targets are not found uniformly
distributed throughout the tumor, not all parts might be accessible for the treat-
ment (depending on the applied method). Additionally, depending on the drug,
it might be of interest if cell membrane receptor are internalized (endocytosis)
or not. Cytotoxic drugs that are covalently bound to the homing motif, normally
need to be released to become active. This typically happens by hydrolysis at
lowered pH (e.g. in endosomes/lysosomes) or by enzymatic cleavage in lysosomes.
This requires internalization of the ligand-receptor complex. In contrast, inter-
nalization is not necessary if radionuclides (other than auger-electron emitters)
are applied and it might be even disadvantageous, as in the case of antibody-
directed enzyme prodrug therapy, ADEPT[50].

Ligand The ligands used in LTT can be peptides, peptidomimetics, non-peptide receptor
ligands (e.g. folic acid (vitamin B9), (oligo-)saccharides), antibodies or antibody
fragments or the recently developed aptamers[51, 52]. A list of compounds used
as LTTs can be found in a review by Allen [13]. Peptides and peptidomimetics
are often relatively easy available and comparably stable, both on the shelf and
in vivo. Molecular modeling can be applied for the design and improvement of
structures. Cyclic structures and non-degradable motifs (e.g. non-natural amino
acids) may lead to increased binding strength and stability and/or increased in
vivo half-life. Typically limited or no immunogenicity must be expected. Anti-
bodies generally show high affinity or avidity and specificity. Tissue specific
antibodies (or fragments) or smaller peptides can be obtained by a relatively new
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method, the phage-display technology[53–55]. These can be, as mentioned
above, therapeutic themselves (Herceptin) and/or serve as carriers for cytotoxic
drugs or nuclides (Zevalin). Despite their high selectivity and activity, clinical
approval is often hampered by immunogenicity, sometimes even if humanized or
fully human antibodies are applied2. Additionally, high costs, difficult produc-
tion and limited storage time can be problems related to antibody or antibody
fragment based therapeutics.

Addressing the binding affinity or avidity of the ligands to their targets, it is worth
mentioning that an improvement of binding strength is not always beneficial. If the tar-
get is universally present in the organism this may lead to an increased co-localization
in other organs. There is also evidence that very high binding constants can sometimes
lead to a ’binding-site barrier’. Administered ligands bind to the first encountered tar-
gets and do not diffuse deeper into a solid tumor. This can leave a major part of a
tumor lesion unaffected, impairing an effective treatment of the cancer. However, in
the case of well accessible targets like tumor vasculature, metastases or haematological
malignancies, a high affinity or avidity is normally desirable.
When choosing the drug, again several aspects should be considered. Most impor-
tantly, the release of the drug3 should match the pharmacokinetic profile of the ligand-
drug conjugate. Depending on the homogeneity of the target tissue the drugs (homo-
or heterogeneous solid tumor, metastases or haematological malignancies) can, should
cause or avoid a bystander effect.
A selection of LTTs is depicted in Figure 2.5. Radioimmunotherapeutics (RAIT, Fig-
ure 2.5d) are constructs of tissue selective antibodies or fragments thereof with thera-
peutic radionuclides (vide infra, Chapter 2.4). Immunotoxins are internalizing ligands
which carry potent toxins like diphtheria toxin or ricin 4. In contrast to the typical
chemotherapeutics, these toxins are not restricted to mitosis in their action. However,
despite some examples of approved compounds5 and others in clinical trials, this type
of therapeutic often produces problems like immunogenicity, whole body toxicity and
displays limited effectiveness.

2see the dramatic failure of phase I trials of TNG1412[56]

3e.g. diffusion out of liposomes/micelles, half life of radionuclies or cleavage of hydrolyseable linkers
4while immunoconjugates carry cytostatics
5Ontak, denileukin diftitox, an interleukin-2-diphtheria toxin fusion protein and Mylotarg, a hu-

manized anti-CD33 calicheamicin conjugate
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Figure 2.5: Examples of LTTs. Active small molecules a) antibodies b) or small
drug conjugates. d) Radiolabeled antibodies or antibody fragments for RAIT. e)
Antibody enzyme constructs for ADEPT and f) targeted aggregates carrying drugs.

Antibody-directed enzyme prodrug therapy (ADEPT) is a two step approach where
an antibody (attached to an enzyme, Figure 2.5e) is the targeting device. After clear-
ance of unbound antibody from the organism, a prodrug is administered, which is
converted into a toxic compound by the enzyme.
Among other drawbacks, the risk of immunogenicity often drastically limits the appli-
cability of these constructs.
A major mechanism leading to an immune response is recognition of short peptidic
fragments of 8 -24 amino acids unknown to the body. This is impossible in the case
of peptidomimetics which do not consist of amino acids6. Similarly, short peptides
that can be used for targeting, often do not provoke an immune response. This can
be partly contributed to the use of small cycles or non-natural amino acids preventing
degradation by peptidases and therefore presentation to the immune system. In the
following section, the use of some peptide receptors as targets, the respective ligands
(peptides or peptidomimetics) and their use in peptide receptor (mediated) radionu-
clide therapy (PRRT) will be discussed in more detail.

6unless the formation of immunogenic haptens occurs
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2.1.3 Summary

Despite important improvements in conventional cancer therapy, it is generally agreed
that it is important to develop more cancer specific, targeted treatment methods. The
aim is to interact specifically with cancer cells or cancer related tissue, e.g. the tumor
vascularity. This interaction can take place on the genetic level (Chapter 2.1.2) or
the macroscopic level, utilizing the defect vascularity of solid tumors (Chapter 2.1.2).
Additionally, the targeting of specific structures, typically peptides or proteins on cell
surfaces is under investigation. The targeting can be carried out by antibodies or their
fragments, oligonucleotides (aptamers), peptides or peptidomimetics.
While the genetic approach still struggles with problems of the delivery of gene frag-
ments in vivo, the EPR effect has proven its efficacy in a number of cases. However,
its applicability is limited to solid tumors and the targeting needs time to come into
effect. This normally will exclude radionuclide therapy, where rapid targeting is cru-
cial. Targeting with antibodies can be fast and effective, however, severe restriction
like immunogenicity often apply. Small molecules, like peptides or peptidomimetics
often lack immunogenicity but sometimes also the antibodies’ selectivity and affin-
ity/avidity.

2.2 Peptide receptor mediated radionuclide therapy

In this chapter the peptide receptor mediated radionuclide therapy (PRRT) (and ima-
ging/diagnosis (PRI)) will be discussed. Excursions into various peptide receptors,
the actual targets, suitable nuclides and possibilities of their incorporation will be
undertaken.
After current PRRT is discussed, some recent examples and the effect of multimer-
ization of cell-recognizing motifs for enhanced avidity towards the target cells will be
summarized.
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2.2.1 Peptide receptors as targets

As discussed in the previous chapter, cell membrane associated proteins are an im-
portant group of targets for cancer specific homing devices, such as antibodies or
peptides. Among these proteins, cell membrane receptors play a major role. They
are important structures for communication of cells among each other (cell-cell recog-
nition/interaction), within an organism (e.g. via hormone receptors or cell-matrix
recognition) and even between organisms and their surroundings (via pheromones).
Development of the phage display technology introduced a powerful technique to find
and exploit such peptide binding targets in pathological tissue[57]. In the following
sections some cell-membrane receptors relevant in this work, their targeting and ap-
plicability in PRRT will be discussed.

Integrins and RGD´s; a versatile ligand-receptor pair

In the early 1980s, the tripeptide sequence arginine-glycine-aspartic acid (RGD) was
found to be responsible for the attachment of cells to fibronectin by Pierschbacher
and Ruoslahti [58, 59]. Other RGD recognition sites in ECM proteins and elsewhere
where found soon[60–62].

The integrin receptor family (Figure 2.6 is of great importance in cell-cell and
cell-matrix communication[63, 64]). Integrins are heterodimeric transmembrane glyco-
proteins that consist of non-covalent bound α- and β-subunits, and the binding of
the integrins to their ligands depends on divalent cations. To date, 18 α- and 8 β-
subunits are known, forming 24 different distinct integrin heterodimers, some of which
exist in various splicing7 and glycosylation/activation variations. Furthermore, 6 α-
and 1 β-subunits have been identified on the genetic level during the human genome
project, but these remain to be unknown as actually expressed proteins[66]. As can
be seen in Figure 2.6 half of the β-subunits form integrins with a number of different
α-subunits with affinities to different ligands[65, 67,68]. In contrast, most of α-chains

7especially of the cytosolic domain
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Figure 2.6: Classes of integrin receptors (taken from Hynes [65]).

dimerize exclusively with one β-chain. Several research groups reported that integrins
are often concentrated in so-called lipid rafts[69–72] and also control the distribution
and internalization of these rafts. This, in turn, could modulate a number of other
cellular signaling pathways, since they are affected by lipid rafts[73]. Interestingly, the
effect of ligand binding can be different if the respective integrin is located in a lipid
raft or on ’normal’ plasma membrane surface as reported for α6β4

[71].
Integrins are the most important receptors for the attachment of the cells within the
ECM (in particular the β1 subfamily). Hereby, they ’integrate’ the cytoskeleton via
the actin stress fibers through focal adhesion complexes to the various peptides of the
ECM, including fibronectin, collagen, laminin and others[65, 67,68]. At the same time,
the affinity of integrins is modulated by the mechanical force applied[74, 75]. The in-
tegrins serve important purposes via inside-out and outside-in signaling and cell-cell
recognition (particularly β2 subfamily)[63, 68]. Among others aspects, the integrin fam-
ily is important for the regulation of embryogenesis, cell migration (e.g. T cells of the
immune system[69]), cell cycle progression, apoptosis and gene expression. One can
imagine the integrins as an integral part of a complex system of receptors to signal
the cells if they are in the appropriate surrounding, thus crucial for any multicellu-
lar organism. This also explains the ubiquitous occurance of integrins in the animal
kingdom. Correct cell location is important building up organs and tissues, but also
for migratory cells this is an important aspect. Here T-cells of the immune system[69]

and thrombocytes (platelets) can be mentioned. Both cell types need interaction with
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integrins for functioning. Thrombocytes are activated by binding of their αIIbβ3 inte-
grin to thrombin and/or collagen whereupon the platelets can bind to fibrinogen and
other coagulation factors[68] which, eventually leads to vessel wall adhesion, platelet
aggregation and thus, hemostasis.
In stationary cells, alteration or bypassing of integrin-associated processes uncontrolled
cell growth and migration can occur, two important and characteristic features of can-
cer[70]. Their importance, especially for the physical attachment of the cell to its sur-
roundings is reflected by the number of receptors that can be found on cells. Akiyama
et al.[76] found an average of 130,000 fibronectin binding sites on baby hamster kid-
ney cells, later identified as integrins. However, this number varies strongly, e.g. with
receptor subtype, cell type, or during the cell cycle.
Interaction of integrins with their respective ligands are relatively weak. With disso-
ciation constants (KD) of 10−6 to 10−8 mol/L they have a much lower affinity than,
e.g. hormone receptors with KD values of 10−9 to 10−11 mol/L. However, interaction
of hundreds or thousands of integrins with binding sites on the ECM dramatically in-
creases the overall avidity[77] and is eventually sufficient to strongly bind cells to their
surrounding[68]. The necessity of relatively low affinity can be explained in the context
of migrating cells. The binding of integrins to e.g. lymphocytes and the blood stream
at the site of an inflammation is not supposed to be permanent. Only transition of the
lymphocytes through the endothelium into the inflamed tissue is intended and high
affinity binding is disadvantageous in this case.
As already mentioned, integrins play a major role in cell proliferation, migration and
thus, also in metastasis of cancer cells[78]. Hence, some subtypes are closely related
with malignant diseases. However, no general trend can be observed for the different
integrin subtypes in malignant tissue. While some subtypes are up-regulated, others
are down-regulated. In some cases contradictory reports regarding the same subtype
and the same cell type can be found. Gilcrease very recently reviewed this complex
issue in a short but comprehensible way[64]. The integrin αvβ3 has been found to
be overexpressed on vascular endothelium of blood vessels that grow into the tumor
(neoangiogenic vessels) as well as on several cancer cells themselves. Therefore target-
ing of the integrin αvβ3 is targeting of the tumor.
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Arg-Gly-Asp, an important ligand of integrins: As already stated above, the
tripeptide sequence Arg-Gly-Asp (RGD) is recognized by a number of integrins in-
cluding αvβ3

[79, 80], although not exclusively[81, 82]. When used in cancer treatment,
the peptide sequence itself can be active, showing antiangiogenic and antimetastatic
effects[82–84] and, in addition or alternatively, can be used as homing device to carry
cytotoxic drugs[85–87], therapeutic siRNA[88] , radioactivity[88–92] and boron (for boron
neutron capture therapy, BNCT)[93] to the tumor or its vasculature (Figure 2.7). By
now, all different types of carriers have been functionalized with the RGD motif: Li-
posomes[93], viruses[94], antibodies[95], nanoparticles[96, 97], quantum dots[98] and poly-
mers[99, 100] have been coupled to RGD and some of the constructs have been evaluated
in respect to their affinity/avidity to integrin and integrin positive cells. Confinement
of the RGD sequence into a cycle alters its selectivity for the various integrin sub-
types. Two structures proved to bind with high affinity and high selectivity to the
αvβ3 subtype. Cyclo[RGDfX][104] (where X can be e.g. V or K) being monocyclic
and RGD4C (A[CD[CRGDC]FC]G)[105] consisting of two cycles formed by disulfide
formation. Cilengitide (c[RGDf-N (Me)-V], Figure 2.8a), where the cycle is constraint
further by N -methylation of the valine residue, was developed by our cooperation
partners in the group of Prof. Kessler and shows affinity in the subnanomolar range
for αvβ3

[106]. It is currently in phase II clinical trials for the treatment of various
cancers[12]. The derivative containing a lysine residue (c(RGDfK)[107]) shows still high
affinity and is an ideal candidate for chemical modification, like attachment of drugs[87]

and pharmacokinetic modifiers like sugar moieties[108,109] (Figure 2.8b) via the ε-amino
group of lysine. Galacto-RGD labeled with 18F shows high metabolic stability in vivo,
very favorable pharmacokinetics, good tumor uptake and is a good candidate to be-
come an in vivo marker for the quantitative evaluation of αvβ3 expression levels[109–111].
c[RGDfE] was used to produce defined oligomeric structures (Figure 2.8c)[89] that were
radiolabeled and evaluated in vivo [101]. RGD4C has been discovered by the phage dis-
play technique. Similar to c[RGDfX] it has been used to target drugs. Since it consists
only of natural amino acids it can be introduced by recombinant means into peptides.
However, the same reason accounts for a higher degradability by proteases and the
reversible disulfide bridges allow linear as well as alternative mono- and bicyclic struc-
tures which have decreased binding affinity[112].
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c) polymers

b) cytotoxic drugsa) radioactivity

d) liposomes

g) virusesf) nanoparticles

e) antibodies

Figure 2.7: Schematic representation of various examples of RGD peptide conjugates
for targeting cancer tissue or vasculature and delivery of bioactive substances: a)
radionuclides[101] b) conjugates with cytostatics like doxorubicin or paclitaxel[86, 87]

c) polymers carrying drugs or nuclides simultaneously[42, 100] d) liposomes or micelles
carrying RGD peptides on their periphery and bioactive compounds (e.g. boron for
BNCT[93] or doxorubicin[102]) in the interior e) antibodies[95] f) nanoparticles[96, 103]

g) virus shell proteins[94].



2. State of Knowledge 23

N
H NH

NH

NH
HN

H2N

NH

HN

HO

O

O

O

O

O
O

N
H

O

O

N
H

O

6

NH

H
NO

NH
NH

NH
H
N

NH
H2N

H
N

HN
HO

O

O

O

O

O

O

N
H

O
O

6

N
H

H
N

HN

HN

HN

HN NH2

HN

NH

OH

O

O

O

O

O
O

NH

O

O

NH

O

HN

O

HN
HN

HN

N
H

HN

NH2

N
H NH

OH
O

O

O

O

O

O

H
N

OO
O

O

OHN

COOH
NHO

O
N

18F

6

6

NH

H
N

NH
H
N NH

NH2H
NN

HHO
O

O

O

OO

O

HN
O
OHO

HO OH H
N

O

18F

NH

N

NH
H
N NH

NH2H
NN

HHO
O

O

O

OO

O

Cilengitide [18F]Galacto-RGD

((c(RGDfE)HEG)2K)2K-Dpr-[
18F]FBOA

a) b)

c)

Figure 2.8: Structures of some cyclic RGD peptides developed for targeted cancer
therapy.
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Affinity of the RGD constructs towards the different receptors is an important feature
to be assessed. However, the attachment/detachment of cells to/from a substrate, in
which the integrins play an important role, is not necessarily reflected by the affinities
of the substrate immobilized RGD peptides involved. Despite of a plethora of stud-
ies[113] that tried to shed light on this complex, considerable nescience remains about
structure activity relationships (SAR). The same problem accounts for soluble RGDs
and RGD oligo- and multimers. For example, Hersel [67] describes the decrease of IC50

values (concentration of half-maximum inhibition) for the binding of vitronectin of
c(RGDfE)-derivatives in the order monomer>dimer> tetramer>oktamer (WM164
melanoma cells). However, the very same peptide, oligomerized via a different spacer
showed the affinity order of monomer> tetramer> dimer, albeit in a different essay[114].
The authors suggest that steric hindrance in the case of the tetramer may diminish
binding avidity[114]. The depth of the binding ’pocket’ should play no major role in
the case of αvβ3 since it has been shown to be only a couple of Ångströms deep[79, 80].
It is not clear if the different experimental setup or the different nature of the spacer
(length, hydrophilicity, flexibility) or both is responsible. Even more puzzling is the
fact that the ability of the RGD mono- and oligomers to detach cells from a vitronectin-
substrate does not correspond with the affinity of the respective compounds to the
receptors[67, 114]. The interaction of RGD multimers with their receptors is yet not
fully understood. Contributions to the binding like the entropy term, which will be
less favorable in the case of long flexible spacers do not help to ease understanding.
In general, it must be also kept in mind that inhibition of cell attachment by RGD
peptides strongly depends on the cells used in the setup.
Despite these hiatuses in the knowledge about the complex integrin-RGD interactions,
the RGD motif is a very promising candidate to target tumors and their vasculature,
alone, as carrier for drugs or in combination with other cell targeting peptide se-
quences[115]. Additionally, there are several other peptide/receptor pairs which are
evaluated for their use in targeted therapy. One of the most intriguing is the somato-
statin receptor and synthetic somatostatin analogues.
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Somatostatin, its receptor and analogs

Somatostatin (SST) is a neuropeptide (hormone) which plays an important role in
a wide range of functions of living organisms, ranging from all vertebrates to even
primitive invertebrates[116]. It has regulatory function in proliferation in general and
intervenes in processes of the gastrointestinal tract and in the pancreas. Furthermore,
it inhibits activated cells of the immune system and acts as a stimulatory and in-
hibitory neurotransmitter in the central nervous system[117].
Somatostatin occurs predominantly in two biological active forms, SST14 and SST28.
Both act on a family of receptors, the somatostatin receptors 1 - 5 (hsstr1 - hsstr5).
These receptors consist of 7 α-helical transmembrane domains and are so-called G-

protein coupled receptors (GPCR). GPCR are numerous and approximately 50 % of
pharmaceuticals actually target this type of receptor[118]. As typical for GPCRs, hsstrx

are of utmost importance for regulatory cellular processes, which is underlined by the
very high degree of conservation of this receptor type across the species. Besides hsstr1

all hsstrx can, but do not necessarily, internalize upon binding of a ligand[119–125]. In
a number of cases it also has been observed that after receptor-agonist binding homo-
and heterodimerization of hsstrx occurs, followed by internalization. This may be of
special interest for the design of SST analog oligo- and multimers. The spacing of the
binding sites in these dimers has been reported to range between 50 and 60 Å[126–128].
Hsstrx are found in the central nervous system and endocrine tissues. However, while
hsstrx appear in the neuroendocrine system with a rather low density, they are
overexpressed on a variety of human tumors[129–133]. Native SST is of little use as
a therapeutic. It has a very short serum stability with a plasma half-life of only 1
min. Consequently, a number of somatostatin analogs (agonists and antagonists,
peptides and peptidomimetics[134]) have been synthesized and evaluated in terms of
their stability, binding capacity to the various hsstrx, and feasibility for therapeutic
and diagnostic use in various diseases[116,135–137]. The primary structure of some of
these peptides and their affinities for the receptor subtypes are listed in Table 2.2. A
number of these SST analogs are investigated for the delivery of diagnostic and ther-
apeutic radionuclides to various tumors[140]. Further modification with sugar moieties
results in changed in vitro and in vivo behavior of SST analogs similar as in the case
of RGDs[139,141–143].
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Table 2.2: The primary structure and affinities towards the hsstr-subtypes of the two
natural SST and selected synthetic analogs[135,137–139]. Amino acids in bold belong
to the binding sequence.

Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg

Name

SST-28

SMS 201-995
octreotide (OC)

Glu-Arg-Lys-Ala-Gly-Cys-Lys-Asn-Phe-Phe Trp
Lys

Cys-Ser-Thr-Phe-ThrSST-14

IC50 (nM)

SST14 SST28
1.1
1.3
1.6
0.53
0.9

2.2
4.1
6.1
1.1
0.07

DPhe-Cys-Phe
DTrp
Lys

Thr(ol)-Cys-Thr

sst1
sst2
sst3
sst4
sst5

sst1
sst2
sst3
sst4
sst5

>1000
2.1
4.4

>1000
5.6

BIM23014
lanreotide

DβNaI-Cys-Tyr
DTrp
Lys

Thr-Cys-Val

sst1
sst2
sst3
sst4
sst5

>1000
1.8
43
66

0.62

RC-160
vapreotide

DPhe-Cys-Tyr
DTrp
Lys

Trp-Cys-Val

sst1
sst2
sst3
sst4
sst5

>1000
5.4
31
45
0.7

sst3-ODN-8

NH2-CO-DCys-Phe-Tyr

Lys
Cys-Phe-Thr

sst1
sst2
sst3
sst4
sst5

>1000

8.6
N

O

>1000

>1000
>1000

Tyr3-Thr8-octreotide
(TATE)

DTPA-DPhe-Cys-Tyr
DTrp
Lys

Thr-Cys-Thr

sst1
sst2
sst3
sst4
sst5

>1000
1.3

>1000
>1000

>1000

Structure
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Potential use of hsstrx is not restricted to target tumor cells. It has been found that
various hsstr subtypes are expressed on proliferating endothelial cells[116,144]. Conse-
quentially, the octapeptide d-Phe-c(Cys-Phe-d-Trp-Lys-Thr-Cys)-Thr(ol) (octreotide)
has been found to inhibit angiogenesis[136] similar to the RGD motif. In fact, the inhi-
bition of tumor growth by SST agonists may caused directly by hsstr on tumor cells
or by suppression of growth factors. The role of SST analogues in cellular prolifera-
tion, tumor growth and angiogenesis has been recently reviewed[116,145]. Although the
potential of SST analogues as anti-angiogenic drugs and for targeted therapy is not
yet fully established, it is clear that the hsstrx family is an interesting target. Several
other targets are discussed for specific delivery of drugs[13, 140]. Additionally, a benefi-
cial effect of combination of RGD and SST analog has been described recently[115,146]

which is of great interest for a polymer therapeutic approach.

Melanocortin receptors and α-MSH

The melanocortins are a group of structurally related proteins which are formed from
proopiomelanocortin by proteolysis. This group includes the adrenocorticotropic hor-
mone (ACTH) and the melanocyte stimulating hormones (MSH, subtypes α, β and
γ). In this section, α-MSH, its receptors and potential biomedical applications will be
discussed shortly[147–151].
The melanocortin receptors (hMCxR, x = 1 - 5) are another example of seven-
transmembrane domain GPCR. They play an important regulative role in a great
number of processes, including feeding behavior (hMC3R and hMC4R)[147], tanning
(hMC1R[152]), sexual function (hMC2R/hMC4R), immune response (hMC2R) and de-
velopment of cancer (hMC1R/hMC4R, e.g. melanoma[153–155], pancreatic[156]). Similar
to hsstrx, hMC1R may dimerize[157]8 and be internalized upon ligand binding[158]. In
comparison to the integrins, the number of these hormone receptors on cancer cells is
limited with approximately 900 to 5700 receptors per melanoma cell[159].
ACTH and the MSHs all bind to hMC1R and hMCR 3 - 5 with variable affinities, while
ACTH is the only natural ligand of high affinity for hMC2R (Table 2.3). Common to
the four melanocortins is the four amino acid core sequence His-Phe-Arg-Trp which

8Please note: These dimers are already formed inside the cell, due to mutations, not on the plasma
membrane after ligand binding as is the case for hsstrx.
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was identified as the minimal binding sequence[160,161]. Table 2.3 also shows that the

Table 2.3: The melanocortin receptor family: Subtypes, natural ligands and func-
tion[162].

Subtype Agonists and order of their affinity Function
hMC1R α-MSH = ACTH > β-MSH > γ-MSH pigmentation

hMC2R ACTH steroid production,
inflammation control

hMC3R α-MSH = β-MSH = γ-MSH = ACTH ingestion

hMC4R α-MSH = ACTH > β-MSH > γ-MSH ingestion, erectile activity

hMC5R α-MSH > ACTH > β-MSH > γ-MSH lipid secretion in
tallow glands

various MSH peptides are not specific towards the various receptor subtypes (besides
non-binding to hMC2R). In order to develop therapeutics based on interaction with
hMCxR, it is important to have access to highly selective agonists or antagonists of
high affinity. Accordingly, various investigators developed a number of potent synthetic
agonists and antagonists with limited selectivity for the various subtypes like NDP-
α-MSH (hMC4R)[163,164], melanotan II (MTII) (hMC1R)[165], SHU9919 (hMCxR, x 6=
2)[166] or HS401 (hMC1R)[167] by variation of the amino acids and/or the cyclic struc-
ture. Furthermore, current studies concentrate on N -methylation of amino acids[162] or
di- or oligomerization[154] to increase selectivity or affinity, respectively. Just as RGD
and SST-analogs, MSH-analogs are developed as therapeutics themselves, as well as
carriers for therapeutic or diagnostic agents (Chapter 2.2.3).

CREKA, unknown target but effective homing

Very recently, Ruoslahti and co-workers[168] found a new tumor-homing peptide by
phage-display technique. The short, linear sequence CREKA was identified to bind to
breast cancer tissue. The peptide, as well as CREKA coated super paramagnetic iron
oxide (SPIO) nanoparticles and liposomes (Figure 2.9) were found to accumulate in
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per paramagnetic nanoparticles c). The nanoparticles are coated with a matrix
of aminodextran and CREKA is attached to the amino groups via a linker (N -(a-
maleimidoacetoxy) succinimide ester, AMAS).
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tumor associated blood vessels, or more accurately, to clotted plasma proteins therein.
The authors report a self-amplification of the homing effect to the tumors. Although
the exact nature of the target CREKA remains unknown, evidence suggests that it
binds to fibrin and/or fibrinogen which is present in the tumor vasculature. It was ob-
served that both CREKA conjugated liposomes and nanoparticles are able to induce
blood-clotting which, in turn, enhances binding of the conjugates. However, it has to
be noted, that without appropriate pre-treatment of the mice9, significant accumula-
tion, especially of the SPIOs in tissues of the reticuloendothelial system (RES)
was observed. This might severely hamper application of such compounds in patients.

A number of other peptide receptors are currently evaluated in terms of their viability
for targeted drug delivery. They are not discussed here, since they are not within the
scope of this work. However, for PRRT in general they are intensely studied and in
some cases even polymer conjugates already investigated[169–173]. Additionally other
receptors, as the folate receptor are a subject of interest, as a great number of tumors
actually overexpress this receptor[174,175].

2.2.2 Suitable radionuclides and chelators

After identifying suitable targets, this chapter will deal with the radionuclides which
can be used for diagnosis and/or therapy when incorporated into peptides or peptide
conjugates. The basal considerations if a nuclide is suitable for the use in nuclear
medicine (diagnosis and therapy) include:

• Physical properties of the isotope like (physical) half-life, nature and charac-
teristics of daughter nuclides as well as the nature and energy of the emitted par-
ticles and/or electromagnetic radiation. While the half-life determines the time
interval in which a therapeutic or diagnostic effect can be elicited, the emitted
energy designates the biological effect and range thereof within the body. While
particle emitter (for therapy) typically have a high linear energy transfer

(LET), electromagnetic radiation (for diagnosis) displays limited interaction with

9the pretreatment consisted of preliminary injection of Ni2+ coated liposomes in order to deplet the
plasma opsonins levels



2. State of Knowledge 31

Table 2.4: Physical properties of selected nuclides for radionuclide therapy

Nuclide half life EMax/MeV mean biological γ-energy /keV (percen-
t1/2/h range /mm tage of γ-radiation)

32P 342 1.72(β−) 1.85 —
67Cu 62 0.57(β−) 0.27 92 (11), 185 (49)
90Y 64 2.27(β−) 2.76 —
131I 193 0.61(β−) 0.40 364 (81)
153Sm 47 0.80(β−) 0.53 103(28)
177Lu 162 0.50(β−) 0.28 113(6.4), 208 (11)
186Re 89 1.07(β−) 0.92 137(9)
188Re 17 2.12(β−) 2.43 155(15)
211At 7.2 5.87(α) 0.06 670(0.3)
212Bi 1.1 1.36(β−) 0.06 727(7)

6.09(α)
213Bi 0.76 5.9(α) 0.07 440

1.48(β−)

biological tissue (low LET). If possible, the physical half-life should match the
biological half-life (pharmacokinetics) of the administered conjugate to maximize
effect and minimize side effects.

• Chemical properties of the isotope which determine how the nuclide can
be incorporated into the carrier molecule. Obviously, the two modes are cova-
lent incorporation (nonmetals) and chelation (metals). Stability in vivo of the
nuclide-carrier linkage is crucial and can depend on pH or ionic strength of the
solvent (body fluid) which might be prone to changes on the passage through
the body.

A great number of isotopes of numerous elements have been investigated for their
applicability in nuclear medicine. Table 2.4 shows a selection of therapeutic isotopes
found in literature. The only type of emitter that is routinely used in clinical oncol-
ogy are β−-emitters. Reasons for this are their availability via (n,γ) reactor processes
and the broad spectrum of particle energies. The released energy of the applied ra-
dionuclide, however, is only one point that has to be considered. Some nuclides that
possess favorable physical constants themselves are restricted in their use, as decay
products shows unfavorable properties. For example, the non-metal 211As is attached
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covalently to its carrier molecule and upon conversion to its daughter 207Bi, a metal,
it is released. The latter is well known to accumulate in the kidneys.
Generally the particle energy and thus, the mean biological range should be chosen
in respect of the size of the malignant lesion. It is of considerable interest in the
case of solid tumors, if the whole lesion is accessible (e.g. necrotic parts are not or
very limited accessed by blood vessels[176–178] and, in the case of targeted therapy, the
target is distributed homogeneously in the tumor. Ideally, the mean biological range
should be half the diameter of the lesion. This allows that the cells are hit a number
of times from different directions (cross-fire effect) which increases the chance of fatal
damage. Most β−-emitters do also emit γ radiation (Table 2.4). This is desirable to
a certain extend, as this can be used for dosimetry and/or visualization and staging
of the tumor.
The oldest and still one of the most common elements in nuclear medicine is iodine.
Administration of iodine is used for the treatment of a number of thyroid diseases.
Radioiodination of bioactive peptides can be easily performed at tyrosine moieties.
However, the in vivo stability of the formed C-I bond is limited which leads to re-
lease of iodine and dose-limiting side effects. Of the large number of β−-emitters,
two intensely investigated nuclides,90Y and 177Lu, should be mentioned. They vary
significantly in the energy of the released particles. The mean biological range of 90Y
is 2.76 mm (Table 2.4), making this isotope suitable for larger malignant lesions, while
177Lu is short-ranged with 0.28 mm of biological range. This makes it an ideal can-
didate for the treatment of smaller lesion and metastasis. α-emitters are very short
ranged (Table 2.4). The helium nuclei dissipate their kinetic energy within a couple
of cells diameters, also making this type very interesting for metastasis and especially
non-localized (e.g. hematological) malignancies. Due to their high LET a few hits
can effectively kill cells, whereas in the case of β−-particles a much higher number is
required. This also explains why so far no α-particle emitter reach advanced clinical
stages, since very fast and efficient delivery to the target cells and rapid clearance of
all residual radionuclide from the body is importance, or systemic or organ-related
toxicity would be prohibiting. Figure 2.10 illustrates the different biological ranges of
212Bi, 177Lu and 90Y. The higher the particle range, the higher the chance that the par-
ticle related toxicity harms other cells or tissues (e.g. blood vessels) in the proximity.
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Tumor

212Bi = 60 µm

177Lu = 280 µm

90Y = 2.76 mm

Figure 2.10: Illustration of the mean particle range of the three therapeutic radionu-
clides 212Bi, 177Lu and 90Y in comparison with cells. Please note: the biological
range is statistical and the black circles only roughly correspond with the mean
biological range in proportion to cell diameter of approx. 30 µm.
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Two major imaging methods in modern nuclear medicine are single-photon emis-

sion computed tomography (SPECT) and positron emission tomography

(PET). One prominent example for SPECT is OctreoScanr (111In-diethylentriamine
pentaacetic acid0-octreotide (111In-DTPA0-OC)) while PET is mainly performed with
18F-fluorodeoxyglucose (FDG). Recently Li [179] reviewed the use of SST analogs for
PET imaging.
The two chelators 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
and DTPA are the most common chelators for radiometallation, with DTPA being
already part of a commercial product, OctreoScanr. Besides DOTA and DTPA, also
a number of derivatives are commercially available or have been described in literature
(Figure 2.11) Recent research focuses not only on the development of new chelators to
improve binding selectivity and affinity to metals of interest, but also to develop new
derivatives to allow fast and effective coupling/incorporation of the chelators (in)to
antibodies, peptides[180] or polymers via isothiocyanate coupling, oxime ligation[181–183]

or ’click-chemistry’[183,184] (vide infra, Chapter 2.5), or incorporation into polymers[100].
Liu and Edwards [185] reviewed the design, synthesis and radiometallation of this type
of bifunctional ligands for radiopharmaceuticals.
Both DOTA and DTPA can bind to a great number of nuclides, but affinity for differ-
ent ions and kinetic factors of metallation differ strongly. This is of great importance,
since in vivo stability of the chelator-metal complex must be high, but incorporation
and purification should be fast. As can be seen in Table 2.5, fast and quantitative
radiometallation of DOTA with a number of elements is possible under appropriate
conditions.
Upon coupling of the chelator to the targeting molecule (especially in the vicinity of
the binding motif), its binding profile towards their target can change significantly.
Furthermore, the introduction of the metal can also change the pharmacokinetics, the
rate of internalization of the ligand/receptor complex[190] and thus, tumor uptake. To
complicate matters, also the site of DOTA attachment and nature of the used linker be-
tween the chelator and the peptide is of relevance. This can lead to the loss of subtype
binding capacity as was reported recently in the case of the peptide sst2-ANT after
DOTA coupling[137]. Some further examples are given in Table 2.6. In literature, the
IC50 of the same peptides towards the same receptor subtype vary substantially10. The

10Compare IC50 values of 0.07[135], 2.4[137] and 4.0 nm[138,191] for binding of SST-28 to hsstr5.
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Figure 2.11: A selection of DTPA and DOTA derivatives. While a), c) and e)
react with primary and secondary amine groups, b) can be coupled to free thiols,
e.g. of cystein moieties of peptides. d)[180] can be used in solid phase synthesis
(SPS) (Fmoc strategy) of peptides while f)[181] can react with aminooxy peptides
under oxime formation (see Chapter 2.5). g)[100] can be directly incorporated during
radical polymerization of acrylates/acrylamides. a) through e) can be purchased
from Macrocyclics Inc., Dallas, Tx, USA.
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Table 2.5: Comparison of parameters of radiometallation of DOTA conjugates of
octreotide analogs with various elements[186–189].

Nuclide Temperature [°C] pH value Time [min] RCY [%]
68Ga 90 4.2 - 4.6 1 100a

90 4.2 15 95
RT 4.2 5 60

64Cu 50 5.5 45 100
90Y 80 4 - 4.5 20 100
111In 100 4 - 4.5 30 100

80 4 - 4.5 20 60
177Lu 80 4 - 4.5 20 100
213Bi 100 6 - 7 5 100
a microwave heating

Table 2.6: Affinities (IC50 [nm]) of SST analogs with and without chelator as well
as after radiometallation towards the five hsstrx subtypes[137,191]; compare also with
Table 2.2.

Peptide hsstr1 hsstr2 hsstr3 hsstr4 hsstr5

octreotide >10,000 2.0 ± 0.7 187 ± 55 >1,000 22 ± 6
DTPA-octreotide >10,000 12 ± 2 376 ± 84 >1,000 299 ± 50
111In-DTPA-octreotide >10,000 22 ± 3.6 182 ± 13 >1,000 237 ± 52
(OctreoScanr)
DOTATOC >10,000 14 ± 2.6 880 ± 324 >1,000 393 ± 84
90Y-DOTATOC >10,000 11 ± 1.7 389 ± 135 >10,000 114 ± 29
(OctreoTher)
sst2-ANT >1,000 3.6 ± 0.4 >1,000 349 ± 30 276 ± 119
DOTA-sst2-ANT >1,000 1.5 ± 0.4 >1,000 287 ± 27 >1,000
In-DOTA-sst2-ANT >1,000 9.4 ± 0.4 >1,000 380 ± 57 >1,000
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reason for this is unclear, but might be due to different experimental methods. The
change in affinity between peptides, peptide-chelator and peptide-chelator-metal con-
jugates can be explained by the change in overall charge and/or hydrophilicity (DOTA
carries four carboxylic acid moieties) as well as with induced steric hindrance. Not
only the affinity in vitro can be subject to change, but also the pharmacokinetics may
alter significantly[192]. Systematic investigation of the impacts of net charge, carbo-
hydrate conjugation, hydrophilicity/lipophilicity, size, multimerization and structure
has just started and the results of in vitro and in vivo experiments are not always
conclusive.

2.2.3 PRRT

Clinical studies with hsstrx targeting

Clinical evaluation of PRRT is yet limited to the rare class of inoperable and/or metas-
tasized neuroendocrine gastroenteropancreatic hsstrx positive tumors. Teunis-
sen et al.[191] recently reviewed the developments with radiolabeled SST analogs. First
tests where performed with 111In labeled SST analogs. However, the effective range of
the Auger-electrons is very low («10 µm) so that internalization is crucial or better,
DNA intercalation is desirable[193]. Additionally, in the common case of heterogeneous
receptor distribution within the tumor mass, no bystander effect can be achieved, lim-
iting the clinical response of 111In radiopharmaceuticals[193].
Already in 1995, Donoghue et al.[194] used a mathematical model to predict the optimal
size of tumor with respect of the used therapeutic radionuclide. For 90Y a diameter of
34 mm was calculated, while tumors of 2 mm should respond best to treatment with
177Lu. More recently, first preclinical results support this calculation as it could be
shown that a combination of the two nuclides result in a higher response in tumor
xenografts[195,196], while smaller lesions are more effectively treated with 177Lu while
bigger respond better to 90Y[197,198].
Table 2.7 summarizes results of clinical trials with OctreoScan, OctreoTher and 90Y-
DOTATATE.
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Table 2.7: Clinical studies of PRRT with different peptide-radiometal compounds[191].

Peptide-conjugate # patients Clinical response
OctreoScan 64 (97 % PD)a 6 % PR 23 % PD

OctreoTher 200 (92% PD)a 21 % CR +PR 13 % PD

90Y-DOTATATE 75 (89 % PD)a 37% PR 11 % PD
a prior to the treatment
CR = complete remission, no evidence of disease
PR = partial remission, > 50 % reduction of tumor size
PD = progressive disease, > 25 % increase in tumor size

Recent preclinical studies with hsstrx targeting

Hsstrx targeting was performed so far with agonists. This is thought to be preferable
because internalization of the ligand receptor complex would increase the residing time
of the nuclides at the tumor. However, after a very recent report of Ginj et al.[137],
this paradigm might shift. In vivo experiments in a mouse model showed a markedly
higher accumulation of antagonists of hsstr2 and hsstr3 in the tumor as compared to
agonists. The hsstr3 antagonist peaked 1 h after administration with over 60 % of the
injected dose per gram of tissue (%ID/g, i.e. the weight normalized percentage of in-
jected radioactivity in the respective organ) in the tumor and very high tumor/tissue
ratios. The authors suggest that these results should be confirmed by further studies
and that antagonists of other relevant peptide receptors should be examined in this
respect.
α-Particle emitters are of high interest, but sufficient delivery systems are yet to be
developed. SST analogs seem natural candidates for these studies, since the are known
to accumulate very rapidly at the tumor site, reducing the toxic load to the body and
especially to the blood[199]. A first study by Norenberg et al.[189] with 213Bi-DOTATOC
in an animal model showed an anti-proliferative effect on the tumor, accompanied by
minimal organ toxicities. This makes this compound an interesting candidate for fur-
ther studies.
Another approach that is set apart from the traditional approach of optimizing re-
ceptor affinity and pharmacokinetic profile was reported recently[200]. Trifunctional
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compounds, bearing octreotide, chelator and a virus derived peptide that triggers
transport to the nucleus were investigated. The transport to the nucleus is projected
to increase the therapeutic effect of attached 111In. It was shown that the compounds
not only displayed an increased cellular uptake in comparison to 111In-DOTATOC, but
also has a pronounced uptake into the cell nucleus. However, these preliminary results
now have to be examined in respect of cytotoxicity of this new class of trifunctional
compounds.
Recent studies on combinations of different receptor-specific peptides suggest yet an-
other paradigm shift. However, while the concept is intriguing, the presented exper-
imental data show that the high renal uptake prohibits the use of these radiolabeled
RGD-octreotate chimeras so far[146,201].

Protecting the kidneys

Renal clearance is the favored mode of excretion in PRRT but can be also the dose-
limiting factor. Several studies concerning this aspect have led to important insights
of the mechanisms of reabsorption after glomerular filtration of peptides in the renal
proximal tubules. While the mechanisms of this uptake are not yet clearly established,
de Jong et al.[202] recently showed that the multiligand receptor megalin, a negatively
charged endocytic (i.e. internalizing) peptide and protein receptor, is involved in the
reabsorption process of OctreoScan. Furthermore, it has been found that adminis-
tration of positively charged amino acids (Lys and Arg, l and d) and polycations
significantly reduces the reabsorption[34, 203,204]. Accordingly nephrotoxicity is reduced
in the case of 90Y labeled SST analogs by coadministration of Lys and Arg[205], while
in the case of the α-emitter 213Bi this positive effect was not observed[189]. The reduced
reabsorption is generally attributed to the blocking of the negatively charged megalin.
Incorporation of oligo-d-glutamic acids sequences led to a reduction of the kidney
uptake of radiolabeled minigastrin, another peptide in development for PRRT. Inter-
estingly, oligo(aspartic acid) does not exert this effect[206]. This suggests that the effect
is not solely charge dependent.
While being the most prominent example, hsstrx positive tumors are not the only ones
where progress in PRRT are made. As mentioned above, integrins, and in particular
αvβ3 are overexpressed in a number of tumors, including melanoma, glioma, breast
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and ovarian cancers and proliferating blood vessels. Therefore it seems logical to con-
sider integrins as worthy targets for PRRT, especially in the case of rapidly growing
solid tumors. Liu et al.[170] reviewed the use of RGD peptides and integrin antagonist
peptidomimetics in this aspect. Also for analogs of α-MSH reports and preclinical
advances can be found in the literature.

Preclinical evaluation of α-MSH analogs for PRRT

Various reports on the biodistribution of radiolabeled MSH analogs can be found,
dating back from 1999. Chen et al.[207] observed up to 6.52± 1.11 %ID/g of radio-
labeled (99mTc and 188Re) NDP-α-MSH (30min p.i.). However, the tumor retention
was mediocre and the peptides were excreted to a high degree in the feces. The same
group later evaluated DOTA-Re[Arg11][Cys3,4,10,d-Phe7]MSH3−13 (DOTA-Re[Arg11]-
CCMSH) and similar rhenium cyclized MSH analogs. Some gave very promising
tumor uptake accompanied with only very limited hepatobilliary uptake[208]. Inter-
estingly, the performance in vitro was not reflected in vivo (tumor uptake and excre-
tion), as comparison of IC50 values shows. The peptide with the highest affinity in
vitro did not show the highest tumor uptake in vivo. Administration of therapeutic
doses of 188Re[Arg11]CCMSH lead to prolonged survival rates, but no case of com-
plete remission was reported[209]. It was hypothesized that the high-energy β-particles
emitted from 188Re deposited a majority of the decay energy outside the small-sized
tumors present in this study.After administration of [212Pb]DOTA-Re[Arg11]CCMSH
(α-emitter) the results were different. Uptake in the tumor was pronounced and pro-
longed (after 4 h, > 10%ID/g), while the uptake in the kidney decreased comparably
fast. The survival rates of tumor bearing mice were promising; up to 45% of mice
(200µCi administered) survived disease-free[209]. Also with both 177Lu and 90Y labeled
DOTA-Re[Arg11]CCMSH, persistently high uptake was observed in the tumor. How-
ever, at the same time a markedly higher renal uptake in comparison with 212Pb was
observed[158]. Insertion of the negatively charged (at physiological conditions) amino
acid glutamic acid between the peptide and the chelator helped to reduce the kidney
uptake significantly, albeit accompanied by a minor reduction of the tumor uptake[210].
Froidevaux et al.[211] recently reported on the synthesis of another potential MSH ana-
log [Nle4,Asp5,d-Phe7]-α-MSH4−11 (NAPamide), for imaging or therapy of hMC1R
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expressing tumors. In comparison with CCMSH peptides, the tumor uptake was
comparable or lower (depending on the CCMSH conjugate). At the same time, how-
ever, the kidney uptake was markedly reduced. A follow-up study, evaluating SAR,
showed that Lys11 plays a critical role for the kidney uptake[212], similar as observed
for CCMSH[208].
Most or all peptides that are in advanced stages of preclinical or in clinical studies
for PRRT are monomeric. However, as discussed in Chapter 2.2.1, there is evidence
that oligo- and multimers of cell recognition moieties can be superior to monomers, in
terms of their specificity and/or biodistribution. Some of these oligo- and multimers
will be discussed in the following chapter. In literature, the terms multivalency and
polyvalency are used interchangeably for the interaction of several ligands bound to
one molecule with their receptors. However, it becomes evident that also the combina-
tion of different ligands in multiple copies exerts special effects which are only observed
if the ligands are bound to the same carrier. For the first example of multiple copies
of ligands, the term polyvalency will be used in this work, whereas the latter case of
different ligands on the same scaffold will be termed multivalent.

2.2.4 Polyvalency at work

Polyvalent and multivalent interaction are crucial in numerous biological situations.
For the attachment of cells to the ECM, the integrins have already been mentioned
and the cells bind with great numbers of integrins the RGD motif of e.g. fibronectin.
On the other hand, e.g. viruses need to bind to different epitopes on cell surfaces in
order to be able to enter and thus deliver their genetic material to the cells. For
polyvalent and multivalent interactions both peptides and sugars (or the combination,
glycoproteins) can be responsible[77]. In Figure 2.12, a number of binding mechanism
of polyvalent and multivalent ligands to cell surface receptors are illustrated. The
most simple effect is a statistical one, as upon binding of one ligand of a polyvalent
construct, the other ligands are held in close proximity of the receptor. This can lead
to a faster follow-up binding if the first ligand is released, resulting in a higher observed
affinity of the polyvalent ligand (Figure 2.12a). In contrast to monomeric ligands, a
number of binding modes are possible. These include the simultaneous binding of
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Figure 2.12: Simple illustration of various bindings modes of poly- and multivalent
ligands: a) statistical effect, b) chelation of receptors, c) subsite binding, d) receptor
clustering, e) simultaneous binding of different receptors and f) steric shielding.
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ligands which decreases the overall off-rate (Figure 2.12b). Subsite binding offers a
chelation effect at one receptor as the same or another type of ligand bound to the same
scaffold binds to another epitope of the receptor (Figure 2.12c). Upon binding of one
receptor a signal is induced that leads to receptor clustering, increasing the possibility
of the chelation effect (Figure 2.12d). Scaffolds, that are polyvalent in different ligands
(multivalency) can lead to simultaneous binding of two different receptors, which, in
turn can lead to a different signal than binding of the receptors alone or independent
binding of the two different receptors (Figure 2.12e). Finally, bulky ligand scaffolds
can act as a barrier for other (monomeric) ligands, decreasing competitive binding
(Figure 2.12f). In the past decade, much insight into this matter was gained by the
use of synthetic polymeric scaffolds carrying multiple copies of ligands. For example,
the effect of polyvalent galactose, prepared by ring-opening metathesis polymeriza-
tion, on cell chemotaxis was studied by Gestwicki et al.[213]. It was shown that the cell
response was dependent on the valency of the galactose multimers. A number of arti-
cles and reviews by Whitesides [77] and Kiessling [214–219] give more detail of this subject.

Multimers of SST analogs

In the case of SST analog oligo- or multimers, only limited studies are available.
Kessler et al.[220] studied the effect on the binding affinity of dimers of c(d-Pro-
Phe-Thr-Lys-Trp-Phe) linked by hydrocarbon chains of different length. A maximum
binding affinity was found for spacers of 16 - 18 carbon atoms size. Modlinger [181]

recently described various DOTA bearing TATE dimers and a tetramer. In vitro
studies showed a decreased binding affinity for hsstr2 in comparison to TATE for all
multimers. In vivo biodistribution studies revealed a very high kidney uptake and
only moderate to low tumor/background rations in comparison with the monomer.

RGD multimers

Since the interaction of cells with their surroundings via the integrin receptor family
is typically multivalent and integrin clustering is an important aspect of the signal
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cascade, it seems a logical step that RGD multimers are synthesized and compared in
their affinity, specificity and biodistribution with monomeric RGDs. In fact, while SST
analogs are much more routinely used in nuclear medicine and oncology than integrin
antagonists, RGD oligo- and multimers are represented in much higher numbers in
literature. In Figure 2.13 a number of oligo- and multimeric structures described in
this section are depicted. Recently, Ye et al.[221] reported on the synthesis, in vitro
and in vivo evaluation of arrays of multimeric linear RGD motifs, bound to a near
infrared (NIR) fluorescent dye (cypate) (Figure 2.13a). It was shown that with in-
creasing numbers of RGDs, the binding affinity increases. However, even a construct
of 8 linear RGD units shows lower affinity than c(RGDfK). Additionally, it was shown
that not only the number of RGD units influences the affinity, but that also their
arrangement is relevant. Are all RGDs attached to one side of the cypate a lower
affinity is observed than if the half the number is attached on either sides of cypate.
Biodistribution studies showed that tumor uptake is better for higher affinity struc-
tures, but these linear oligomers show pronounced uptake in the liver and the kidney
even 24 h post injection (p.i.). Additionally, only moderate tumor/organ ratios were
observed.
In the group of Prof. Kessler recently a number of di-, tetra- and octamers of cyclic
RGD with different types and length of spacers (hydrophilic and flexible hexaethyleng-
lycol (HEG) and more hydrophobic and less flexible 6-aminohexanoic acid (AHX))
have been synthesized and evaluated (Figure 2.13b)[67, 89,225]. It was shown, that tu-
mor uptake of the dimer and the tetramer is higher as compared to the monomer
and even higher as galacto-RGD (Chapter 2.2.1). Especially tumor/background ra-
tios profits from multimerization and for most organs a trend can be observed from
mono- over dimeric to tetrameric compounds (Figure 2.8c). Importantly, comparison
of the biodistribution data of mono- and tetramers shows no effect of the higher molar
mass on the blood pool retention[101,226].
These well defined oligomers are highly interesting compounds for integrin targeting,
but the synthesis of these compounds is a tedious ∼ 20-step reaction and numerous
HPLC purification steps are necessary.
Boturyn et al.[222] reported on a modular concept of preparing tetramers of c[RGDfK]
via oxime formation. The application of this highly effective coupling reaction makes
the overall preparation more feasible. Also Dijkgraaf et al.[91] were recently able to
reduce the necessary numbers of steps to produce tetramers of c(RGDfK) significantly
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Figure 2.13: Structures of various RGD oligo- and multimers. Ye et al.[221] reported
on oligomers of linear RGD units attached to a near-infra red (NIR) dye. b) Several
groups prepared a number of oligomers (n ≤ 8) that can be radiolabeled or carry a
fluorescent dye[89, 91,92,101,114,222]. c) RGD attached to human serum albumin (HSA)
has been reported by Temming et al.[223]. d) RGD coated nanoparticles by Montet
et al.[96, 103] showed a pronounced multivalency effect but also significant uptake
in the organs of the RES while in the case of e) polyplexes with pending RGD
moieties a negative effect of multiple copies of RGD on the biodistribution has been
reported[224]. Please note: Sizes are not in scale.
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by application of click-chemistry. In vivo screening revealed a significant increase in
tumor accumulation and generally favorable tumor/organ rations. However, the re-
ported tetramer showed a very high kidney uptake both at 2 h p.i. (∼ 22 %ID/g) and
24 h p.i. (∼ 20 %ID/g). In another study, the same group investigated the influence
of the linker between the peptides on the biodistribution[92].
Temming et al.[223] recently reported on human serum albumin (HSA) functionalized
with multiple copies (5 - 13) of c[RGDfK] and the cytostatic auristatin bound via a
lysosomal labile linker in a 4-step reaction (Figure 2.13c). Attachment of the peptide
was performed via short alkyl linkers and poly(ethylene glycol) (PEG) chains, alterna-
tively. The number of attached copies of RGD, the linker and the additionally attached
drug influenced the binding affinity. However, the size of the used PEG chains is not
mentioned in the report and actual structure activity relationships (SAR) can not be
deduced from the data presented. Some evidence suggests that both PEG and drug
conjugation increase the IC50 values of the conjugates and increasing numbers of RGD
decrease it. Additionally, the incorporation of 89Zr by chelation with deferoxamine at-
tached to HSA was reported. 89Zr is an interesting nuclide due to its relatively long
half-life of 78 h as compared to other β+-emitter as this allows long term PET imaging.
Montet et al.[103] prepared RGD coated nanoparticles (Figure 2.13d) which show a
pronounced multivalent effect. However, biodistribution data suggest a strong uptake
in a number of organs, including liver, spleen, skin and intestine[96].
Kim and co-workers recently prepared branched poly(ethylene imine)-graft-[poly(ethyl-
ene glycole)-RGD4C] (bPEI-g-PEG-RGD) (Figure 2.13e) conjugates with plasmid
DNA in order to block the vascular endothelial growth factor (VEGF) receptor, thus
inhibiting tumor angiogenesis. It was shown that bPEI-g-PEG-RGD exhibits an en-
hanced gene delivery in comparison to bPEI-g-PEG and leads to increased survival in
tumor bearing mice[224]. It was reported that the affinity of these constructs to hu-
man dermal microvascular endothelial cells (HDMEC) was decreased with increasing
number of PEG-RGDs bound to the PEI. When only one PEG-RGD was attached,
affinity was similar to the reference peptide but already 5 copies bound to PEI halved
the relative affinity. Conjugates carrying 10 and 20 PEG-RGD chains showed no affin-
ity at all. The authors attribute this to an aggregation effect. The charged peptides
agglomerate within the bPEI-DNA core while the hydrophilic PEG surrounds it. Since
the RGDs are then not presented on the surface of the micelles, no specific binding
can occur[224,227]. This demonstrates another problem of targeted delivery. Obviously,



2. State of Knowledge 47

targeting moieties must be presented in a manner that interactions with their target
is not affected.

Multimers of α-MSH analogs

Similar to hsstrx and in contrast to integrins, hMCxR bind their ligands with high
affinity. As discussed earlier, multimerization of high affinity ligands sometimes does
not increase the binding to their targets and is not necessarily beneficial for the biodis-
tribution.
Sharma et al.[228,229] reported on MSH and NPD-α-MSH multimers based on poly(vin-
yl alcohol) (molar mass 110,000 g/mol) as well as latex and polyamide beads as scaf-
folds. Their results suggested that these conjugates are suitable for the identification
of melanoma cells in vitro. However, for in vivo studies these conjugates are not suit-
able due to size and solubility issues.
Well-defined NDP-α-MSH oligomers with up to six peptides were synthesized via
oxime formation by Brandenburger et al.[230]. They reported on an up to 8 fold in-
crease of the affinity to hMC1R of these oligomers in comparison to the native peptide.
Vagner et al.[154,231] reported on MSH(4) (His-d-Phe-Arg-Trp, low affinity) and NDP-
α-MSH (high affinity) di- and trimers, linked by rigid and flexible linkers and studied
their affinities towards hMC4R. They found a trend of increased affinity with increas-
ing number of ligands only observed for the low affinity peptide MSH(4) (up to 23 fold
increase).

2.2.5 Summary

Peptide receptor radionuclide therapy and imaging are rapidly developing fields in
the context of targeted and individualized cancer therapy. Imaging methods are im-
portant in the assessment and staging of diseases. Of the numerous receptors which
are under investigation for PRRT and PRI, the somatostatin receptor and the ligand
octreotide are in advanced stages. OctreoScanr is already routinely used in the clinic
and OctreoTher is currently investigated in clinical trials.
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Despite substantial effort that is put into the investigation and development of suit-
able conjugates for PRRT and PRI, several limitations remain. Multimerization of the
ligands via hydrophilic and biocompatible scaffolds seems to be a promising way to
circumvent some problems. In a number of cases, this approach is working, whereas
in other examples the oligomerization is not beneficial. However, SAR are rarely
described or understood. In recent years, investigators started to take a look into
polymer-peptide conjugates as candidates for PRRT. The concept of polymer thera-
peutics and these special considerations will be discussed briefly in the next chapters.

2.3 Polymer therapeutics

2.3.1 Biocompatibility of polymers

Substances, materials and assemblies are often called biocompatible if they do not
have a negative influence on a biological system. However, presumably no material
shows no negative influence in all living creatures in all possible assemblies. Therefore
one has to keep in mind, that biocompatibility of a substance or material is typically
only given in a certain, very specific context. Two examples shall clarify this point:

• An implant in the cardiovascular system (i.e. a stent) shall typically exhibit
minimal interaction with substances within the blood, especially shall not lead
to specific or unspecific adhesion of cells or proteins. A bone implant, in contrast,
shall exhibit strong interaction between the bone and the surrounding tissue.

• The fate of intravenously injected soluble polymers depends on, among other fac-
tors, their hydrophilicity/hydrophobicity and their hydrodynamic radius (Chap-
ter 2.1.2). If polymers are not degradable (e.g. having no hydrolysable bonds
within the backbone), high molar mass fractions can eventually be deposited
within the body. This may lead to pseudo tumors as described for poly(N -
vinylpyrrolidone) (PVP), when used as blood plasma expander. Nevertheless,
PVP is regarded as a biocompatible polymer in general and is widely used in
pharmacy as well as health and personal care products[232].
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Furthermore, the following subdivisions of the term biocompatible can be found[233]:

• Biotolerant components and compounds are only tolerated within the organism
for some months to a couple of years. Minor deficiencies and interactions may
be observed but no degradation, tissue alteration or toxicity shall be observed.

• A compound or substance is called bioinert when no chemical or biological
interactions are observed. No toxic substances are released and, if implanted,
only a non-adherent connective tissue capsule is formed around the implant. To
this class some ceramics and polymers are attributed, along with most metals.

• Substances and implants are termed bioactive when a defined and pronounced
interaction is observed. Implants typically need to be specifically designed and
modified to be bioactive (for RGD-modified polymers see e.g. Hersel et al.[113]).
This is especially important to ensure long-term and mechanical stability of
implants.

2.3.2 Concepts and recent examples

The term ’Polymer therapeutics’ is used for a variety of different constructs some of
which are illustrated in Figure 2.14. Polymers that cause a therapeutic effect them-

Protein

a) b) c)

drug

optional
homing 
device

biodegradable
linker

Figure 2.14: Illustration of the different types of ’polymer therapeutics’. a) Polymeric
drugs, b) polymer-protein conjugates and c) polymer-drug conjugates (with optional
peptide for e.g. active targeting)[42, 49].

selves are termed polymeric drugs (Figure 2.14a). Normally an additional entity is
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involved to elicit a therapeutic effect. In this case the polymer is mostly regarded as
the carrier, solubilizer/pharmacokinetic modifier or protective agent against degrada-
tion of the active substance. These entities can be proteins (Figure 2.14b), peptides
and drugs or a combination thereof (Figure 2.14c). In addition polymer micelles,
polymer decorated liposomes (Figures 2.5f, 2.7d) and polymer-DNA/RNA complexes
(Figure 2.13e) (polyplexes) are under investigation.
The rationale for polymer therapeutics stems from a seminal paper of Prof. Ringsdorf
which dates back to 1975. Therein the use of polymers as carriers for therapeutic
substances and homing devices is hypothesized (Figure 2.15)[9]. The still valid basic

polymer backbone
stabledegradable

non-toxic water or
lipid soluble
comonomers

X

Pharmacon
stabile or
labile fixation
of pharmacon

pharmacological
active compound
e.g. drug/radionuclide

Transport System

homing device to specific biological targets
or 'non-specific' pharmacokinetic modifier

Figure 2.15: Illustration of Ringsdorf s concept for polymer therapeutics. Freely
adapted from ref.[9].

considerations include the (biodegradable or biostable) non-toxic polymer backbone,
built up from monomers which are largely responsible for the solubility of the entire
compound (often via hydrophilic side chains, as the backbone of many polymers con-
sists of a saturated alkyl chain). Additionally a pharmacon, typically a low-molar
mass drug, is attached. The nature of the linker between the polymer and the drug
usually has a major impact, as many drugs only become active on release from the
polymer itself (prodrug concept). Finally a transport system can be present, either
active (e.g. receptor binding peptide) or passive (pharmacokinetic modifier).
The object of this work is the peptide targeted delivery of radionuclides with relatively
small polymers. Therefore a detailed discussion of the advances of ’classic’ polymer
therapeutics (passively targeted large polymers) is outside the scope of this work. A
number of recent reviews can be found in literature[42, 43,46,48,49].
In contrast to systems using drug encapsulation by polymers for controlled drug re-
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lease, the drug/bioactive compound is covalently bound to the polymers (with the
exceptions of polyplexes). This makes the compounds new chemical entities which
normally leads to more difficult approval procedures. However, as a first step in the
development, the assessment of the biocompatibility of the polymeric carrier is often
regarded necessary, even though any modification of this carrier will invariably alter
its behavior in vivo. Two major differences between polymer therapeutics and other
macromolecular drugs can be identified. In contrast to antibodies, oligonucleotides
or proteins, polymers are typically easily accessible on a multi-gram (or often multi-
ton) scale. Various properties such as size, charge and solubility can be varied eas-
ily by altering the feed or adding different monomers. However, these large scale
polymers are synthesized by e.g. radical or ionic polymerization, ROMP or polyad-
dition/condensation. These polymerization techniques always lead to polydisperse
products. This problem hampers the otherwise rapid advance in the field of poly-
mer therapeutics. Distinct polymer chains will differ in size and possibly charge and
monomer composition, which is likely to lead to a different biodistribution and effect.
Additionally, any chemical modification tends to change the pharmacokinetics of poly-
mers. For example, indifferent of the nature of the chemical modification (anionic,
cationic, peptidic or with doxorubicin) the retention in the bloodstream is significantly
reduced in the case of N -(2-hydroxypropyl)methacrylamid (HPMA) copolymers[31, 32].
In several cases the biodistribution becomes less favorable, as can be seen in an reduc-
tion of tumor/organ ratio for kidneys and liver in a prostate carcinoma xenotransplant
rat model[32]. However, in the case of conjugation with the chemotherapeutic agent
doxorubicin the biodistribution remains largely unaffected besides a significant higher
relative accumulation in the kidneys. The reason for this general trend of reduced cir-
culation time is unclear. It could be reasonably assumed that attachment of moieties
like doxorubicin or peptides may lead to some kind of aggregation of these groups
and contraction of the hydrodynamic radius in consequence (as aforementioned with
the example of adverse effects of multiple copies of PEG-RGD chains on bPEI 2.2.4).
However, introduction of charged side chains should not lead to a contraction of the
polymers hydrodynamic radius, due to electrostatic repulsion and enhanced water sol-
ubility. In the case of the introduction of carboxylic acids into the side chain, one
could anticipate an additional repulsion effect from the highly negatively charged fil-
tration barrier in the glomerulus. However, the opposite is observed. This again shows
the complexity of SAR in the interactions of polydisperse compounds and biological
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systems.
The polymer architecture is an important aspect that can change the characteris-
tics like biodistribution and blood retention of polymers. Besides linear polymers,
hyperbranched polymers, dendrimers and bow-tie dendrimers as well as dendronized
polymers are under investigation (Figure 2.16). Polyglycerols can serve as an ex-

a) linear (low-branched) 
polymers

b) hyperbranched 
polymers

c) dendrimers

e) polymer tethered 
dendrimers

d) bow-tie dendrimers f) dendronized polymers

G1
G2

G3

Figure 2.16: Schematic illustration of various polymer architectures available. Be-
sides simple linear and branched polymers (a), hyperbranched (b), dendrimers (G3)
(c), bow-tie dendrimers (d), polymer tethered dendrimers (e) and dendronized poly-
mers (f) are under investigation.

ample to explain the rationale behind the change in architecture. PEG has been
mentioned a number of times already. In fact, it is the most common polymer for
polymer therapeutics. PEG conjugated (PEGylated) peptides were the first polymer
therapeutics entering the markets starting from 1990 with PEG-adenosine deaminase
being the first. Several reviews discussing recent developments in PEGylation can be
found[234,235]. Albeit PEGylation has proven its usefulness in many examples, PEG has
one major shortcoming. Chemical modification is only possible at the two chain ends.
This is absolutely sufficient or even necessary in the typical case of polymer-protein
conjugates as one protein is decorated with one or several PEG chains to enhance
solubility, reduce immunogenicity or toxicity and prolong the biological half-life. How-
ever, if one thinks of more sophisticated protein/drug/peptide-polymer conjugates or
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multimerization, linear PEG is often not an option. In contrast, dendritic (perfectly
branched) polyglycerols offer a great number of modifiable sites on the exterior of the
molecule (Figure 2.16)[43]. Unfortunately, the step by step synthesis of these perfectly
shaped molecules is difficult and tedious. Moreover, modification of the exterior with
more hydrophobic moieties (drugs like doxorubicin) can vitiate the solubility or lead
to aggregation[236]. However, dendrimers are intriguing molecules. Gillies et al.[237]

recently investigated the difference that architecture makes for biodistribution of oth-
erwise similar polymers. They reported that dendrimers of the same molar mass show
different blood circulation half-life, depending on the architecture. PEG side chains
of different size were attached to first, second and third generation polyester den-
drimers to obtain similar molar mass (Mn ∼ 40,000 g/mol) products. The blood pool
half-life increased from 1.4 h for G1, 26 h (G2) to up to 31 h for the G3 dendrimers.
This example shows how sensitive pharmacokinetic characteristics can be in terms of
the molecular architecture. The authors also propose a mechanism for the observed
effect (Figure 2.17). Dendrimers of higher generations are typically described being
more densely packed than linear polymers of the same molar mass, reducing their
hydrodynamic radius. However, the coiled linear polymers can be assumed to be more
flexible. Thus, their reptation through pores of a size significantly smaller than the
hydrodynamic radius should be easier for linear coiled polymers than for dendrimers
or hyperbranched structures. The design of dendrimers for biological applications has
been recently reviewed be Lee et al.[238] and more examples of possible future ap-
plications can be found therein. Although dendrimers and bow-tie dendrimers are
a relatively new and promising class of polymer architectures for biomedical appli-
cations, they again suffer from a disadvantage, their tedious step-by-step synthesis.
Table 2.8 summarizes the advantages and disadvantages of the various types of poly-
mer and dendrimer architectures described in literature. In preliminary studies Lee
et al.[239] showed that a polyester bow-tie dendrimer conjugated with doxorubicin is
a promising candidate for chemotherapy. It showed similar efficacy in vivo as Doxilr,
an approved liposomal doxorubicin formulation. However, in contrast to Doxilr it
is a monomolecular substance, so that formulation and stability issues do not arise.
Furthermore, drug attachment is not limited to hydrophobic drugs as in the case of
liposomes.
It has been briefly mentioned that also polymers were labeled with targeting moieties
and radionuclides instead of drugs for imaging or therapeutic applications. This could
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Figure 2.17: Schematic illustration of the permeation of polymers of different ar-
chitecture through narrow pores like the glomerular filtration slit. Linear or low-
branched polymers occupy a relatively large hydrodynamic volume, but can easily
uncoil and reptate through the pores (a). Star polymers with a low number of
arms or polymer tethered low generation dendrimers are similarly not hampered by
steric hindrance and can also penetrate the barrier (b). In contrast, high genera-
tion dendrimers occupy a relatively small hydrodynamic volume but this can not be
condensed much further, nor can such construct fully uncoil. Therefore reptation
through pores is limited if the pores are considerably smaller then the hydrodynamic
volume of the dendrimer. Adapted from ref.[238].
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Table 2.8: Comparison of different polymer architectures.

Architecture Advantages Disadvantages
Linear and facile synthesis via polymerization polydisperse products
branched typically one step synthesis of scaffold polymer analog reactions

great variety of monomers available inefficient, analysis difficult
Dendrimers well defined, high density multistep reaction

of functionalities on periphery functionalization may vitiate
fine-tunable pharmacokinetics solubility

Bow-type analog to dendrimers sophisticated multistep
dendrimers additionally orthogonal reaction

functionalization possible
Hyperbranched many advantages similar limited reproducibility

to dendrimers limited synthetic control
one step synthesis polydisperse products

Dendronized high density of functionalities limited synthetic control
polymers rigid polymer architectures polydisperse products

accessible very difficult analysis
typically multistep reaction

be termed polymer supported peptide receptor radionuclide therapy (P PRRT). Some
examples will be discussed in the next chapter as these are some of the few conjugates
which are - at least to some extend - comparable with the compounds presented.

2.3.3 Polymer therapeutics in nuclear medicine

Recently, Ghandehari and co-workers[31] presented first contributions on radiolabeled
HPMA copolymers. By free radical polymerization they obtained copolymers of
HPMA and a monomer containing a chelator for 99mTc, an ideal radiolabel for in vivo
imaging. However, the chelator N -ε-bis(2-pyridylmethyl)-l-lysine is not well suited for
chelation of therapeutic nuclides. In addition, the passive tumor targeting via EPR
is very slow. While this is no problem when polymeric prodrugs are used, slow accu-
mulation unfavorable when cytotoxic radionuclides are to be delivered. Some minor
adjustments are possible by choosing slowly decaying nuclides, but possibilities are
limited. However, polymers bearing targeting peptides could be suitable for delivery
of radionuclides to tumors.
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Integrin targeted HPMA copolymers in nuclear medicine In the same group
HPMA copolymers carrying RGD along with additional chelators suitable to bind
diagnostic and therapeutic radionuclides were prepared[100,240,241]. The copolymers
were synthesized from 5 different methacrylamide derived monomers by free radical
polymerization. HPMA to provide the water solubility and biocompatibility, while
carboxylic acid moieties in the side chains were used for the attachment of the hom-
ing peptide RGD4C. Other side chain modifications were introduced for radiolabeling
with iodine, technetium and yttrium. A mean 15 to 16 units of RGD were reported
to be incorporated in polymers of approximately 28 kDa (Mw).
Here, the shortcomings of analytical methods for polymer-peptide conjugates become
apparent. The authors determined the RGD content by amino acid analysis in com-
bination with gel permeation chromatography (GPC) data. While the molar mass
of the conjugates should increase by approx. 16 kDa (M(RGD4C)= 1273.9 g/mol) the
GPC grossly underestimates the values giving only an increase of 1.6 kDa[241]. This
could be also an indication of the aforementioned aggregation of peptides at the in-
side of polymer-peptide conjugates. No synthetic or structural control is possible with
free radical polymerization and the monomer content in the resulting polymer only
vaguely resembled the feed composition, which points to a non-azeotropic polymeriza-
tion behavior[31, 240,241]. Consequently, one has to assume that the polymer composition
changes, as the polymerization proceeds. It was shown by endothelial cell (HUVEC)
adhesion assay that the polymer-peptide conjugates inhibit binding of the cells similar
to the free peptide in vitro. In vivo, the HPMA copolymer-RGD4C conjugates exhibit
enhanced tumor enrichment by combination of the effects of EPR and targeting via
integrin since it is more active than RGD4C and than the polymer-peptide conjugate
with the inactive peptide RGE4C. In Figure 2.18 the tumor to organ (T/O) ratios of
the HPMA copolymer-RGD4C conjugates and the monomeric peptide RGD4C in a
prostate cancer xenograft 24 h p.i. are compared. For all organs but the blood, the
polymer conjugates gives rise to higher T/O values than the peptide. The pronounced
difference for the muscle is important, since the muscles are by absolute weight the
biggest tissues in an the mouse and in humans (approx. 30 - 50 % of total body weight).
For this reason a very high T/O for the muscles helps to limit the whole body dose
the patient would be objected to. Very recently, it could be shown that a similar con-
jugate, labeled with the therapeutic nuclide 90Y, leads to arrest of tumor growth in a
prostate cancer mouse xenograft[100]. However, a pronounced radioactivity concentra-
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Figure 2.18: Comparison of the tumor to organ ratios of the integrin binding peptide
RGD4C and a HPMA copolymer RGD4C conjugate. In all organs but the blood,
this ratio is higher for the polymer conjugate than for the peptide.

tion in organs like liver, spleen and especially kidney as well as a rather slow targeting
profile should be addressed. Only after approximately 48 hours the tumor/kidney ratio
reaches 1. At this time point, already 41 % of the total dose administered has already
decayed. Although no nephrotoxicity was observed, a faster delivery is desirable. An
alternative could be application of a radionuclide with a longer half-life, such as 177Lu
(t1/2 = 162 h), delivering a greater fraction of the dose, when higher tumor/organ ratios
are achieved. Although these results are very promising, it is desirable to enhance the
synthetic and structural control of this type of conjugate and to obtain more consis-
tent analytical information. In order to increase synthetic control, polymers obtained
from multi-step reactions or polymers synthesized by living polymerization methods
are possible approaches.
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2.3.4 Summary

Polymer therapeutics are a relatively new but rapidly growing field. It can be already
anticipated that this wide and diffuse group will have a big share in drug development
in the future. Until now, the majority of applications are in combination with low
molar mass molecules as active compounds, where the polymers ´only´ serve as a
pharmacokinetic modifier. Here, PEGylation is the most prominent example which
is already widely established for solubilization of poorly water-soluble drugs. Since
many biologically active compounds are eliminated from further investigation in early
stages of development due to poor solubility, polymer conjugation is a valuable tool
to save highly active compounds from this fate.
Synthetic polymers suffer from a polydispersity which is highly unfavorable in a
biomedical context. Recent developments in polymer chemistry allow the prepara-
tion of polymers of narrow molar mass distribution by various methods. However,
these techniques also have limitations and limited information can be found on the
use of e.g. controlled-radical polymerizates for biomedical application. All examples
of HPMA copolymers described herein, were prepared by free radical polymerization
allowing only limited control of the polymer architecture. In contrast, dendrimers can
be build up to have perfectly controlled architectures. However, their sophisticated
step-by-step synthesis is tedious and not always perfect. The community realizes more
and more that the controlled polymer synthesis will be one of the most important prob-
lems to be addressed in the future of this field of research.
Despite a great number of polymers which are termed biocompatible at times, only
few polymers are actually used in the development of polymer therapeutics, especially
PEG, HPMA copolymers and poly-l-glutamic acid. In the following chapter, another
polymer will be introduced and discussed, the poly(2-oxazoline)s (POx). These are
the mainstay of this work and will be established as a promising, highly modular and
versatile carrier system in polymer therapeutics.
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2.4 Poly(2-oxazoline)s

2.4.1 2-Oxazolines

The five-membered ring system of 4,5-dihydrooxazoles is known since the late 19th
century. While first mentioning of the oxazoline ring was in 1889, it took Gabriel
and Eschenbach until 1897 to report the synthesis and isolation of pure 2-methyl-2-
oxazoline which was then termed µ-methyloxazolin[242]. In literature it is repeatedly
claimed that Andreasch described the oxazoline ring system first in 1884[243,244]. How-
ever, the cited reference[245] does not mention any oxazoline-like structure but deals
with the synthesis of allyl urea.
While 4,5-dihydrooxazole is the name recommended by IUPAC, it is still more com-
mon to use the term 2-oxazolines for structures derived from this heterocycle (Fig.
2.19). 2-Oxazolines are of considerable interest in organic synthesis. Aldehydes,
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Figure 2.19:
4,5-Dihydrooxazole,
commonly known
as 2-oxazoline.

ketones, lactones, amino acids, thiirans, olefins as well as ho-
mologated carboxylic acid derivatives are accessible by appropri-
ate reactions. Furthermore, the inertness to a variety of reagents
and conditions makes the oxazoline ring system a valuable pro-
tection group for carboxylic acids[243]. Substitution at the 2, 4
and 5 position yields a great variety of derivatives. 2-Oxazolines
and bisoxazolines are widely used as ligands in complex chem-
istry and complexes of (bis)oxazolines with numerous transition
metals are known (e.g. Zr[246], Re[247], Ru and Rh[248], Pd[249],
Cu[250,251], and Zn[252]). McManus and Patrick [253] reviewed the
use of oxazoline containing ligands for asymmetric catalysis, first
described in 1986[254].

The oxazoline ring system is synthetically easily accessible and chirality can be intro-
duced at the 4 and 5 position by chiral α-amino acids.
In Figure 2.20 five approaches for the preparation of 2-oxazolines are depicted. Route
1 is the aforementioned first synthesis of 2-methyl-2-oxazolin[242]. Route 2 and 3
are variations of this first procedure of Gabriel and Eschenbach by Zarka [255] and
Cesana [256] respectively. An activated carboxylic acid derivative is reacted with 2-
aminoethylchlorine. An often applicable facile one step synthesis, the addition of
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line ring is build up starting for carboxylic acid (derivatives), in the fourth nitriles
and aminoethanol are used as educts. The fifth route starts from commercially
available 2-methyl-2-oxazoline.
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aminoethanol to nitriles is shown as Route 4[257]. Route 5 was developed by Per-
sigehl [258] and was also applied for the synthesis of 2-[3-(1,3)-dioxolan-2-ylpropyl]-2-
oxazoline[259] (DPOx), used in this work. More examples of synthetic routes towards
2-oxazolines can be found by Aoi and Okada [260]. Besides the aforementioned appli-
cations, 2-oxazolines substituted only at position 2 are mainly known for their use in
living cationic ring-opening polymerization (CROP).

2.4.2 Living polymerization of 2-oxazolines

In the middle of the 1960s four groups independently reported on the CROP of 2-
oxazolines[261–266]. Figure 2.21 shows the initiation, propagation and termination re-
actions, while in Figure 2.22 possible chain transfer and repolymerzation reactions, as
described by Litt et al.[267] are depicted. Several reviews can be found in literature
that deal with the polymerization of 2-oxazolines in detail[244,260,268,269].
Electrophiles, such as Lewis and Brønsted acids, or alkylating agents can attack the
nucleophilic nitrogen of the oxazoline ring with the rate constant ki. The resulting
oxazolinium cation can be attacked by a second oxazoline under ring-opening (Figure
2.21, Route A, kP,i) or ring-open under formation of a linear covalent amide structure
(Fig. 2.21, Route B, kX). Both species are electrophilic and can react with addi-
tional 2-oxazolines. On which side the equilibrium between covalent and ionic species
lies, depends on various factors. Increasing nucleophilicity of the initiator counterion
and of the monomer decreases the tendency of the reaction to be ionic. With the
non-nucleophilic trifluoromethylsulfonate (triflate, OTf) as counterion, the propagat-
ing species is the cation with any type of 2-oxazoline[260] and the propagation rate
increases[270]. The solvent also exerts considerable influence. Acetonitrile (ACN) sta-
bilizes the propagating cation due to its polarity and donor properties. Methyltriflate
(MeOTf) as initiator has another, very valuable advantage. Due to its high reactivity
it reacts very fast with 2-oxazolines even below room temperature, while polymeriza-
tion starts at temperatures above ∼ 40 °C. This is utilized in the synthesis of initiator
salts[271]. Quantitative and fast initiation of polymerization (in comparison with the
propagation) is a crucial factor when well-defined polymers with narrow molar mass
distributions are to be obtained. Since the initiation is nearly instantaneous and the
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formed oxazolinium triflate is sterically and electronically similar to the propagating
polymer chain end, poly(2-oxazoline)s can be prepared with very low polydispersity
indices (Mw/Mn) of ∼ 1.02 to 1.20. Due to the moderately slow propagation of the
polymerization of 2-oxazolines facile on-line investigation of the reaction is possible,
e.g. by proton nuclear magnetic resonance (1H-NMR) spectroscopy or gas chromatog-
raphy (GC). Although the polymerization of 2-oxazolines is regularly termed a living
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Figure 2.22: Proposed mechanism of chain transfer, chain coupling and repolymer-
ization during the cationic ring-opening polymerization of 2-oxazolines[267].

one, the investigations of Litt et al.[267] done in the early 1970s should be considered.
Experimental findings which can be explained by chain transfer reactions, suggest
that side reactions can occur. However, these studies where mainly performed with
bulk polymerization experiments at high temperatures (T>120 °C) and at very high
[M]0/[I]0 ratios. Hoogenboom et al.[272] recently accounted the appearance of a high
molar mass shoulder in the GPC traces of poly(2-ethyl-2-oxazoline)s to this trans-
fer and subsequent chain coupling, when the polymerization was carried out at high
monomer concentration ([M]0 > 5M). In conclusion, poly(2-oxazoline)s can be synthe-
sized with high structural control and definition. However, this generally is restricted
to a degree of polymerization(DP) of around 50, although in some cases, higher DPs
have been reported while polydispersities were still low[272,273].
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The frequently used 2-oxazolines include 2-methyl- and 2-ethyl-2-oxazolines (MeOx
and EtOx) which yield hydrophilic polymers, 2-alkyl-2-oxazoline (especially nonyl,
NonOx) and 2-phenyl-2-oxazoline to obtain hydrophobic polymers as well as 2-iso-
propyl-2-oxazoline (iPOx). Poly(2-isopropyl-2-oxazoline)s (PiPOx) are water-soluble
and show an interesting phenomenon, the lower critical solution temperature (LCST)
at a temperature interesting for biomedical applications[274–278]. Concentration depen-
dent, an upper temperature limit (cloud point, CP) can be found, above which the
polymer is no longer soluble in aqueous solution[273,279–281]. By copolymerization with
the hydrophobic NonOx, Huber and Jordan [282] could recently show that polymers
with a CP below room temperature are accessible.
Due to the living character of the polymerization of 2-oxazolines, blockcopolymers are
accessible and a number of reports can be found where multifunctional initiators were
applied in order to obtain star-like homo- and blockcopoly(2-oxazoline)s[283–292] while
by initiation with lipid-triflates lipopolymers can be obtained[293,294]. This architec-
tural variability is interesting also for biomedical applications. Blockcopolymers of
hydrophilic and hydrophobic monomers result in amphiphilic polymers and can form
micelles. A prominent example of this type of polymer is pluronicr series (generally
structure: poly(ethylene glycole-b-propylene glycole-b-ethylene glycole), PEG-PPG-
PEG) which is widely used, e.g. from metal processing to biotechnology and drug
delivery. Additionally, amphiphilic blockcopolymers are highly interesting for the
emerging field of polymer genomics. In this area of research, the influence of am-
phiphilic polymers on the gene expression of cells are investigated[295].
The living CROP allows specific and orthogonal functionalization of both chain ends
of the resulting polymer. While this is also widely applied for PEG, in POx additional
side chain modifications are possible.

2.4.3 Chemistry on poly(2-oxazoline)s

Two main possibilities pendant group chemistry of POx can be found in literature.
The somewhat more common, facile and versatile approach is the (partial) saponifi-
cation of e.g. poly(MeOx) (PMeOx) and subsequent capping of the produced ethyl-
ene imine groups with functional isocyanates and carboxylic acids. Hereby Chujo et
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al.[285,296–300] produced a number of stimuli sensitive hydrogels which will be discussed
later (Chapter 2.6.2). However, this type of polymer analog modification allows only
limited control over the amount of functional side chains, quantitative conversion is
unlikely and residual ethylene imine groups, being cationic species, are not necessarily
desirable for a biomedical application. Furthermore, no control over the microstruc-
ture of the polymers is possible.
The second strategy is the incorporation of functional monomers via copolymerization.
Due to the living character of the CROP, direct analysis of the polymer microstructure
is possible. If both monomers are consumed at the same rate, random copolymers are
obtained. On the other hand, if the monomer consumption rates differ significantly,
gradient or even block copolymers are the result. Figure 2.24 shows a number of
described side chain functionalities which can be introduced directly by polymeriza-
tion. The first example, 2-vinyl-2-oxazoline was described already in 1959 in a patent,
however there the radical polymerization of the vinyl group was described, leaving
the oxazoline ring intact[301], while some 7 years later the CROP of this monomer
seems11 to have been reported[265] and studied in detail afterwards[302–306]. Protected
hydroxyl and carboxylic acids were introduced in 1968[307]. These moieties remain up
to date among the more regularly employed side chain functionalities and were used
extensively in the context of micellar catalysis[255,308,309]. Hsieh and Litt reported on
carbazole derivatives[310,311] while Persigehl et al.[258] introduced iodoaryl bearing ox-
azolines. Binder and Gruber [312] introduced the dialkyne and azide bearing monomers
and more recently, ligands for catalysis[313] and even Pd-catalysts[314] could be intro-
duced directly. Finally, a protected aldehyde bearing monomer was suggested[315] and
introduced[259] as well as a protected amine moiety[256,316] for chemoselective reac-
tions. Figure 2.24 shows a number of possible reactions on the side chains of poly(2-
oxazoline)s. Recently, first poly(2-oxazoline)-peptide conjugates were prepared in this
group (Figure 2.25). Cesana [317] prepared poly(2-oxazoline)-c(RGDyK) conjugates for
in vivo diagnosis of integrin expressing tissue, especially neovasculature of tumors (vide
supra, Chapter 2.2.1). In another preceding work, a first poly(2-oxazoline)-octreotate
conjugate was prepared, which carried also the chelator DOTA[315]. In both cases the
peptide attachment at the polymer side chains were performed with standard peptide
coupling protocol using protection groups. Thus, attaching both ´homing-device´ as

11the author is illiterate in japanese and thus, was unable to read the respective original contribution
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well as chelator required a tedious series of five polymer analog steps (Figure 2.25b).
The coupling reaction with the peptide was not quantitative and thus, subsequent pu-
rification via HPLC was necessary. The overall yield was very poor. When attempting
to attach multiple copies of peptide a reasonable HPLC separation may be even more
difficult. For these reason it is highly desirable to introduce side chain functionalities
which allow facile and quantitative modification.

2.4.4 Biocompatibility of poly(2-oxazoline)s

Poly(2-oxazoline)s still seem to be considered somewhat exotic in polymer chemistry
even though they are known for a considerable time. Although there is already a
patent application involving POx as carrier for peptides[318] only limited data about
the biocompatibility of POx can be found in literature as compared to PEG or PH-
PMA. However, a number of publications concerning the biocompatibility and biomed-
ical applications of poly(2-oxazoline)s exist[319–322]. While data are limited, there is
no evidence for considerable toxicity or incompatibilities related to neither PMeOx
nor PEtOx. In general it seems that PMeOx and PEtOx show a similar behavior
in vivo as PEG. Goddard et al.[319] reported on the biodistribution of radioiodi-
nated poly[(MeOx)-co-(2-(4-hydroxyphenyl)-2-oxazoline)] (PMeOxHPhOx) after i.v.
administration. They found no significant accumulation in organs other than skin
and muscle. However, the reported amounts of detected radioactivity in the various
organs seems not to have been standardized to the mass of the organs. Therefore it
is not surprising that the skin and muscles, which add most to the total mass in the
body, contain significant amounts of radioactivity, while the value of %ID/g might
by actually quite low for these organs. Importantly, only a low accumulation of the
polymer in the RES, in liver and spleen has been found. This would make POx a
potential candidate for biomedical applications. However, the reported polymers were
obtained by bulk polymerization and more importantly, the pendant free hydroxyl
group certainly leads to branched products. Subsequent fractionation into different,
relatively narrow batches of different molar masses reduced the broad polydispersity,
but branched and linear polymers were not separated by this method. This could,
as already elaborated, lead to significantly different pharmacokinetics in comparison
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with well defined and linear POx of low polydispersity.
Zalipsky et al.[321] compared the biodistribution of PEtOx, PMeOx and PEG (DP
∼ 40) grafted liposomes in mice. While PEtOx-liposomes showed a slightly faster
blood clearance as compared to PEG, PMeOx was cleared slightly slower. Both POx
led to a higher uptake in the liver. PEtOx was found more in the spleen, while
PMeOx was less accumulated than the PEG derivative in this organ. Overall, the
authors showed that the two hydrophilic POx give rise to a similar distribution in
vivo as PEG if grafted on liposomes. In conclusion, albeit data is limited concerning
the biocompatibility of hydrophilic POx, it is promising.

2.4.5 Summary

Poly(2-oxazoline)s are a family of chemically and structurally versatile polymers which
have shown no adverse biological effects up to date. Since they can be produced with
high definition and a number of different terminal and side chain functionalities. Ad-
ditionally lipopolymers, blockcopolymers and star-like polymers are accessible. High-
priced monomers, the delicate polymerization and thus far, little or no significant
superiority in properties of the product appalled industry and, in parts, academia to
study and apply this class of polymers in detail and broadness. However, the rapidly
emerging and developing field of polymer therapeutics asks for well-defined, biocom-
patible and functionalizable polymers. Here, for many application, the price of the
carrier material will be of no or little significance. Other parts like therapeutic or tar-
get homing moieties exceed the production cost of any POx by orders of magnitudes.
Thus, POx seems a promising candidate for the development of polymer therapeutics
following the rationale of Ringsdorf [9] (Figure 2.15.
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2.5 Chemoselective coupling reactions

Chemoselective coupling reactions are recently coming into focus as a valuable tool
to realize chemical entities which were difficult, or impossible to synthesize even with
sophisticated synthetic procedures, such as Merrifields solid phase peptide synthesis
(SPPS). When peptides larger than 100 amino acids are to be synthesized, usually
chemoselective couplings are applied. This is not only because of the effectiveness
and ease of those reactions, but also their tolerance of functional groups present in
unprotected peptides. Large, fully protected peptide fragments have typically only
limited solubility.
In polymer chemistry, chemoselective reactions are enticing for another reason, as two
points are of paramount importance biomedically applicable conjugates. Reduction of
polymer analog steps and maximization of modification yield. This shall be explained
by an arithmetic example. If one assumes an average of 10 functional groups pending
at the polymer and an average conversion efficiency of 90% one ends up with only
35% of polymer that is quantitatively converted. The rest consists of polymer with
variable ratios of functionalized side chains. Adding to the natural polydispersity of
a polymer, this functional dispersity will make it very difficult to isolate the desired
polymer conjugate. Even with 99 % coupling efficiency per functional moiety, only
90% of the polymer will be fully converted. In many cases it will be possible to use
an excess of (low molar mass) reagent for the modification (similar to SPPS), allowing
to push the modification yield. However, it is still important to apply highly efficient
coupling reactions which exhibit no or only very limited side reactions.
In this work, different ways to use chemoselective coupling reactions should be elu-
cidated. After a thorough look into literature three reactions (Figure 2.26) where
considered to be interesting candidates for our purposes.

2.5.1 Aldehyde-aminooxy Coupling

The reaction between aldehydes and aminooxy compounds gives oximes (Figure 2.26a)
with good efficiency in aqueous solution over a wide pH range. The formed bond
is reasonably stable under physiological conditions against hydrolysis[226] and for in-
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troduction of aldehydes and aminooxy groups a number of synthetic procedures are
described and established. Poethko et al.[226] have shown that under appropriate con-
ditions a number of unprotected amino acids do not significantly interfer with the
oxime formation. Before that, a series of papers in the early nineties described the
use of oxime ligation for coupling of radionuclide chelators to antibodies[323–326], while
Mikola et al.[327] reported on the steroid modification.
Soon afterwards, Rose [328] described the highly efficient synthesis of peptide multi-
mers. Since then, a number of peptides/peptide conjugates, glycoconjugates and
oligonucleotides have been synthesized by this method[222,329–332]. In addition this
coupling methods are used in nuclear medicine for rapid attachment of short-lived
nuclides[333]. A review by Lemieux and Bartozzi [334] covers the aminooxy ligation and
similar chemoselective ligations.
Finally this reaction was also applied in polymer chemistry to realize highly effective
and chemoselective polymer analog modifications[259,335].

2.5.2 Native chemical ligation

Peptides carrying cystein at the N-terminus can be coupled chemoselectively to thio-
esters (Figure 2.26b). The coupling is performed readily in aqueous solution around
neutral pH. The first step is a reversible transthioesterification followed by an al-
most12 irreversible S→N acyl shift via a thiazolidine intermediate[337]. This reaction
is termed native chemical ligation (NCL) and the resulting connection is a (native)
peptide bond[338–340]. NCL has only little limitations and has been developed in the
meanwhile also for SPPS[341] and protein engineering[342–346]. As long as it is possible
to introduce a thioester moiety and a N-terminal cystein the two fragments will couple
rapidly at room temperature. Importantly, other cystein moieties within either pep-
tide fragments do not interfer with the reaction because all but the N-terminal cystein
cannot undergo the irreversible acyl shift. Kalia and Raines [347] developed a route,
utilizing reversed NCL for C-terminal introduction of functionalities into proteins.
They introduced an alkyne which was subsequently used for the 1,3-dipolar cycload-

12this acyl shift is not entirely irreversible but the reversed reaction is thermodynamically highly
unfavorable and often regarded as irreversible. However, in protein splicing this N→S acyl shift
is crucial[336]
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dition with an azide (Huisgen cycloaddition) bearing fluoresceine, a third candidate
of chemoselective reaction applied in the present work.

2.5.3 Click-chemistry

The term click-chemistry, coined in the group of Sharpless, originally denominated
coupling reactions that:

• must be modular, wide in scope, give very high yields

• generate only inoffensive byproducts that can be removed by non-chromatogra-
phic methods

• are stereospecific (but not necessarily enantioselective)

The required process characteristics should include:

• simple reaction conditions (ideally, the process should be insensitive to oxygen
and water)

• readily available starting materials and reagents

• the use of no solvent or a solvent that is benign (such as water) or easily removed

• simple product isolation

• the product should be stable under physiological conditions[348].

However, the term ’click-chemistry’ became more and more synonymous with the
Cu(I)-catalyzed Huisgens 1,3-dipolar cycloaddition between azides and alkynes (Fig-
ure 2.26c). The first systematic investigation of this reaction and application in peptide
synthesis was reported by Tornøe et al.[349] followed shortly after by a more mechanis-
tic investigation by Sharpless and co-workers[350–352], revealing the step-wise formation
of the triazole ring (Figure 2.27). Since then, an immense interest in click-chemistry
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evolved (Figure 2.28) and the copper catalyzed Huisgen cycloaddition appeared in
many areas of chemistry, from material science[353,354] over organic synthesis[91, 355,356],
biochemistry[357–361], supramolecular chemistry[362–364] and polymer science[99, 365–374].
Since numerous and very recent reviews are available in literature[375–377], no detailed
discussion of this reaction is necessary here.

2.6 Hydrogels

Hydrogels are highly hydrated three-dimensional networks of hydrophilic polymers.
Due to the, cross-linking hydrogels are insoluble but swell in water (or other polar
solvents). Several different types of hydrogels can be differentiated:

• Ionic and non-ionic hydrogels: Ionic hydrogels contain numerous charged units
(normally in the monomer unit, e.g. poly(acrylic acid-co-sodium acrylate) and
regularly show a higher swelling degree (m(swollen)-m(dry)

m(dry) = SW D) in water (super-
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Figure 2.28: The increase in publications on ’click-chemistry’ shows the growing in-
terest in this field. Please note: the numbers were obtained from SciFinderrScholar
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absorbant polymers (SAP), SW D up to 1000), but are generally stronger affected
by the ionic strength of the solvent than non-ionic hydrogels.

• Physically and chemically cross-linked hydrogels: Polymers can be cross-linked
by physical interactions (hydrophobic interactions, ionic interactions, polymer
chain entanglement or hydrogen bonds) or covalently. Covalent cross-linking is
sometimes regarded as more stable and permanent, but that is not necessarily
the case.

• Hydrogels from natural polymers, synthetic polymers or recombinant protein-
polymers: Many different hydrophilic polymers such as gelatin[250,378,379], chi-
tosan[380], alginates[250,381] and other natural polysaccharides have been used to
prepare hydrogels. For synthetic polymers PEG[382] (or polyglycerols[335]), PH-
PMA[383], POx[297], PMMA[384] and poly(phosphazene)s[385] can serve as exam-
ples. Recently also recombinant proteins like elastin-like polymer (ELP) come
into the focus of research[386–390].

• Permanent and temporary (reversible) hydrogels: Chemically cross-linked hy-
drogels are often referred to as permanent while physically cross-linked ones are
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referred to as temporary or reversible. However, numerous examples showed that
it is possible to form labile covalently cross-linked hydrogels (pH-, temperature-,
light- or enzymatically labile).

• Inert and stimuli responsive hydrogels: Hydrogels can be inert or stimulus sensi-
tive. Not only the breakdown of the whole gel, but also the degree of hydration
can be responsive to stimuli such temperature[386,387,391], pH[392] or other param-
eters.

2.6.1 Hydrogels for biomedical applications

Hydrogels in biotechnology or for biomedical applications are often envisioned as scaf-
folds for cells. Without the information that they are in an appropriate surrounding,
cells tend to undergo apoptosis (Chapter 2.2.1). In the natural surrounding, this
information is given by the ECM or other cells. It comprises not only of the mere
interaction of cell bound receptors with their ligands, but also the mechanical stress
that is mediated thereby. These physical/mechanical properties affect the differentia-
tion of cells as well as their movement (haptotaxis).
Traditional cell culture, however, lack these factors and cell propagation is therefore
limited. Scaffolds in tissue engineering can be regarded as a special type of cell cul-
ture. In order to ensure appropriate cell growth and thus, tissue regeneration, the
scaffold should mimic the natural environment of the respective cells. Cells need ad-
hesion points, such as the already discussed RGD motif in the ECM. If such adhesion
motifs are present in the scaffold, enhanced proliferation of the cells is observed. But
hydrogels should also mimic to some extend the mechanical properties of the tissue
microenvironment. The mechanical input is of great importance for the differentiation
of cells, and the mechanical conditions vary for different tissues, as e.g. neuronal tissue
demands a different environment than cartilage or bone.
Additionally, nutritional aspects are of significance. While free and efficient diffu-
sion/transport of small molecules and gases is important for the use in cell culture
(transport of nutrients to the cells and waste from the cells), hydrogels for controlled
release should offer control over transport characteristics.
Furthermore, the degradation should be controllable and degradation should not re-
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lease toxic fragments nor influence the environment undue13. The influence of the
mechanical properties of the hydrogel should be diminished in concert with the in-
creasing mechanical influence of the newly formed ECM. It is desirable to decouple
the degradation and mechanical properties of the materials. Recently, with hydrogels
cross-linked by matrix-metalloproteases (MMP) labile peptide sequences promising
candidates to solve this problems have been found. A recent review by Brandl et
al.[393] covers the rationale of the design of hydrogels for tissue engineering.

2.6.2 Poly(2-oxazoline) based hydrogels

In 1978 Dow Chemicals Co. patented a hydrogel which strongly resembles an PEtOx
hydrogel. It was, however, derived of poly(ethyleneimine), subsequently acylated and
cross-linked with diisocyanates. It was intended to be used as kraft pulp decolorant
and as a water absorber as it could absorb 13 times its mass of water (SW D = 13)[394].
The first hydrogels chemically derived from poly(2-oxazoline)s were reported by Chujo
et al.[296,298,395,396]. Here, partial hydrolysis of PMeOx was used to obtain poly(MeOx-
co-ethylene imine)s. These were subsequently cross-linked with diisocyanates or dia-
cylchlorides yielding hydrogels (SW D ≤ 72). However, this high swelling degree was
partially due to residual free amine groups which lead to a strongly reduced swelling
in aqueous salts[395]. The same approach led to hydrophilic POx with pending furan
and maleimide (thermoreversible Diels-Alder cross-linking, SW D ≤ 15)[296], bipyridyl
(cross-linked by M2+, thermo- and oxidation sensitive, SW D ≤ 66)[299,397], coumarin
and anthracene (photo cross-linkable, SW D ≤ 21)[300,398,399] and sulfhydryl (oxidative
cross-linking, SW D ≤ 24)[300,399].
As a second approach to prepare POx hydrogels, the copolymerization of MeOx with
a bis-2-oxazoline has been reported. This leads directly to hydrogels (SD ≤ 45), which
show no reduction of SW D in up to 20 wt% NaClaq. Kinetic studies showed that the
bis-2-oxazoline reacted much faster than MeOx, so that a relatively short distance be-
tween branching points and long pending poly(2-oxazoline) chains can be expected[396].
The same methods was applied for the preparation of amphigels (copolymerization
with EtOx) and lipogels (copolymerization with 2-n-octyl-2-oxazoline, SW D = 10 in

13e.g. pH decrease by the degradation of polyesters may lead to inflammatory reactions
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toluene).
Additionally, the preparation of hydrogels from telechelic PMeOx and pluriisocyanates
was reported. Star-like[285] and linear[297] PMeOx yielded hydrogels with a SW D=9
and 12, respectively. Similarly, POx with amine groups in the side chains were
cross-linked with phenyl diisocyanate. However, their swelling properties were not
reported[256].
Finally, and relevant for eventual biomedical applications, Uyama and Kobayashi [279]

reported on thermo sensitive hydrogels, consisting of a copolymer of a PiPOx macro-
monomer and ethylene glycol dimethacrylate. As shortly discussed in Chapter 2.4.2,
PiPOx shows LCST behavior. This leads to a strong decrease of the swelling degree of
the PiPOx containing hydrogels when the temperature is above the CP (SW D≤ 100,
if T <CP; SW D<20, if T> CP).
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2.7 Summary

The specific delivery of diagnostic and therapeutic compounds to diseased cells
and tissue is a rapidly developing field and an important part of the prospected indi-
vidualized medicine where the patient is treated specifically according to the needs of
his or her individual disease pattern. Passive and active mechanisms can be exploited
for the targeting and the targets may be the diseased cells or related tissue or cells.
As targeting compounds antibodies or fragments thereof, oligonucleotides (aptamers),
peptides, peptidomimetics other small molecules, micelles, liposomes and polymers
are exploited (Chapter 2.1).

The targeted delivery of therapeutic radionuclides, typically α- or β-emitters
bound to peptides, is the principle of peptide receptor radionuclide therapy (PRRT).
While diagnostic application with OctreoScanr is already in clinical routine for the
detection and staging of neuroendocrine tumors, therapeutic approaches (e.g. Oc-
treoTher) are still in clinical trials. Multimerization of targeting moieties is an in-
tensely investigated alternative and it was shown in a number of examples that multi-
merization leads to an enhanced tumor uptake of radionuclides and to improved tumor
to organ ratios (Chapter 2.2).

Polymers can exhibit a passive targeting for certain diseases (e.g. arthritis, can-
cer) due to their size or can be decorated with moieties for active targeting. However,
polymers are naturally polydisperse unless they have been prepared in a step-wise
fashion. This polydispersity is their biggest disadvantage in biomedical applications.
As a material this polydispersity can improve e.g. its mechanical properties, but in a
complex organism, polymers of different size, shape or chemical composition regularly
show significantly different pharmacokinetics. PEGylation has been very successful
in the recent years and numerous PEGylated drugs have been approved. Among
other alternative polymers, HPMA copolymers are investigated extensively and sev-
eral promising drug conjugates are in clinical trials. However, these polymers are
synthesized by free radical polymerization, hence only very little synthetic control is
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possible. It is desirable to find polymeric carriers which allow to combine biocompat-
ibility, synthetic and structural control and multifunctionality (Chapter 2.3).

Poly(2-oxazoline)s are synthesized by living cationic ring-opening polymeriza-
tion. This allows a good control over the molar mass and narrow polydispersities
can be obtained. Furthermore, different structures such as telechelic, block- or ran-
dom copolymers as well as star-like (co-)polymers can be prepared. A number of
studies showed that the water-soluble poly(2-methyl-2-oxazoline)s and poly(2-ethyl-2-
oxazoline)s show excellent biocompatibility, similar to PEG. However, in contrast to
PEG, functional side chains can easily be introduced. Attachment of multiple copies
of, e.g. peptides which specifically bind to tumor cells to poly(2-oxazoline)s should al-
low the preparation of relatively well-defined polymer-peptide conjugates for targeted
drug delivery (Chapter 2.4).

For the attachment of targeting moieties a number of pending side chain func-
tionalities in poly(2-oxazoline)s are available. However, these functionalities, e.g. car-
boxylic acids or hydroxyl- groups do not allow for highly efficient and selective coupling
methods. Therefor, new side chain functionalities for chemoselective coupling reac-
tions, e.g. oxime formation, native chemical ligation and click-chemistry are desirable.
These reactions have been shown to be of high efficiency and selectivity in difficult
conceptual formulations and their application is promising for the projected use, the
efficient attachment of multiple homing devices to poly(2-oxazoline) side chains (Chap-
ter 2.5).

Poly(2-oxazoline) based hydrogels have been shown to be accessible as stimuli
responsive (reversible and irreversible) hydrogels. Due to their good biocompatibility,
these hydrogels are an intriguing alternative as scaffolds for tissue engineering related
applications (Chapter 2.6).
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3 Aim of this work

Upgrading of the modular kit of poly(2-oxazoline) chemistry A great variety
of 2-substituted 2-oxazolines have been described in Chapter 2.4.3, but they generally
lack applicability for chemoselective and effective coupling reactions. The first and
primary aim of this work was to introduce new side chain functionalities for chemos-
elective coupling reaction (Chapter 2.5). For the oxime ligation, an aldehyde is to
be introduced, protected as a dioxolane, due to good commercial availability of the
educts (Figure 3.1a). Secondly, a thioester in the side chain of the polymers is desir-
able, accessible either by polymer analog transthioesterification or coupling reaction
of a suitable bifunctional reagent (Figure 3.1b). Finally, alkyne bearing side chains
are needed for click-chemistry. Again, two possible routes are shown in Figure 3.1c.
Besides the successful introduction of the functionalities, the respective coupling re-
actions need to be evaluated. Following the concept of Ringsdorf (Figure 2.15), these
reaction are to be used for the preparation of well-defined poly(2-oxazoline)-peptide
conjugates bearing additionally a chelator for radionuclides.

Defined and functional linear and star-like poly(2-oxazoline)s Preliminary ex-
periments[315] gave some insight into copolymerization of MeOx and an ester function-
alized monomer (methyl-3-(oxazol-2-yl)propionate, MOP). This work showed that the
two monomers do not copolymerize statistically, but gradually, implying that the pep-
tides, which are attached subsequently via peptide chemistry are situated to a greater
extend at one end of the chain. However, it is desirable that the homing devices are
evenly distributed along the polymer chain. Functional monomers that undergo ran-
dom copolymerization are therefor of interest. As mentioned before in Chapter 2.4, at
a DP > 50 it is often difficult to obtain well-defined POx. However, for some aspects
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of the desired biomedical application it is of interest to increase the molar mass. With
star-like copolymers (with several arms of a DP ∼ 50), higher molar masses could
be obtained and the branched architecture (Figure 2.17) is expected to influence the
biodistribution. However, again here the question of definition is important and ki-
netic investigations will be necessary in order to elucidate whether controlled synthesis
of star-like POx is feasible. It will be especially of interest to what extend a multi-
functional initiator shows fast and quantitative initiation of all initiator functionalities
and homogeneous growth on all arms of the star.

From Functionality to Function - Strategies After the introduction of new func-
tional monomers, the evaluation of their copolymerization behavior with MeOx and
EtOx and the establishment of high-yielding coupling procedures, one has to consider
strategies for the preparation of polymer-peptide conjugates useful for our intended
purpose, P PRRT. Two consideration suggest that the DP of the polymers and the
numbers of to be attached peptides are kept low to start with. A rather low DP (thus
molar ass) is typically beneficial for analysis of the polymers. NMR spectroscopy
tends to be more accurate and mass spectrometry may be more readily performed and
analyzed. In addition, it might seems reasonable to start with polymers which can
be (at least roughly) compared with existing compounds, e.g. the RGD-oligomers of
Kessler and co-workers. The rather low molar mass should also theoretically ensure a
rapid distribution and blood clearance in comparison to high-molar mass conjugates,
a point of special interest when therapeutic nuclides are to be applied. Thus an overall
mass of 5 - 15 kDa and a functional group content (thus homing peptides) of approx.
2 - 5 units is projected. The attachment of different peptides by the various coupling
methods should demonstrate the modularity of the presented system.
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4 Results and Discussion

4.1 Monomers and linkers

Modifying a described procedure of Persigehl [258], 2-[3-(1,3)-dioxolan-2-ylpropyl]-2-
oxazoline (DPOx, 1) was prepared from 2-methyl-2-oxazoline and 2-(2-bromoethyl)-
1,3-dioxolane with n-buthyllithium (nBuLi) and N,N,N ’,N ’-tetramethylethylendiami-
ne (TMEDA) in tetrahydrofuran (THF) by Taubmann (Figure 4.1) as described in
literature[259,400]. This facile one-step one-pot synthesis from commercially available
educts gave good yields after silica chromatography and distillation. The use of nBuLi
and TMEDA instead of lithium diisopropylamide (LDA) as described in literature for
a similar reaction, increased the yield to 84%.
The one step synthesis of 2-(pent-4-ynyl)-2-oxazoline (2) from 5-hexynenitrile and

O N

CH2

O O
3

nBuLi, TMEDA

O

O

Br

N O THF, -78 °C
1.

2.
84 %

1

Figure 4.1: Schematic synthesis of 2-[3-(1,3)-Dioxolan-2-ylpropyl]-2-oxazoline (1).
TMEDA activates the nBuLi and thus increases the yield[259].

2-aminoethanol with cadmium acetate according to Witte and Seeliger [257] failed, pre-
sumably due to the cross-reactivity of the alkyne group. However, two other ap-
proaches towards alkyne bearing monomers were successful (Figure 4.2). Both de-
manded several steps but reasonable overall yields could be obtained. Methylation of

87
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Figure 4.2: Approaches towards alkyne bearing 2-oxazoline monomers. The direct
one-step synthesis according to Witte and Seeliger failed (a). Three-step synthesis
of 2-(pent-4-ynyl)-2-oxazoline (PynOx, 2) as described in literature (b)[401], and
three-step synthesis of 2-(4-ethynylphenyl)-2-oxazoline (3)(c). Reaction of 2 with
methyl triflate (MeOTf) gave the initiator salt 4 in excellent yield (d).
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Figure 4.4: Reaction scheme for the facile two-step preparation of a linker for the
introduction of a thioester into poly(2-oxazoline) side chains.

2 yielded the initiator salt N -methyl-2-(pent-4-ynyl)-2-oxazolinium triflate (PynOx-
OTf, 4). This reaction was performed in acetonitrile or diethylether as solvents. In
both cases the colorless solid obtained at ≤ -35 °C liquefied at higher temperatures.
A look at the structure of the obtained salts (Figure 4.3) might explain this tendency
to deliquesce. It resembles the structure of a class of ionic liquids, the imidazolinium
salts quite closely.

O

N

N
NBF4

Ionic Liquid Initiator salt

OTf

Figure 4.3: Structure of a typical ionic liquid compared to 4.

The monomer 2-(4-ethynylphenyl)-2-oxazoline (3) could successfully be prepared by a
facile three-step synthesis in moderate overall yield (32 %, unoptimized). Both alkyne
monomers would have two distinct advantages in comparison to 1. The alkyne moiety
is not protected and can be directly used for click-chemistry, saving one polymer ana-
log step. Additionally, if alkyne moieties remain unreacted, the physiological effect is
expected to be low as compared to free aldehyde groups.
Attempts to transthioesterificate polymers with pending esters were not successful.
Therefore, it was decided to synthesize a bifunctional reagent to introduce a thioester
via click-chemistry. Starting with methyl bromoacetate the azide was introduced
by substitution of the bromine and transthioesterification finally yielded ethyl(2-
azido)thioacetate (5)(Figure 4.4). It should be mentioned, that this class of small
organic azides (number of C-atom ≤ 6 per azide) should be handled with great cau-
tion, since several members of this class are highly explosive, although no violent
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reaction has been observed with the prepared azides, neither on blow nor with an
open flame.

4.2 Polymerizations and kinetic investigations

4.2.1 Linear poly(2-oxazoline)s

The polymerization carried out in this work are summarized in Figure 4.5 and Ta-
ble 4.1. Polymer carriers for in vivo applications should be well-defined as outlined
already. A thorough discussion of the prepared polymers seems therefore reasonable

MeOx 48 P1
MeOx 51 EOB 4 P3
MeOx 45 PynOx 5
MeOx 35 PynOx 12
MeOx 47 DPOx 5

PynOx 23
EtOx 43
EtOx 43 EOB 4
EtOx 20 PynOx 2
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Figure 4.5: Reaction schemes of the preparation of the presented polymers.

to evaluate if the functional poly(2-oxazoline)s can actually be prepared with high
definition, also in terms of their functional side chain content.
As a first step in the evaluation of a polymer for biomedical application, its fate
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Table 4.1: Synthesized homo- and copolymers with respective selected analytical
data.

Polymer Mn,calcd
a Mn,NMR

b Mn,GPC
c PDId Yield

[g/mol] [g/mol] [g/mol] [%]
P1 P(MeOx48)BocPip 4290 5300 6600 1.16 84
P2 P(EtOx43)BocPip 4460 5700 6200 1.15 88
P3 P(MeOx51EOB4)Pip 5180 5300 6800 1.16 95
P4 P(EtOx43EOB4)Pip 5100 5700 6500 1.23 60
P5 PynOxP(MeOx20)BocPip 2040 2220 3190 1.06 99
P6 P(MeOx45PynOx5)BocPip 4710 5820 7890 1.06 94
P7 P(MeOx35PynOx12)BocPip 4830 6650 6960 1.17 83
P8 P(EtOx20PynOx2)BocPip 2460 2450 4000 1.04 92
P9 PPynOx23BocPip 3490 3630 6160 1.09 70
P10 P(MeOx47DPOx5)Pip 5030 6550 9430 1.09 99
P11 P(EtOx19DPOx3)Pip 2540 2550 3560 1.06 75
a, as calculated from [M]0/[I]0
b, as calculated from end-group and side chain analysis based on 1H-NMR
c, as obtained from gel permeation chromatography (solvent DMAc)
d, obtained from GPC, Mw/Mn

upon administration to an organism has to be studied. All available data suggest a
very good biocompatibility of poly(2-oxazoline)s. However, up to date, neither well-
defined nor well characterized polymers of low molar mass of MeOx and EtOx have
been investigated in that respect. Therefore, two homopolymers of MeOx and EtOx
were prepared. The targeted molar mass was approx. 5 kDa. Consulting the liter-
ature on PEG of similar size, we assumed that polymers of this size should behave
different from low-molar mass substances, but do not exhibit an EPR effect. The
first two entries in Table 4.1 show selected analytical data of these two polymers,
PMeOx48BocPip (P1) and PEtOx43BocPip (P2). In order to allow future evaluation
of the influence of negative charges on the side chains of poly(2-oxazoline)s, copoly-
mers with ester bearing ethyl-4-(oxazol-2-yl)butanate (EOB), P(MeOx51EOB4)BocPip
(P3) and P(EtOx43EOB4)BocPip (P4) were prepared. As has been outlined already,
biodistribution and blood pool retention data on (negatively) charged polymers are
contradictory. It might be interesting how poly(2-oxazoline)s contribute to this issue.
The following entries (P5 -P9) show the analytical data of a MeOx homopolymer
initiated with the initiator salt 4 and copolymers of 2 with MeOx and EtOx and a
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homopolymer of 2. Thus, the ratio of MeOx or EtOx and 2 within the polymer ranges
from 3/1 to 20/1. On these polymers the efficiency of polymer analog click-chemistry
will be investigated. Additionally, the thioester linker 5 is supposed to be attached
through the alkyne moiety. The last two entries (P10 and P11) denominate copoly-
mers of 1 with MeOx and EtOx on which attachment of aminooxy-functionalized
peptides will be evaluated.
Several efforts to homo- or copolymerize the novel alkyne bearing monomer 3 were not
successful. These experiments were performed at 85 °C in acetonitrile. Hoogenboom
et al.[270] showed that 2-phenyl-2-oxazoline does polymerize, albeit very slowly, at this
temperature. Since with MeOx or EtOx only blockcopolymers could be expected (due
the obvious strong difference in reactivity), this issue was not investigated further for
the moment. For the copolymerization with, e.g. 2-phenyl-2-oxazoline, 3 might be in-
teresting for the introduction of functional groups into hydrophobic poly(2-oxazoline)s.
For all polymers (all but P8) the molar masses obtained from end-group analysis (1H-
NMR) and GPC are higher than expected from [M]0/[I]0. Such a discrepancy of GPC
values are observed commonly, since the actual calibration standards used were not
poly(2-oxazoline)s. Therefore, it can not be expected that the GPC gives accurate
data due to differences in the interaction of the polymer analyte and the stationary
phase. The use of GPC is that the value for the polydispersity index (PDI) can be
readily obtained. These values are, for all but one polymer below 1.2. End-group
analysis based on 1H-NMR data gave 5 - 20 % higher values for the molar mass as
expected. In contrast, the integral values of the different side chains signals of copoly-
mers are in good accordance with [M1]0/[M2]0. Typically, the DP is calculated from the
integrals of the terminal methyl group, originating from the initiator, and the back-
bone methylene signals’ integral. In the case of N -tert-butyloxycarbonylpiperazine
(BocPip) terminated polymers, the 3 methyl groups can serve as an additional probe
for this method of quantification. In most cases the end-group analysis with the two
different termini give values for DP in reasonable accordance. However, three points
have to be considered when NMR is used for quantification. The intensity of the signal
of the terminal methyl group (CH3, 3H) is very low in comparison to the backbone
methylene signals (e.g. 200H for DP = 50). In some cases this weak signal can not
even be observed in the spectrum. In any case, the relation of the signals (thus the
calculated DP) is strongly dependent on the integration limits chosen and an error
of 10 % can be assumed. It has been shown that piperidine and piperazine are fast
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and effective terminating reagents[402]. Non-quantitative termination could lead to an
additional overestimation of the DP when the terminal Boc group is used for quan-
tification.
Additionally, the integrals of 1H-NMR spectra do vary significantly in different sol-
vents. The reason for this are e.g. different aggregation behavior of the polymers and
varying relaxation of the nuclei of different parts of the polymer (side chain vs. back-
bone) depending on the solvent. Therefore, comparison of integrals obtained from
NMR spectra in different solvents has to be performed with caution.
The 1H-NMR spectrum of P6 is shown in Figure 4.6. All signals can be assigned
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Figure 4.6: 1H-NMR (D2O, 250MHz) of P6. All signals can be assigned as depicted.
Please note, while the end-group analysis gives a somewhat higher DP than expected
from [M]0/[I]0 values for both monomers, the relative intensities of the two monomers
are in excellent accordance with the expected values.

and the overall DP is somewhat overestimated. The relative intensities of the two
monomers are in excellent accordance as expected from [MeOx]0/[2]0. However, the
signal of the alkyne proton of 2 can not be found in the spectrum of P6. This is
actually valid for all copolymers containing 2. However, as will be seen in Chapter
4.4.2, this proton is detected in 1H-NMR spectrum after ’clicking’ the alkyne.
A closer look into the microstructure of some of the prepared polymers will be taken,
to address the issue of gradient vs. random copolymers.



94 4. Results and Discussion

Kinetic investigations of the copolymerization with functional monomers

Gas chromatography can be used for kinetic investigations of the polymerization be-
havior of volatile 2-oxazolines. The polymerization is carried out in a vial sealed with
a septum and the GC automatically collects samples at the set time intervals. The
apparent propagation rate for the polymerization (kapp

p ) is expressed in equation 4.1.
The monomer consumption depends on the polymerization rate, the concentration of
active chain ends ([P∗]) and the monomer concentration [M]. For a rapid and quantita-
tive initiation, which can be expected with triflates, [P∗] equals [I]0 and stays constant
throughout the polymerization (equation 4.2).

− d[M]
dt

= kapp
p [P ∗][M ] (4.1)

− d[M]
dt

= kapp
p [I]0[M ] (4.2)

Integration gives equation 4.3. Since kapp
p and [I]0 are constant (in the absence of chain

termination) a linear plot of ln [M]0
[M]t

vs. t should be observed for a living polymeriza-
tion.

ln
(

[M]0
[M]t

)
= kapp

p [I]0t (4.3)

From the slope of this plot, kapp
p [I]0, one can calculate the apparent propagation rate

for a given monomer concentration.
Figure 4.7 shows the monomer consumption versus time for the polymerizations of
P8 and P11. In the case of P8 (Figure 4.7a), the monomer consumption for both
monomers is fast and proceeds at the same rate. The polymerization is completed
after approx. 15 h.
The polymerization of MeOx and 1 to give P11 is even faster. However, the conver-
sion does not reach 100 % for 1, but stops at approx. 90 %, while until 75% conversion
both monomers react at the same rate.
What is the reason for this observation? First and most importantly, chain termina-
tion can be ruled out as a significant reason for this deviation. If some, or even all
chains would be terminated, obviously one would expect a slower, or altogether halt in
the monomer conversion for both monomers. A close look to the GC chromatograms
gives a possible explanation. As the intensities and the integrals of the monomers de-
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Figure 4.7: Plot of monomer consumption vs. time for the polymerization of P8 (a)
and P11 (b). Please note, while monomer conversion occurs faster in the case of
P11, the polymerization rates are faster for P8 due to a lower [I]0 in the latter case
(Table 4.2).
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crease, the automatic integration algorithm is not able to discern correctly between the
monomer peak and a weak but broad tailing of unknown origin in the case of 1. This
tailing becomes dominant as the concentration of 1 decreases, feigning a monomer
content which is actually much lower. However, for the calculation of the rate con-
stant the slope in the beginning of the polymerization can be used (Figure 4.8). For
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Figure 4.8: First order kinetic plots for P8 (a) and P11 (b), which show a linear
development. Both monomers are consumed at a similar rate. Due to a slightly
higher concentration the slope is steeper for P11 while the actual rate is lower.

the copolymerizations of MeOx or EtOx with 2, the plots are reasonably stable to
very high conversions (Figure 4.9). Evaluation of the linear first order kinetic plots
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Figure 4.9: Linear first order kinetic plots for P8 (a) and P12 (a) through P14
(b). The strong influence of 10 °C is clearly seen in a much faster propagation at
higher temperature as expected, while the in both cases the differences between the
monomers stays indifferent of the temperature. Both P8 and P12 are obtained
as almost perfect random copolymers (a) while P13 and P14 give a pronounced
gradient character (b).



98 4. Results and Discussion

gives the respective values for kapp
p (Table 4.2). The first three entries show that P8,

P11 and P12 are nearly perfect random copolymers, as the apparent polymerization

Table 4.2: Calculation of apparent rate constants kapp
p of the copolymerization of P8

and P11 through P14.

[I]a0 [EtOx]b0 [MeOx]b0 [1]b0 [2]b0 slopec
M1

slopec
M2

kapp
p,M1

d kapp
p,M2

d

P8 35.8 0.72 — — 0.08 9 8.5 2.5 2.4
P11 41.7 0.78 — 0.11 — 10 9.7 2.4 2.3
P12e 17.5 0.34 — — 0.034 1.8 1.7 1.0 0.97
P13e 18.2 — 0.34 — 0.035 2.2 1 1.2 0.55
P14f 48.1 — 0.98 — 0.23 33 15 6.9 3.1
a mmol/L, b mol/L, c 10−5 s−1, d L

mol*s× 10−3, e T= 70 °C, f T= 85 °C

rates of the monomers are almost identical. This is contrasted by the copolymeriza-
tion of MeOx and 2. Here, the values for kapp

p,MeOx and kapp
p,2 differ significantly, having a

ratio of
kapp
p,MeOx
kapp

p,2
= 2.2. This indicates a pronounced gradient character of the resulting

copolymer, indifferent of the temperature.
It is noteworthy that this temperature indifference for the copolymerization behavior
is not necessary the case as demonstrated by Hoogenboom et al.[270]. While the ratio
of the polymerization rates between MeOx and EtOx were independent of the tem-
perature (80 °C vs 100 °C) and the initiators, this was different when compared with
2-nonyl-2-oxazoline (NonOx). While the kapp

p,EtOx was 1.6 L
mol*s× 10−3 compared with

kapp
p,NonOx = 2.2 L

mol*s× 10−3 at 80 °C, EtOx polymerized faster then NonOx at 100 °C
(6.8 L

mol*s× 10−3 vs 5.6 L
mol*s× 10−3, all initiated with MeOTf). If these differences are

not within the experimental error, these results indicate that one can influence the
microstructre of POx only by changing the polymerization temperature.
Particularly interesting is the comparison of entries P12 and P13. The temperature
and the concentrations for all participating species are virtually identical. The con-
sumption rate for MeOx is slightly higher than the rate for EtOx, but the difference is
not as pronounced as expected when compared with literature (

kapp
p,MeOx

kapp
p,EtOx

= 1.2 compared

to ∼ 1.5[270]). This difference might be due to a different concentration (0.8 m vs 1.25
m) and solvent (ACN vs. DMAc) used in the reference experiments. More striking
is the comparison of the values for kapp

p,2 . In the copolymerization with EtOx a rate
of kapp

p,2 = 0.97 L
mol*s× 10−3 is calculated while in the copolymerization with MeOx only

roughly half of this value is obtained with kapp
p,2 = 0.55 L

mol*s× 10−3.
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Since all polymerization parameters were kept constant, this indicates that 2 is less
reactive towards the propagating cationic species (predominantly 2-methyl-2-oxazolin-
ium) in the latter case and more reactive towards the 2-ethyl-2-oxazolinium chain end
present during polymerization of P12. Another explanation would be that the differ-
ence is within the experimental error.
In conclusion, it was shown that the copolymerization of EtOx with 1 and 2 yields
nearly perfect copolymers, while in the case of the copolymerization with MeOx a
pronounced gradient character of the resulting copolymer was obtained. The experi-
ments performed during this work showed for the first time that it is possible to obtain
gradient and random copolymers of water-soluble 2-oxazolines (MeOx and EtOx) and
chemically functional 2-oxazolines(1 and 2).

MALDI-TOF mass spectrometry

Matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) is a valuable method for the analysis of polymers. In comparison with other
mass spectrometrical methods, no or little fragmentation of the analyt is observed.
Thus, molecules with larger molar masses like polymers and peptides are ideally ana-
lyzed using this technique.
A general trend that was observed during this work was that EtOx containing poly-
mers gave better MALDI-TOF spectra then MeOx polymers. Similarly piperazine
terminated polymers (or deprotected ones) gave a better resolution of the spectra.
Detailed analysis of signals obtained from MALDI-TOF spectra allows the determi-

nation of Mw (
iP

ni×M2
i

iP
ni×Mi

), Mn (
iP

ni×Mi
iP

ni

) and thus, the polydispersity as determined by

MALDI, PDIMALDI (= Mw/Mn). This procedure, however, becomes complicated for
copolymers. Starting from a homopolymer, the possible mass signals increase rapidly
with increasing comonomer content for copolymers until the point where different
copolymer compositions have virtually the same molar mass. This has been discussed
recently in detail for P6[401].
Figure 4.10 shows the MALDI-TOF mass spectrum of P2. The distribution is narrow
and symmetric. The two most intense signals at m/z= 4485 and 4584 can be attributed
to polymers of 2-ethyl-2-oxazoline associated with a sodium ion. The respective DP is
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Figure 4.10: MALDI-TOF spectrum of P(EtOx43)BocPip (P2).

43 (m/zcalc = 4485.9 g/mol) and 44 (m/zcalc = 4585.0 g/mol), respectively, which is in
excellent accordance with the value expected from [M]0/[I]0 (43). Along with these,
signals can be found which are assignable to lithium and potassium associated poly-
mer species. Signals that correspond to polymer chains with DP = 29 to up to 58
can be found, no unassignable signals are observed. The intensities of the signals
were obtained and the average masses of the P2 were determined. For Mn a value
of 4546 g/mol is calculated while Mw = 4605 g/mol (PDIMALDI = 1.01). Together with
the data obtained from GPC and 1H-NMR spectroscopy it can be stated that P2 was
successfully prepared with a high definition and with a molar mass as projected.
Another homopolymer of MeOx, but initiated with the initiator salt 4 is P4. In
Figure 4.11 the MALDI-TOF mass spectrum of P4 is shown. In this case, four dif-
ferent distributions can be discerned. The two most intense distributions are high-
lighted in green and red. These signals can be attributed to polymer species of
PynOxP(MeOxn)BocPip with a potassium or a hydrogen counterion. The maximum
of both distributions is found at values around m/z =2000, in excellent accordance with
the molar mass of the projected PynOxP(MeOx20)BocPip (M= 2040 g/mol). Two ad-
ditional, minor distributions are observed, one assignable to polymer species lacking
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the terminal PynOx moiety and the Boc protection group at the other terminus (black
signal distribution). This could be explained by some residual methyltriflate in the
initiator which initiated the homopolymerization of MeOx, although no evidence for
substantial amounts of MeOTf could be found in the analytical data of 4. Another
possibility would be the reversed fragmentation of 4 accompanied by the release of
methyl triflate. In this case one would expect the incorporation of then available
monomer 2 into the growing chain during polymerization of P4. Since no signals
could be found assignable to polymer species containing more then one unit of 2, this
possibility can be ruled out.
Finally, the forth distribution (yellow) present in the mass spectrum of P4 could origi-
nate from species of P4 also lacking the terminal Boc-group. It was already mentioned
that polymer species with free piperazine gave MALDI-TOF spectra of much better
quality, i.e. higher intensity. It might well be that the actual amount of the two lower
intensity distributions (black, yellow) is overestimated due to far better ionizability
of these species. Quantification by 1H-NMR spectroscopy, however, is not accurate
enough to rule out even 5 - 10 % of polymer chains lacking a terminal PynOx group.
Another possibility is that water, especially under basic conditions, can lead to chain
termination. Unfortunately, the molar mass of the resulting polymer species would
be similar to the one of BocPip terminated species. In Figure 4.12 the theoretically
calculated isotopic distributions of two polymer species are illustrated and compared
with the experimental values. The molar mass of [PynOxP(MeOx19)BocPip + K]+ is
M= 1993.54 g/mol while for [PynOxP(MeOx21)OH + K]+ M= 1995.51 g/mol is calcu-
lated. The observed maximum at 1993.8 is in very good agreement with the calculated
mass for [PynOxP(MeOx19)BocPip + K]+. But things are a bit less obvious, when the
isotopic distribution is taken into account (compare Figure 4.12, series A and B). It
can be seen that the two distributions overlap significantly and the third most intense
signal of [PynOxP(MeOx19)BocPip + K]+ is observed at an almost identical m/z value
as the second most intense signal of [PynOxP(MeOx21)OH + K]+. However, also this
analysis corroborates that the polymer species that gives rise to the observed peak in
the mass spectrum, is actually a member of the distribution of P4 than of the possible
side product (PynOxP(MeOxn)OH). This comparison should mainly serve as an ex-
ample how difficult it can be to obtain ultimate proof over the identity and definition
of polymers, also by MALDI mass spectroscopy. Especially for copolymers, it typi-
cally possible to calculate molar mass of theoretical side products and their associates
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with salts with the same or a very similar molar mass as the actually desired prod-
uct. However, in combination with other analytical techniques, especially 1H-NMR
spectroscopy, where functional groups can be easily identified, one can come to well
founded assumptions whether the desired product has been obtained.
In the same manner, MALDI mass spectra of the copolymers P6, P8 and P11 were
obtained and analyzed. In all cases, the most intense signals can be found at values
of m/z as expected from [M]0/[I]0. In the case of P11 a slight deviation in respect
to the content of DPOx in the resulting polymer was observed. Signal distributions
can be found that correspond to polymer species that contain between 0 (EtOx ho-
mopolymer) to 6 units of 1. The most abundant peak distributions can be assigned to
species containing 3 to 5 units of DPOx each having a maximum at 17 units of EtOx,
whereas 2 to 3 units of 1 and 19 of EtOx was the targeted content.
In contrast to this, the mass spectrum of P8 and especially its unprotected coun-
terpart P(EtOx20PynOx2)Pip (P24), will serve as an example that it is possible to
obtain copolymers with high definition, also in respect of the monomer content (vide
infra, Chapter 4.3.1).

4.2.2 Star-like poly(2-oxazoline)s

Several reports on star-like homo- and blockcopoly(2-oxazoline)s can be found, start-
ing from the early 1980s[283–292]. Only two of those reports investigated whether all
functionalities of a multifunctional initiator are of equal reactivity. In these cases a
step-wise initiation of the multi-initiators (halogen and tosylate) was observed[284,285].
Since it is well established that triflates are highly reactive initiators for the 2-oxazoline
polymerization, it is of interest, if fast and complete initiation can be achieved with
triflate multimers. This would be necessary if the various arms of the stars are sup-
posed to be homogeneous for the same reasons that account for the low polydis-
persity of linear polymers. Therefore, the polymerization reactions of MeOx in the
presence of bis-, tris- and tetrakistriflates (Figure 4.13) were investigated and com-
pared with the polymerization initiated by methyl triflate. Especially pentaerythritol
tetrakis(trifluoromethylsulfonate) (I3) appears sterically crowded which could lead to
a step-wise initiation.
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Figure 4.13: Structures of methyl triflate and three prepared triflates for the synthesis
of linear (I1) and star-like poly(2-oxazoline)s (I2,I3).

The first order kinetic plots of the polymerization of MeOx at a concentration of
[MeOx]0 ∼ 0.8 mol/L at 85 °C, initiated by the four different triflates are shown in
Figure 4.14. The initiator concentration for all experiments was constant ([I]0) and
thus the concentration of triflate groups ([I]f0) varied, depending on the initiator. All
four plots are linear, indicating a living character of the polymerization. The polymer-
ization reactions proceed to quantitative monomer conversion. It can be seen, that
the slope of the plots increases with increasing numbers of triflate groups per initiator
molecule. The calculated apparent polymerization rates are shown in Table 4.3. Ac-
tually, two rates were calculated for each experiment. First, the apparent rate (kapp

p )
and, second, the apparent rate per initiating group ( kapp

p
# of triflate groups = kapp,f

p ).
According to the increasing slope in the first order plots, the values for kapp

p increase

Table 4.3: Calculation of apparent rate constants kapp
p of the polymerization of MeOx

with MeOTf and multifunctional initiators I1, I2 and I3.

[M ]0/[I]f0 [I]a0 [I]f0
a [MeOx]b0 slopec kapp

p kapp,f
p

P15 80/1 8.69 8.69 0.695 4.48 5.16 5.16
P16 80/4 8.63 34.5 0.690 14.5 16.8 4.20
P17 80/4 8.77 35.1 0.693 19.7 22.5 5.61
P18 80/2 8.75 17.5 0.690 8.99 10.3 5.14
P19 80/3 8.20 24.6 0.661 12.6 15.4 5.12
a mmol/L, b mol/L, c 10−5 s−1, d L

mol*s× 10−3
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with the numbers of initiating functions. The rate observed for P15 is somewhat
lower compared with the rate observed with P14 (vide supra, Table 4.2). This is
possibly due to the lower monomer concentration in this case or lies within the ex-
perimental error of the measurement. The rates for the polymerization initiated with
the bis- and tristriflate (P18, P19) are approximately twice and thrice the value of
P15, respectively. The experiment with I3 was performed in duplicate (P16, P17)
which led to differing polymerization rates. The arithmetic average, however, is in
good accordance with the values for the three other initiators. With a medium value
of 19.6× 10−3± 4.03 L

mol*s the polymerization initiated with I3 is approx. four times
faster than the polymerization initiated by methyl triflate. The similar values of kapp,f

p

for the different initiators indicate that all triflate groups of I1, I2 and I3 show com-
parable reactivity. Additionally, in Figure 4.15 the number of initiating functions are
plotted against kapp

p and an linear increase is observed. Extrapolation to 0 triflate
units gives a rate of zero as expected.
These results are in contrast to earlier reports of Chujo et al.[285] and Kobayashi et
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Figure 4.15: Development of the apparent polymerization rates of triflates of differ-
ent multiplicities. The polymerization rate increases with the number of initiating
functions in a linear dependence. This proves that all initiator functionalities ex-
hibit the same activity as MeOTf and no steric hindrance even in the case of the
bulky tetrafunctional initiator I3 exists.

al.[284] and suggest that it is possible to obtain star-like poly(2-oxazoline)s with evenly
sized arms using small and crowded initiators like I3. However, linear first-order ki-
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Figure 4.16: Calculated and observed (GPC) development of molar mass and poly-
dispersity with conversion of the star-like polymerization with I3.

netic plots, only show that the concentration of living chain ends remain constant over
the course of the polymerization. Chain transfer can not be ruled out on the basis of
these experiments. Therefore an additional polymerization with I3 as an initiator was
performed and samples where taken at different time points and analyzed by GPC
(Figure 4.16). As can be seen, the molar masses, as obtained from GPC, are lower
than calculated. This, however, is expected with star-like polymers and RI-detection.
However, a linear increase for Mn with the conversion is observed (indication the ab-
sence of chain transfer) and the polydispersities are reasonable low with values below
1.2 for all samples.
Unfortunately, no MALDI-TOF mass spectra of any samples of star-polymers could
be obtained.
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In another experiment, the star-like block copolymer P20 (Figure 4.17), consisting
of EtOx as the main monomer and 1 and 2 as two different functional monomers
in the two blocks was prepared. The polymerization was followed by GC and GPC
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Figure 4.17: Structure of star-like diblockterpolymer P20.

and additionally a 1H-NMR spectrum was obtained from the product. In Table 4.4,
the calculated rate constants of the monomers for the two different blocks are shown.
While in the first block, the values for kapp

p of EtOx and 1 are identical and a random

Table 4.4: Calculation of apparent rate constants kapp
p of the polymerization of the

star blockcopolymer P20.

[I]f0
a [EtOx]b0 [1]b0 [2]b0 slopec

EtOx slopec
M2

kapp
p,EtOx kapp

p,M2

First block 39.6 0.83 0.077 — 8.3 8.2 2.1 2.1
Second block 35.4 1.07 — 0.107 16 14 4.5 4.0
a mmol/L, b mol/L, c 10−5 s−1, d L

mol*s× 10−3

copolymer is obtained, the rate constants for EtOx and 2 differ by 13 %, resulting in
a weak gradient character of the second block.
Of both blocks, samples have also been analysed by GPC. A pronounced shoulder
at higher molar mass is present, a phenomenom observed regularly with poly(2-
oxazoline)s. In both cases the values for the peak average molar mass (MP ) of the
high molar mass shoulder is approx. twice the value of MP (first block MP = 4000 and
7700 g/mol; second block MP = 9100 and 17300 g/mol), the intensity of the higher
molar mass signal is approx. half the lower molar mass signal and in both cases no
baseline separation is observed. The signal shape is very similar for both blocks and
no shoulder at MP of the first block is observed in the GPC trace after polymerization
of the second block (P20). Therefore, termination can be ruled out as reason for the
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bimodal trace of the first block and that the preparation of the star blockterpolymer
was successful, despite the bimodal GPC trace. The reason for the occurrence of the
high molar weight shoulder remains unclear, but may be due to some aggregation tak-
ing place during GPC measurement or other type of artifacts of the GPC measurement
(as also observed later, see Chapters 4.4.1 and 4.3.2). Alternatively, one could assume
that this shoulder is due to polymer chain coupling. However, it appears unlikely that
a pronounced fraction of the stars undergo chain coupling to dimers, whereas any hint
of trimers or higher multimers is absent. The overall polydispersity of P20 is reason-
ably low with PDI = 1.22. Similar to star-like homopolymers, the absolute values of
Mn are considerably lower than calculated from [M]0/[I]0. Integration of the signals in
the 1H-NMR spectra of P20 gives monomer ratios which are in excellent accordance
with the expected values, and the value of DP as calculated from 1H-NMR is slightly
higher (∼10 %) as would be expected.

4.2.3 Summary

In the preceding chapters the preparation and analysis of the polymers P1 - P20 has
been described and discussed. Performing kinetic studies by online GC measurements
of the monomer consumption, the microstructure of the polymers could be identified
and it has been shown that both new functional monomers 1 and 2 can be copolymer-
ized with MeOx and EtOx to give gradient and random copolymers respectively. All
prepared polymers are of low polydispersity of PDI ≤ 1.23 (GPC). Furthermore, char-
acterization of the polymer products by MALDI-TOF MS and 1H-NMR spectroscopy
corroborated that well-defined polymers were obtained.
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4.3 Modifications at the polymer terminus

4.3.1 Removal of the Boc protection group

Before the terminal amine group is available for the attachment of the radionuclide
chelator, the protection group Boc must be removed. While this is generally a trivial
reaction, e.g. in peptide chemistry and would be not worth mentioning, polymer analog
modifications should always be investigated with scrutiny. Figure 4.18 shows the
general reaction scheme for this deprotection. It was performed in a 95/2.5/2.5 (v/v/v)
mixture of trifluoroacetic acid (TFA), water and triisobutyl silane (TIBS). Table 4.5

N N
O

R

n

N
O

O N N
O

R

n

NHTFA/H2O/TIBS

Figure 4.18: Reaction scheme for the removal of the Boc protection group at the
terminal piperazine.

shows selected analytical data of polymers after terminal Boc removal. Analog to the
analytical data of the respective educts, 1H-NMR and GPC slightly overestimate the
DP. However, again it can be shown by MALDI-TOF MS that the actual molar masses
are in good agreement with the expected values from [M]0/[I]0. 1H-NMR spectroscopy

Table 4.5: Selected analytical data of polymers after removal of terminal Boc protec-
tion group.

Polymer Mn,calcd
a Mn,NMR

b Mn,GPC
c PDIc Yield

[g/mol] [g/mol] [g/mol] [%]
P21 P(MeOx48)Pip 4190 5200 6360 1.22 66
P22 P(EtOx43)Pip 4360 5700 6670 1.18 88
P23 P(MeOx45PynOx5)Pip 4620 7000 7130 1.04 92
P24 P(EtOx20PynOx2)Pip 2360 2350 3990 1.06 93
a, as calculated from [M]0/[I]0
b, as calculated from end-group and side chain analysis based on 1H-NMR
c, as obtained from GPC (solvent DMAc)

can serve as a relatively sensitive method for the quantification of the Boc group, due
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to the appearance of the sharp and relatively intense singlett originating from the
three methyl groups at 1.4 ppm. Accordingly, 1H-NMR spectroscopy is also suitable
to verify the removal of Boc.
Figure 4.19 depicts the comparison of the 1H-NMR spectra of P1 and the deprotected
P(MeOx48)Pip (P21). The sharp singlett at 1.4 ppm (Signal 5) in the spectrum of P1
is no longer observed in the spectrum of P21. Accordingly, successful deprotection
was confirmed for the polymers P22 - P24. The molar mass of the polymers should

N N
O 48

1
2

3

N
O

O
4

5

N N
O 48

1
2

3

NH

TFA/H2O/TIBS

4.0 3.5 3.0 2.5 2.0 1.5

in
te

ns
ity

 a
.u

.

δ [ppm]

 P1
 P21

1

2
3

4

5

P21

P1

Figure 4.19: Comparison of 1H-NMR (D2O, 300MHz) spectra of P1 and P21. The
disappearance of the signal at 1.4 ppm indicates the quantitative removal of the
terminal protection group.

be reduced by 100 g/mol through the removal of the Boc group. GPC is not exact
enough for this minuscule change in molar mass, since 100 g/mol is less then the
typically observed intrinsic error of GPC (approx. several hundred g/mol). As an
additional analytical method to corroborate the results from 1H-NMR, MALDI-TOF
MS was performed. Figure 4.20 shows the comparison of the MALDI-TOF mass
spectra of P2 and P22. While the overall shape of the peak distributions does not
change significantly upon deprotection it can be easily seen that it shifts to lower m/z
values by ∆m/z = 100 - 200.
Finally, HPLC was performed to prove unambiguously the successful removal of the
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Figure 4.20: Comparison of MALDI-TOF mass spectra of P2 (red) and P21 (black).
The shift to lower m/z values after the removal of the Boc group can be easily
observed.

protection group. In contrast to GPC, this chromatographical method does not discern
by the size of the solute but by interaction of the solute with the stationary phase,
an effect more determined by chemical composition. The comparison of the HPLC
elugrams of P6 and the deprotected P(MeOx45PynOx5)Pip (P23) is shown in Figure
4.21. Both polymers give rise to a broad elution peak but although only a small moiety
at one polymer terminus is removed, the retention time does change by almost 2 min.
Similar shifts are observed for the other deprotected polymers. In conclusion, the
removal of the Boc protection group at terminal piperazine is facile and quantitative.

MALDI-TOF MS analysis of the content of functional side chain content in P24
The functional group distribution can not be analyzed by GPC, neither by HPLC or
1H-NMR spectroscopy. The latter can serve for quantification, but will only be able to
give average values. Although it has been shown be GC analysis that, random copoly-
mers of e.g. EtOx and 2 can be obtained, it is desirable to know the actual deviation
from the average content of functional groups within the polymer. To this end, the
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Figure 4.21: Comparison of HPLC chromatograms of P6 and P23 at 220 nm. The
removal of the protection group leads to a shift of approx. 2min to earlier elution
time.

MALDI-TOF MS of P24 was analyzed in detail (Figure 4.22). P24 was used instead
of its parent compound P8 since the MALDI-TOF mass spectrum of P24 was much
better resolved than the one of P8. This might be attributed to the free terminal
amine group, which should lead to an increased ionizability of P24 as compared to
P8.
The most intense signals are found at m/z values as expected from [M]0/[I]0, the spec-
trum is symmetrical and the polydispersity as calculated from the MALDI-TOF MS
spectrum is low (PDIMALDI = 1.02). After a close inspection of the spectrum, one can
eventually distinguish five different signal distributions, which are shown as five differ-
ent peak groups highlighted in red with the respective remainder of the spectrum in
black in Figure 4.22. The two most intense signals at m/z =2456.4 and 2494.4 can be
assigned to [P(EtOx21PynOx2)Pip+H]+ and [P(EtOx20PynOx3)Pip+H]+ (m/zcalc =
2456.7 and m/zcalc = 2494.7 respectively). The two most intense peak distributions can
be assigned to the respective polymer species that contain two ([P(EtOxnPynOx2)Pip
+ H]+, Figure 4.22b) and three ([P(EtOxnPynOx3)Pip + H]+, Figure 4.22c) units of
2 with varying amounts of EtOx. This corresponds excellently with the monomer feed
ratio of the precursor polymer (P8) of [2]0/[I]0 = 2.2. A peak distribution assignable to
polymer species containing four units of 2 can be found with a slightly lower intensity
(Figure 4.22d). Finally, two distributions with m/z values that correspond with poly-
mer chains containing one (Figure 4.22a) and five copies (Figure 4.22e) of PynOx can
be identified, albeit of significantly lower intensity than for the former signal groups.
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No signals could be reasonably assigned to polymer species containing no, or more
than five copies of PynOx. This MALDI-TOF analysis suggests that it is possible to
control the amount of a functional monomer units in a copolymer within close limits.
For all five mentioned distributions, the amount of EtOx varies between 13 and 30
with a maximum around 20 in all five cases. This is also in excellent agreement with
the initial ratio of [EtOx]0/[I]0 for the polymerization of P8.

4.3.2 Attachment of the radionuclide chelator

The amine group of the terminating reagent piperazine can be used for the attachment
of a fluorescent dye as shown recently[403–405]. These labeled polymers have been used
in fluorescence correlation spectroscopy for the study of the aggregation behavior of
amphiphilic poly(2-oxazoline)s. Fluorescent dyes can be also valuable to study the fate
of polymers within the body. Fluorescence microscopy is regularly applied to visualize
cellular uptake and compartimentation of labeled compounds down to the subcellular
level. This can be of considerable importance to analyze the fate and distribution of
drugs e.g. within the kidney.
In this work, the primary interest was to study the overall in vivo biodistribution of
water-soluble poly(2-oxazoline)s and poly(2-oxazoline)-peptide conjugates. For this
purpose analog labeling with radionuclides is preferable, as it allows in vivo imaging
and quantification. The macrocycle DOTA chelates a number of interesting nuclides
for biomedical applications, e.g. 111In and 68Ga, as already mentioned (Chapter 2.2.2).
The commercially available derivative of DOTA, 2-(4-isothiocyanatobenzyl)-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (p-SCN-Bn-DOTA) is widely applied
for the attachment of the chelator to amine groups of, e.g. antibodies. Figure 4.23 de-
picts the coupling reaction of amine terminated polymers with p-SCN-Bn-DOTA and
Table 4.6 shows elected analytical data. The attachment was performed in methanol
as a solvent and potassium carbonate as a heterogenous base. The reactions were
stirred for typically 3 days at RT and the solvent was subsequently removed by a
stream of nitrogen. The residual solid was collected with water for subsequent gel
filtration. Thus, not only potassium carbonate and HCl could be removed easily, but
also unreacted chelator.
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Figure 4.23: General reaction scheme for the coupling of the chelator p-SCN-Bn-
DOTA to the terminal piperazine.

Table 4.6: Selected analytical data of polymers after attachment of the chelator
DOTA.

Polymer Mn,calcd
a Mn,NMR

b Coupling Coupling Mn,GPC
d/PDId Yield

[g/mol] [g/mol] yield [%]b yield [%]c [g/mol] [%]
P30 4480 5300 75 n.d. 7282/1.45 60
P31 4910 6600 100 n.d. 8093/1.45 62
P32 5170 5100 100 77 6772/1.03 54

22705/1.03
P33 2910 2710 75 n.d. 3895/1.05 68
P34 5580 6500 75 29 n.d. 81
P35 2820 2600 30 20 n.d. 58
P36 3200 3100 25 29 n.d. 61
a, as calculated from [M]0/[I]0
b, as calculated from end-group and side chain analysis based on 1H-NMR
c, as determined by UV/Vis
d, as obtained from GPC (solvent DMAc)
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The coupling efficiencies, as determined by 1H-NMR spectroscopy, vary from approx.
100 % to only 25 %. The reason for the broad variance for the coupling efficiencies
remains unclear. In a number of attempts, no coupling at all was observed. A major
contributor to this problem may be the quality of the commercial product p-SCN-
Bn-DOTA. Different batches obtained from Macrocyclics Inc. differed strongly in
appearance, e.g. from a slight to a bright yellow in color, and from powder to crys-
talline. An inquiry at Macrocyclics Inc. revealed that different batches of the product
actually differ significantly in the content of water and HCl.
A comparison of the HPLC elugrams of P21 and PMeOx48PipBnDOTA (P30) shows
that the retention time of the polymer was unaffected by the conjugation with DOTA
(Figure 4.24). However, the observed difference at in the elugrams of P21 and P30
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Figure 4.24: Comparison of HPLC chromatograms of P21 and P30. While the
retention time remains virtually unaffected upon conjugation of DOTA onto the
polymer terminus, the successful attachment is verified by the absorption at 254 nm
which is absent in the educt P21.

recorded at 254 nm proves the successful coupling of the chelator. While the polymer
precursor P21 contains no chemical moiety that absorbs at this wavelength, a phenyl
ring with an strong absorption at 254 nm was introduced by p-SCN-Bn-DOTA. Since
only one phenyl ring was introduced per polymer chain, the absorption is low. More-
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over, the absorption is broad, indicating that the signal is derived from a polymer
analyt.
For quantification, 1H-NMR spectroscopy was applied. Figure 4.25 shows the com-
parison of the spectra of P21 and P30 along with the signal assignment . Four new
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Figure 4.25: Comparison of the 1H-NMR spectra of P21 (D2O, 300 MHz) and P30
(D2O, 250 MHz). After conjugation with the radionuclide chelator four new signals,
4 - 7 are observed and can be assigned. Signal 5 originates from the phenyl ring
in p-SCN-Bn-DOTA and can be used for quantification, thus determination of the
coupling yield.

signals can be identified (4 - 7) after the coupling reaction. Signal 4 already appears
in the spectrum of P1 but is absent in the spectrum of P21. Assuming that the
attachment of the Boc and DOTA groups does not only influence electronically the
adjacent methylene groups of the piperazine ring, but also sterically stabilizes the
ring, forcing the ring into the chair conformation with the bulky substituents in an
equatorial position. As a result, the signals of the respective protons are narrowing
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and are observable in the 1H-NMR spectra of P1 and P30 but absent for P21. The
protons originating from the ring ethylene groups of DOTA give rise to signal 6, which
overlaps with the backbone protons (2), as does signal 7. Only signal 5 is isolated
and is therefore used for the quantification. The amount of DOTA attached to the
polymers, as judged from 1H-NMR spectroscopy can be found in Table 4.6. For P30 it
was determined that 70 % to 80% of the polymer chains contain the chelator DOTA.
Figure 4.26 shows another example of the HPLC elugrams after DOTA functionaliza-
tion of P23 resulting in P(MeOx45PynOx5)PipBnDOTA (P32). While in the uncon-
jugated polymer P23 no absorption at 254 nm could be found, the product showed
a very broad elution peak concomitant with the strong polymer band observed at
220 nm. In contrast to the results of HPLC analysis of P30, the elution peaks are
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Figure 4.26: Comparison of HPLC chromatograms of P23 and P32. While the
retention time remains unaffected upon conjugation of DOTA to the polymer ter-
minus, the successful attachment is verified by the absorption at 254 nm which is
absent in the educt (P23).

broader and it is more clearly observed that the moiety giving rise to the new band
at 254 nm (the phenyl ring of p-SCN-Bn-DOTA) must be polymer bound.
Selected samples of the polymer-chelator conjugates have also been analyzed by GPC.
Here, the obtained results are inconsistent. The additional mass by the introduction
of DOTA is 550 g/mol. This increase is reflected reasonably well in the GPC elugrams
of P30, P31 and P33. However, the polydispersity increases strongly in the case of
P30 and P31, while it remains very low in the case of P33.
The precursor of P32, P23 shows monomodal elution profile with a narrow molar
mass distribution while the product P32 is separated in two different peaks, one hav-
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ing an apparent mass of Mn = 22705 g/mol (PDI = 1.03), the other located at Mn

= 6772 g/mol (PDI = 1.03). The reason for this is unknown. No chemical reaction
seems possible that would lead to any di- or oligomerization or cross-linking of the
polymer at the reaction conditions. It seems possible that physical interaction via the
carboxylic acid moieties resulting in aggregation of the polymer-DOTA conjugates can
occur. However, this behavior is only observed for P32 and not for other samples.
In the next chapter we will find another case of the appearance of a high molar mass
elution signal for a DOTA bearing polymer sample.
In conclusion, HPLC is useful for a first and rapid evaluation whether the coupling
with DOTA was successful, but for a sound quantification the samples are to be pu-
rified by gel filtration (quality control by HPLC to check for residual free chelator)
and analyzed by 1H-NMR spectroscopy. The combination of HPLC and 1H-NMR
spectroscopy serves as a reliable combination for the evaluation of a polymer analog
modification. GPC in contrast seems not to be reliable. Presumably, aggregation can
occur for these polymers giving rise to elution peaks which can not be explained by
the chemical modification. In addition, the amount of sample necessary for GPC is
substantially higher than for HPLC and in contrast to 1H-NMR samples the polymer
is not easily recoverable.

4.4 Modification of polymer side chains

4.4.1 Removal of the dioxolane protection group

The protection of an aldehyde functionality during CROP of 2-oxazolines is necessary
since aldehydes are not compatible with the living polymerization[259]. Recently the
polymerization of the protected aldehyde 2-oxazoline monomer 1 was described and
the polymers were used in an oxime coupling for the first time. Before a coupling
reaction can occur, the dioxolane group has to be converted to the reactive aldehyde
(Figure 4.27). Various attempts of a quantitative conversion to free aldehyde failed.
Only when the reaction was performed within a dialysis membrane, the corresponding
aldehyde bearing polymers were obtained. The reaction was a purification at the
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Figure 4.27: Reaction scheme of the removal of the dioxolane protection group.

same time, since low molar mass impurities (including the released ethylen glycole)
are removed during the dialysis. The deprotection was performed in 5% TFAaq or
5 %HClaq.
Table 4.7 summarizes selected analytical data of the aldehyde bearing polymers P37 -
P39.
The first two entries show analytical data for P(MeOx35DPOx5)Pid and P(MeOx50-
DPOx8)Pid for comparison[316]. These two polymers were dialyzed/reacted 2 h in 5 %
HClaq against 5 % HClaq and twice for 2 h against Milliporr to give P(MeOx35OBOx5)-
Pid (P38) and P(MeOx50DPOx8)Pid (P39), respectively. As shown by HPLC analysis
(Figures 4.28 and 4.29), the reaction was quantitative. The elution time shifts to
lower values upon the polymer analog conversion. No residual polymer was observed.
Interestingly, the integration of the aldehyde signal in the 1H-NMR spectra (solvent
D2O) gave lower values than expected from the dioxolane content of the precursor
polymers, while an unaccounted signal around 4.9 ppm was observed. This could
not originate from the proton geminal to the dioxolane ring, since the signals of the
dioxolane ethylene protons around 3.9 ppm were absent. Only after thorough freeze-
drying and recording of spectra in CDCl3, this unassignable signal disappeared and
the signal integral originating from the aldehyde at 9.7 ppm had the expected values.
Exemplary, the 1H-NMR spectrum of P39 is shown in Figure 4.30. It is assumed
that in the presence of water, a significant amount (approx. 50 %) of the aldehyde is
present in its hydrated form and the geminal proton appears at a similar chemical
shift (4.8 ppm) as the dioxolane proton signals.
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Table 4.7: Selected analytical data polymers with pending dioxolane and aldehyde
side chains.

Polymer Mn,calcd
a Mn,NMR

b Mn,GPC
c PDIc

[g/mol] [g/mol] [g/mol]
P(MeOx35DPOx5)Pid[316] 4000 4000 5245 1.18
P(MeOx50DPOx8)Pid[316] 5840 5840 7518 1.25

P37 P(MeOx47OBOx5)PipDOTA 5360 5600 7205 1.06
26492 1.05
97657 1.06

P38 P(MeOx35OBOx5)Pid 3780 5800 6946 1.22
P39 P(MeOx50OBOx8)Pid 5480 5800 11980 1.25
a, as calculated from [M]0/[I]0
b, as calculated from end-group and side chain analysis
c, as obtained from GPC (solvent DMAc)
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Figure 4.28: Comparison of HPLC chromatograms of P(MeOx35DPOx5)Pid and
P38. The retention time shifts significantly to lower values values as the dioxolane
group is removed.
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Again GPC analysis gave interesting values. Deprotection decreases the molar mass
of these two polymers, but GPC data show a pronounced increase to approximately
twice the molar mass as expected. Since the molar mass must decrease, this shows the
limitations of GPC and the major effect that chemical modification of only approx.
15% of the polymer side chains can have. Furthermore, for P37 instead of one, three
well separated and narrow elution peaks were found. Similar as for P32, one signal
appears at an elution time corresponding to a molar mass of around 25.000 g/mol. In
addition a very narrow, albeit weaker peak is observed around 100.000 g/mol (PDI
1.06). It seems unlikely that any kind of side reaction could lead to such well-defined
high molar mass oligomers or aggregates of the P32. Therefore it must be assumend
that these high molar mass elution signals are artefacts caused by specific polymer-
stationary phase interactions.

4.4.2 Chemoselective coupling reactions on the polymer side

chains

The novel polymer bound aldehyde functionality has been coupled to a model ami-
nooxy compound, O-benzylhydroxylamine by Taubmann et al.[259] as described pre-
viously (Figure 4.31). It was shown that the coupling reaction was quantitative as
judged from 1H-NMR spectroscopy. Accordingly, it was necessary to evaluate if it
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Figure 4.31: Reaction scheme of the polymer analog chemoselective oxime forma-
tion[259].
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is also possible to convert the pending alkyne functionalities with azides to triazoles
with high or maybe quantitative yield. For this purpose two small azides, ethyl(2-
azido)acetate and (trimethylsilyl)methyl azide, were coupled to the pending alkynes.
Moreover, the coupling of the linker 5 for subsequent native chemical ligation was used
to allow the attachment of N-terminal cystein containing peptides (Figure 4.32). The
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Figure 4.32: Reaction scheme for the polymer analog chemoselective coupling reac-
tion via Cu(I) catalyzed Huigens’ cycloaddition (’click-chemistry’)[401].

coupling reactions were performed in aqueous media. The catalytic Cu(I) was gener-
ated in situ by reduction of CuSO4 by sodium ascorbate as described previously[366].
Table 4.8 shows analytical data for the polymers P25 -P28 after side chain modi-
fication. The recovered yields were reasonably high, only the (trimethylsilyl)methyl
azide coupled polymer was obtained in a moderate yield. The trimethylsilyl (TMS)
side chains presumably lead to hydrophobic products, which accounts for some loss of
polymer during work-up. The reason to apply click-chemistry on poly(2-oxazoline)s
was the reported high coupling efficiency for this reaction. In order to evaluate this
aspect, HPLC and 1H-NMR spectroscopy were performed.
The 1H-NMR spectra of P6 and P(MeOx45

TriazTMS5)PipBoc (P26), along with the
signal assignment is shown in Figure 4.33. The proton signals 4, 5 and 6 are assigned to
the alkyne side chain methylene groups. Upon side chain modification, it is expected
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Table 4.8: Selected analytical data of polymers after ´clicking´ of small organic azides.

Polymer Mn,calcd
a Mn,NMR

b Mn,GPC
c PDId Yielde

[g/mol] [g/mol] [g/mol] [%]
P25 P(MeOx45

TriazAc5)BocPip 5291 6700 7.74 1.07 73
P26 P(MeOx45

TriazTMS5)BocPip 5362 7800 8430 1.06 48
P27 P(MeOx45

TriazThioAc5)BocPip 5442 5200 7031 1.15 70
P28 P(EtOx20

TriazThioAc2)Pip 2648 3000 3276 1.11 84
a, as calculated from [M]0/[I]0 and for 100 % conversion of the polymers
b, as calculated from end-group and side chain analysis
c, as obtained from gel permeation chromatography (solvent DMAc)
d, obtained from GPC, Mw/Mn
e, recovered product, quantitative functionality conversion according to analysis
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Figure 4.33: 1H-NMR spectra (D2O, 300MHz) of P6 and P26. The proton signals
originating from the alkyne side chains shift quantitatively, indicating full side chain
conversion.
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that these signals shift, while the rest of the polymer signals should remain unaffected.
Indeed, signals 5 and 6 shift low-field to signals 5’ and 6’ by about 0.2 ppm. Signal 4,
originating from the methylene group adjacent to the polymer acyl group, shifts to a
lower degree and broadens to become signal 4’. While these 3 signals change, the other
signals of the polymer remain unaffected. Furthermore, 3 new signals are observed, at
7.6 ppm (aromatic proton of the triazole ring), 4.0 ppm (methylene group between the
triazole and the TMS group), and 0.0 ppm (TMS). The integrals of these new signals
are as expected when related to the signals arising from the terminal groups (Boc and
methyl). More importantly, the complete shift of the alkyne side chain signals indi-
cates a high degree of conversion > 95 % (coupling efficiency per alkyne chain > 99%).
The backbone ethylene signals are of higher intensity as expected and a DP of around
80 is calculated. A more detailed discussion of this coupling reaction, along with ad-
ditional IR analysis and coupling reactions of a polymer of higher alkyne content can
be found in literature[401]. In accordance with the analytical procedure described in
the recent chapters, HPLC can also be used to evaluate the polymer analog coupling
efficiency (Figure 4.34). The shift to earlier elution times comparing P24 and P28
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Figure 4.34: Comparison of HPLC elugrams of P24 and P28. After the attachment
of ethyl (2-azido)thioacetate the retention time is shifted for approx. 3 min.

can be explained by the ’exchange’ of the rather hydrophobic alkyne moiety with the
triazole ring and the introduction of the thioester, both relatively polar groups. The
complete shift of the peak corroborates the earlier finding that the side chain conver-
sion by click-chemistry is quantitative.
In conclusion, the coupling reaction between the pending alkyne groups with small
azides was successful. Within the analytical limitations the conversion was found to
be quantitative after a reaction time of several hours at room temperature. The next
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chapter will deal with the attachment of bioactive peptides via click-chemistry, oxime
ligation and native chemical ligations.

4.4.3 Coupling of peptides

Click chemistry

The copper(I) catalyzed coupling reaction between azides and alkynes has been applied
for preparation of a tetramer of cyclic RGDs as reported recently[91]. Accordingly, first
attempts to couple P(EtOx20

P ynOx2)PipBnDOTA (P33) and c[RGDfK(N3)]1 were
performed with CuSO4 and sodium ascorbate in water or water/t-BuOH. However,
according to HPLC analysis no coupling of peptide and polymer was achieved. In-
stead increasing the reaction temperature to 100 °C as described by Dijkgraaf et al.[91],
further attempts to obtain P(EtOx20

TriazRGDfK2)PipBnDOTA (C1) were performed
using a Cu(I) salt (CuBr) and a hydrophobic chelator, 4,4´-dinonyl-2,2´-dipyridyl
(dinonylbipy) in 60 % aqueous THF (v/v) as a solvent (Figure 4.35). This reaction
mixture is very sensitive to air. Thus, the solid reagents were combined in a GC
vial in the glove-box, the vial was sealed, and the degassed solvents were added. In-
stantly, an intense dark-brown color was observed. The mixture was stirred for 3
days at RT, upon which the color remained unchanged2. After solvent exchange, C1
was purified by repeated precipitation in cold diethyl ether. In order to remove the
copper from the polymer conjugate, it was necessary to add additional dinonylbipy
to the polymer conjugate solution prior to re-precipitation. While adding the con-
jugate solution drop-wise to Et2O, the lipophilic, thus ether soluble Cu-dinonylbipy
complex remained dissolved in the organic phase, while the C1 precipitated. After
several precipitation and dissolution steps, the polymer was obtained as a colorless
solid and finally freeze-dried from water. Figure 4.36 shows an HPLC elugram of P33
and C1. Since the tr of the two peaks differ (at 220 and 254 nm) only slightly and
do have a strong overlap, a mixture of P33 and C1 was also analyzed by HPLC. The
signal in the elugram of this mixture broadens in comparison to the two respective

1all RGD peptides used in this work were prepared by Dr. López-García in the group of Prof.
Kessler.

2the color immediately changed from brown to green as oxygen was allowed to the mixture.
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elugrams and the signal maximum is found in between the two distinct peaks of the
P33 and C1, proving that P33 and C1 are two distinct polymeric analytes. No free
peptide was observed by HPLC, showing that the purification was sufficient not only
to remove residual copper, but also excess peptide. The HPLC data suggest that the
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Figure 4.36: Comparison of HPLC chromatograms of P33 and C1 with the UV
absorbance at 220 (a) and 254 nm (b). Additionally a mixture of P33 and C1 was
injected to prove that P33 and C1 show distinct elution profiles.

conversion of P33 was quantitative. Additionally, a 1H-NMR spectrum was recorded
of C1 and compared the spectrum of P33 (Figure 4.37). The analysis of th spectrum
of C1, however, is somewhat inconsistent. The signals of the proton of the triazole
ring and the methylene group adjacent to the triazole (on the peptide side), as well
as the central methylene group of the polymer side chain can be identified and the
chemical shifts and the integrals are in accordance with the experiments discussed in
the previous chapter. However, no signals with significant intensities originating from
the peptide can be identified. The reason for this is unknown. Apparently a triazole
was formed, but the respective signals of, e.g. the C-Hα are not observed. Residual
copper(II), being paramagnetic could induce paramagnetically enhanced nuclear re-
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Figure 4.37: 1H-NMR (D2O, 500 MHz) of P33 and C1. While the specific signals of
the alkyne and the triazole ring confirm the formation of triazole. However, little
evidence for the peptide can be found in the NMR.

laxation which leads to a broadening of signals of adjacent nuclei[406,407]. However, this
seems rather unlikely, since no CuS could be precipitated from the conjugate solution.
Alternatively, aggregation effects could lead to the effacement of the signals of the
peptide.

Oxim ligation

RGD conjugates with poly(2-oxazoline)s via oxime ligation. Two approaches
have been evaluated for the coupling of aminooxy peptides to aldehyde bearing poly(2-
oxazoline)s. The aminooxy moiety is highly reactive towards carbonyl compounds,
especially ketones and aldehydes. For this reason, several researchers found it diffi-
cult to obtain pure aminooxy bearing peptides. During work-up and purification it
was regularly observed that products of aminooxy peptides and ketones, especially
acetone, are formed[408]. For this reason, it was evaluated, whether it is possible
to deprotect the peptide in situ and couple it directly to aldehyde bearing poly-
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mer, without prior isolation and purification. For this purpose, c[R(Pbf)GD(tBu)fK-
(BocAOAC)] (c[ṘGḊfK(Boc-AOAc)]) was dissolved in a mixture of TFA/TIBS/H20
(91/7/2, v/v/v). After 3 h at RT, a solution of P37 in buffer was added. The mixture
was allowed to react for 3 days at RT. Purification and removal of excess peptide was
performed by gel filtration. HPLC analysis of the resulting C2 shows that the peptide
conjugation leads to shift of approx. 2 min to higher values of tr as compared to P37
(Figure 4.38). Additional analysis of the polymer-RGD conjugate was performed by
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Figure 4.38: HPLC elugrams of P37 and C2. The pronounced shift to higher reten-
tion times shows the quantitative conversion of the polymer precursor P37.

1H-NMR (Figure 4.39) and ATR-IR spectroscopy. Broad signals of low intensity in
the spectrum of C2, assignable to amide protons (between 7.2 and 8.3 ppm) and C-Hα

(between 4.3 and 4.7) are observed. Furthermore, the aldehyde protons observed in
the spectrum of P37 are no longer observed. The integrals of the new signals are in
good accordance with approx. 5 peptides per polymer as expected. The comparison
of the IR spectra of P34, C2 and the peptide also corroborates that the coupling of
the RGD was successful (Figure 4.40). A broadening of the intense carbonyl stretch
band of the polymer at 1631 cm−1 is observed which can be attributed to the addi-
tional amide I and amide II band of the peptide centered at 1658 and 1547 cm−1,
respectively. Additionally, two new weak bands at 1159 and 1109 cm−1, related to the
peptide can be found in the IR spectrum of C2.
In summary, HPLC, 1H-NMR and ATR-IR spectroscopy indicate that the attach-
ment of c[RGDfK(AOAc)] to P(MeOx47OBOx5)PipBnDOTA P37 to form P(MeOx47-
OximRGD5)PipBnDOTA C2 was successful and integration of the 1H-NMR data is
consistent with the amount of approx. 5 copies of c[RGDyK] per polymer chain in
average and complete consumption of the side chain aldehyde functionalities. The
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Figure 4.39: 1H-NMR (D2O, 250 MHz) of C2. While the aldehyde signal of the P37
is no longer observed, a number of broad and weak signal are observed assignable
to the peptide.
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Figure 4.40: Comparison of the ATR-IR spectra of P34, c[ṘGḊfK(Boc-AOAc)] and
C2. Broadening of the amide I band of the polymer by amide I and amide II
and the additional weak signals at 1159 and 1109 cm−1 (indicated by lines) suggest
successful attachment of the peptide to the polymer.
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hydrophilicity of C2, as judged from HPLC, is high and therefore C2 is a good can-
didate for a first in vivo evaluation in tumor bearing mice.
The chelator for radionuclides DOTA can have in impact on the receptor affinity or
biodistribution of attached peptides, as the introduction of the radionuclides, as al-
ready discussed (vide supra, Chapter 2.2.2). To allow radioiodination, a RGD deriva-
tive with a tyrosine moiety was used for the preparation of another poly(2-oxazoline)-
RGD conjugate (Figure 4.41). In this case the deprotected peptide c[RGDyK(AOAc)]
was directly used for the coupling reaction. Figure 4.42 shows the HPLC elugrams of
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Figure 4.41: Reaction scheme for the preparation of C3 from P39 and c[RGDyK-
(AOAc)]. The reaction was performed in pH2.5 phosphate buffer.

the reaction mixture at 220 and 254 nm in comparison with the elugrams of the educt
P39 and the conjugate C3. The retention time increases slightly by approx. 30 s.
The relatively narrow signal of the polymer shifts quantitatively upon conjugation
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with c[RGDyK(AOAc)] and again purification from free peptide was successful by gel
filtration as no free peptide can be detected in the purified product. The minor shift
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Figure 4.42: Comparison of HPLC chromatograms of P39 and C3 at 220 nm. The
HPLC of the reaction mixture was taken after 3 h at room temperature. It can be
seen that the purified product contains no residual peptide.

of tr can be also observed in the elugram obtained at 254 nm, as can be seen in Figure
4.43. Additionally, an increase in UV activity can be observed comparing P39 and
C3. While the polymer precursors has a low absorbance at that wavelength, the ty-
rosine residue of c[RGDyK(AOAc)] leads to some absorption at 254 nm. However, the
absorbance of Tyr is maximal at 275 nm in comparison with 257 nm in Phe. Therefore,
UV spectra of P39, c[RGDyK(AOAc)] and C3 (Figure 4.44) were recorded in order
to evaluate if the weak band at 254 nm observed in the HPLC in fact originates from
c[RGDyK]. The UV spectrum of C3 resembles both the absorption characteristics of
the polymer (strong absorbance < 220 nm) and the peptide (local absorption maxi-
mum at 275 nm) which proves the attachment of c[RGDyK] to the polymer.
In summary, the two peptides c[RGDfK] and c[RGDyK] were successfully attached
via an oxime bound to poly(2-oxazoline)s. This reaction is interesting as no catalyst
is needed as for click-chemistry. On the other hand, one additional polymer analog
reaction is necessary and aminooxy peptides are prone for side reactions in contrast to
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Figure 4.43: HPLC elugrams at 254 nm of P39 and C3. Although the absorption of
the peptide RGDyK is not pronounced at 254 nm, the additional absorption in the
product can be observed in comparison with P33.
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Figure 4.44: UV spectra of P39, c[RGDyK(AOAc)] and C3. A new maximum at
274 nm in C3, originating from the tyrosine residue attached to the polymer is
observed, since no free peptide was observed by HPLC.
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azide bearing peptides. Additionally, the coupling of another bioactive peptide, MTII,
was investigated to evaluate if this reaction is modular as conceived.

MTII conjugates with poly(2-oxazoline)s via oxime ligation. The oxime ligation
was also applied for the preparation of three poly(2-oxazoline) peptide conjugates
(P(MeOx20

OximMTII2)Pid, P(MeOx35
OximMTII5)Pid and P(MeOx50

OximMTII8)Pid
(C4 - C6), carrying the melanocortin receptor binding peptide MTII (Figure 4.45).
AOAc0-MTII was synthesized by Opperer in the group of Prof. Kessler. Attachment
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Figure 4.45: Reaction scheme of the preparation of the poly(2-oxazoline)-MTII con-
jugates C4 -C6. The coupling was performed in acidic aqueous media (pH 3-4).

was performed in aqueous buffer at pH3-4. Purification and removal of excess peptide
was performed by gel filtration. For in vitro binding affinity studies to the four recep-
tors hMC1R, hMC3R, hMC4R and hMC5R no radionuclide incorporation is necessary.
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Thus, AOAc0-MTII was coupled to piperidine terminated polymers. For further in
vivo studies, however, coupling to DOTA bearing polymers, according to the prepa-
ration of C2 is possible. Alternatively, radioiodination of one of the aromatic amino
acids can be used to directly label C4 - C6.
MTII is more hydrophobic than the cyclic RGD peptides. As a consequence, tr in
HPLC elugrams of the resulting conjugates are higher (14.4 min (C6) vs. 10.8min
(C3)) than for respective RGD conjugates (Figure 4.46, compare Figure 4.42). The
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Figure 4.46: Comparison of HPLC chromatograms of P39 and C6.

signal shifts for about 4 min to later elution times in the case of the reaction of P39 to
C6. In contrast to the HPLC evaluation of C3, no elution peak is observed at 254 nm
in the case of the conjugates C4 to C6. This can be explained by the difference in
the UV absorption of MTII as compared to c[RGDfK] or c[RGDyK]. The absorbance
maximum of MTII is located around 280 nm and only very low absorbance is found
at 254 nm (local minimum, Figure 4.47) More evidence for successful attachment of
MTII to P37 -P39 and quantification can be obtained by 1H-NMR spectroscopy. In
the case of the MTII conjugates this is facilitated since more aromatic protons are
present as compared to RGD. In fact, broad and intense signals originating from aro-
matic protons can be found in the 1H-NMR spectra of C4, C5 and C6, exemplary
shown for C6 in Figure 4.48. While the aldehyde protons at 9.7 ppm are no longer
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Figure 4.47: UV spectrum of C6. The local maximum at 277 nm is absent in the
polymer precursor.

observed, the signals originating from the naphthyl, imidazolyl, phenyl groups are
observed between 7.5 and 6.7 ppm in accordance with the expected chemical shifts
of these aromatic moieties. Additionally, new broad signals are observed around 4
(C-Hα) and 3 ppm and between 2 and 1 ppm (aliphatic protons). For quantification,
the signal originating from the polymer methyl side chains (2.0 ppm) are related to
the isolated aromatic peptide signals. Calibration of the signal at 2.0 ppm to 150
protons (according to 50 units of MeOx) gives 102 aromatic protons. This is in good
accordance with the expected value of 8 to 9 MTII peptides per polymer chain (12H
per MTII). Although the error for this estimation might be significant, it is obvious
that substantial amounts of peptide were successfully coupled to P39. Accordingly,
the expected integral value for signals originating from MTII can be found in the
spectrum of C5, while in the case of C4 only an average of one MTII seem to be
attached to the peptide. However, in all three cases, 1H-NMR, UV-Vis spectroscopy
as well as HPLC analysis indicate successful oxime ligation between aldehyde bear-
ing poly(2-oxazoline)s and AOAc0-MTII. As discussed before, the incorporation of an
aminooxy moiety is an additional step in peptide synthesis and the high reactivity
of the aminooxy group towards ketones and aldehydes can be problematic at times.
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Figure 4.48: 1H-NMR spectra of P39 and C6. While the signal originating from the
aldehyde is no longer observed, aromatic signal originating from MTII are found in
the conjugate.



142 4. Results and Discussion

The third chemoselective ligation investigated in this work, the NCL, does not need
peptide modification and shows no cross-reactivity.

Native chemical ligation

The NCL between a thioester bearing polymer and a peptide with a N-terminal cys-
tein was performed with P(EtOx20

TriazThioAc2)PipBnDOTA (P36) and the linear
pentapeptide CREKA. To inhibit a possible cross-linking of either CREKA or the
product via the thiol groups before, during or after the coupling reaction, the reaction
was performed in degassed buffer (pH= 7.2)(Figure 4.49). Work-up (gel filtration)
was also performed with degassed water and under a nitrogen atmosphere in order to
prevent oxidative crosslinking.
P(EtOx20CREKA2)PipBnDOTA (C7) was analyzed by HPLC (Figure 4.50), ATR-IR
(Figure 4.51) and 1H-NMR spectroscopy (Figure 4.52). CREKA is a highly hydrophilic
(hygroscopic) peptide. In HPLC, C7 is eluted approximately 4 min earlier than the
educt P36. However, it could be assumed that the polymer would also be eluted at
significant earlier times, if the thioester is merely hydrolyzed to form free pending
carboxylic acid. This could not be ruled out as judged by HPLC, although a shift of
4 min seems unlikely pronounced for the introduction of approx. two carboxylic acids.
Comparison of the IR spectra of P36, CREKA and C7 give evidence of a successful
polymer-peptide conjugation. Similar as in the IR spectrum of C2, a broadening of
the carbonyl stretch band at 1630 cm−1 is observed for C7. Similar as observed in
the IR spectrum of C2, a pronounced shoulder at the position of the amide II band
(1550 cm−1) is observed for C7. The shoulder corresponding to amide I of CREKA is
relatively weak.
Unambiguous evidence for the successful native ligation can be found by 1H-NMR
spectroscopy. From comparison of the spectra of P36 and C7 (Figure 4.52) it can be
concluded that several new signals, originating from the peptide, are observed. Addi-
tionally, the triplett at 1.1 ppm (originating from the thioester) is no longer observed,
while at 1.2 ppm a duplett appears, also present 1H-NMR spectrum of CREKA. Com-
parison of the integrals gives a CREKA content in C7 which is in good accordance
with the expected value of two.
Moreover, since ethanethiol is released during the reaction (Figure 4.49) a simple ol-
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Figure 4.50: Comparison of HPLC chromatograms of P36 and C7. The broad signal
of P36 shifts for approx. 4 min upon CREKA conjugation to lower elution time,
reflecting the high hydrophilicity of CREKA.
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Figure 4.51: ATR-IR spectra of CREKA, P36 and C7. The broadening of C=O str
band of the polymer upon conjugation with CREKA is observed, especially around
1550 cm−1, corresponding with the amide II band of the peptide.
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Figure 4.52: 1H-NMR spectra (D2O, 250MHz) of P36 and C7. New signals, origi-
nating from the peptide CREKA can be observed.

factory test upon opening of the reaction vessel proved the production of the extremely
pungent smell of a thiol.3.

Summary

The goal of this work was to introduce a novel, modular polymer carrier based on
poly(2-oxazoline)s for biomedical applications, in particular for the polymer based
peptide receptor radionuclide therapy P PRRT. In the recent chapters the conjuga-
tion of three bioactive, tumor targeting peptides with poly(2-oxazoline)s with pending
side chains for different chemoselective ligations has been described. In Table 4.9 all
presented poly(2-oxazoline)s peptide conjugates are summarized and it is indicated
whether the various analytical methods confirm the successful coupling or not. In
the case of click-chemistry it remains somewhat unclear if indeed the azide bearing
peptide has been successfully attached to the polymer due to inconsistent 1H-NMR

3the odor threshold for EtSH is 2.8 ppb and ethanethiol entered the Guiness Book of Records in
2000 as the “smelliest substance” in existence[409].
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Table 4.9: Synthesized poly(2-oxazoline)-peptide conjugates. Whether coupling was
confirmed by the various analytical techniques is indicated with

√
for positive,

⊗
for unclear, n.d. for not determined and n.a. for not applicable.

Conjugate HPLC NMR IR UV
P(EtOx20

TriazRGDfK2)PipBnDOTA C1
√ ⊗ ⊗

n.a.
P(MeOx47

OximRGDfK5)PipBnDOTA C2
√ √ √

n.a.
P(MeOx50

OximRGDyK8)Pid C3
√

n.d. n.d.
√

P(MeOx20
OximMTII2)Pid C4

√ √
n.d.

√

P(MeOx35
OximMTII5)Pid C5

√ √
n.d.

√

P(MeOx50
OximMTII8)Pid C6

√ √
n.d.

√

P(EtOx20
NCLCREKA2)PipBnDOTA C7

√ √ ⊗
n.a.

data. For the oxime-ligation, analytical data are unambiguous. It has been shown
that protected aminooxy peptides can be deprotected in situ and coupled directly to
aldehyde bearing peptides. Alternatively, also three unprotected aminooxy-peptides
were successfully used in oxime ligation. Both, RGD and MTII peptides were suc-
cessfully incorporated and the removal of excess peptides was facile by gel filtration.
Furthermore, the attachment of CREKA, as an example of a bioactive N -terminal
cystein bearing peptide has been performed by simple combination of peptide and
thioester bearing poly(2-oxazoline) in neutral buffer.

4.5 Radiometallation

Before biodistribution studies can be performed, the incorporation of suitable ra-
dionuclides had to be established. Various protocols can be found in literature for
the introduction of different nuclides into DOTA. The chelation of different metals is
dependent on kinetic and thermodynamic factors. For the incorporation of gallium it
is reported, that heating to 90 - 100 °C for 10 to 20 min is sufficient to obtain radio-
chemical yields (RCY) > 95 %[187,190,211]. Alternatively, heating by microwave allows
for the reduction of the reaction time to 1min. The chelation is typically performed
in buffer at or around pH4.2. Two different buffer systems can be found in literature,
HEPES and sodium acetate. While the incorporation of Ga into DOTA is typically
faster in HEPES, sodium acetate has the advantage of a low toxicity in contrast to
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HEPES and must not be removed prior to administration.
For the chelation, C2 was dissolved in buffer and the 68GaCl3 solution was added. The
mixture was heated for different time intervals and an aliquot was taken for HPLC
analysis. The remainder of the solution was fractionated through a Sep-Pak C18 car-
tridge for purification. While free GaCl3 could be washed out with water, the labeled
conjugate remained on the column and was eluted subsequently with ethanol (quality
control by HPLC). The ethanol was evaporated and the residual was collected with
PBS buffer. Table 4.10 summarizes the attempts of chelation of 68Ga into C2. Even
at 95 °C and a reaction time of 25 min, only 50 % of 68Ga was chelated using HEPES
buffer. When acetate buffer was used, the RCY was even lower (Table 4.10,entry
#5). Also the use of microwave heating did not increase the RCY (data not shown).
Only longer reaction times increased the RCY to 70 %, but this is problematic with
short-lived nuclides such as 68Ga. The reason for this very low chelation yield remains
unknown. For further experiments, a more systematic approach should be taken. This
was not possible so far, since only limited time was provided for the preliminary chela-
tion evaluation. However, the obtained activity of purified [68Ga]C2 was sufficient for
first in vivo biodistribution experiments. Labeled and unlabeled peptides can nor-

Table 4.10: Evaluation of incorporation of 68Ga into C2 at various temperatures and
reaction times.

# Conjugate Buffer 68GaCl3 T time RCYa

[mg] [µL] [µCi] [°C] [min] [%]
1 60 140 HEPES 245 65 15 0
2 120 140 HEPES 484 65 20 30
3 200 140 HEPES 230 95 25 50
4 60 140 HEPES 440 85 40 70
5 60 40 acetate 9500 95 20 22b

6 60 40 acetate 1150 95 20 15a

a as determined by HPLC radioelugrams
b after purification

mally be separated by HPLC. This was not possible for [68Ga]C2 as the broad elution
band of the polymer does not shift markedly upon radiolabeling. Furthermore, no
purification by gel filtration is possible since the molar mass change is only minute.
To increase the specific activity, separation via an ion exchange column might be
feasible.
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4.6 In vivo and in vitro studies

4.6.1 Biodistribution of hydrophilic low molar mass

poly(2-oxazoline)s

Several biodistribution studies concerning MeOx and EtOx containing polymers or
liposomes have been briefly discussed before (Chapter 2.4.4). No studies on the biodis-
tribution of well-defined homopolymers of MeOx and EtOx can be found in literature.
In contrast, a great number of reports on linear PEG were published[410–416]. There-
fore, the biodistribution of the prepared radiolabelable homopolymers of MeOx (P30)
and EtOx (P31) of molar masses of ∼ 5000 g/mol was studied. The radiolabeling
and biodistribution experiments were performed by Gärtner and Blechert in the Nuk-
learmedizinische Klinik und Poliklinik at the Klinikum rechts der Isar München in the
group of PD Dr. Essler [417].
The In-111 labeled polymers-DOTA conjugates PMeOx48PipBn[111In]DOTA ([111In]-
P30) and PEtOx43PipBn[111In]DOTA ([111In]P31) were injected i.v. into female CD1
mice. The mice were sacrificed after 30min, 3 h or 24 h and the amount of radioactivity
in various organs was determined. The amount of the radioactivity was calculated as
%ID/g (Tables 4.11 and 4.12). For both polymer samples, the amount of radioactivi-
ty, which is proportional to the amount of polymer, is low in all dissected organs and
the blood clearance is fast. The amount of [111In]P30 and [111In]P31 in the organs
reflects the normal blood pool values and no significant organ uptake was observed.
The uptake into the brain is particularly low, which indicates that these water-soluble,
low molar mass POx are not able to cross the blood-brain barrier. The highest ac-
cumulation was found in the kidneys. This is explained by the fast renal excretion
of the polymers. Only very limited radioactivity was found in the liver and spleen.
These two organs represent a major fraction of the RES and the liver is an important
organ for alternative excretion. Only 0.31 and 0.51 %ID/g were found in these organs
combined after 30min for [111In]P30 and [111In]P31, respectively. The lung is, after
the kidney and the blood pool, the organ with the highest amount of radioactivity
found in the case of [111In]P30 (30 min p.i.). Similarly for [111In]P31, the radioaci-
tivity content found in the lungs is relatively high, but is exceeded by the uptake in
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Table 4.11: Biodistribution data of [111In]P30 in organs after resection at indicated
time points p.i. .

Organ 30 min 3 h 24 h
Blood 0.637 ± 0.121 0.228 ± 0.026 0.077 ± 0.022
Heart 0.192 ± 0.048 0.075 ± 0.016 0.056 ± 0.006
Lungs 0.443 ± 0.046 0.230 ± 0.077 0.137 ± 0.014
Kidneysa 1.526 ± 0.132 1.114 ± 0.098 0.964 ± 0.170
Liver 0.165 ± 0.036 0.118 ± 0.014 0.136 ± 0.026
Spleen 0.147 ± 0.037 0.091 ± 0.030 0.125 ± 0.025
Pancreas 0.139 ± 0.022 0.068 ± 0.003 0.060 ± 0.007
Muscle 0.121 ± 0.050 0.032 ± 0.006 0.027 ± 0.004
Skin 0.362 ± 0.138 0.081 ± 0.014 0.070 ± 0.012
Fat tissue 0.054 ± 0.009 0.025 ± 0.002 0.017 ± 0.007
Stomach 0.234 ± 0.066 0.071 ± 0.012 0.059 ± 0.007
Jejunum 0.147 ± 0.034 0.068 ± 0.026 0.108 ± 0.015
Colon 0.192 ± 0.041 0.073 ± 0.022 0.094 ± 0.014
Bone with marrow 0.110 ± 0.011 0.093 ± 0.009 0.109 ± 0.049
Brain 0.020 ± 0.002 0.013 ± 0.003 0.010 ± 0.003
values %ID/g ± SD, n = 3, a n = 6

Table 4.12: Biodistribution data of [111In]P31 in organs after resection at indicated
time points p.i. .

Organ 30 min 3 h 24 h
Blood 1.267 ± 0.014 0.368 ± 0.023 0.085 ± 0.008
Heart 0.325 ± 0.022 0.125 ± 0.020 0.071 ± 0.005
Lungs 0.731 ± 0.111 0.278 ± 0.110 0.114 ± 0.006
Kidneysa 3.643 ± 0.225 2.394 ± 0.147 2.380 ± 0.217
Liver 0.312 ± 0.019 0.193 ± 0.013 0.274 ± 0.026
Spleen 0.198 ± 0.032 0.132 ± 0.005 0.155 ± 0.062
Pancreas 0.211 ± 0.040 0.101 ± 0.021 0.103 ± 0.016
Muscle 0.183 ± 0.009 0.055 ± 0.005 0.043 ± 0.014
Skin 0.927 ± 0.176 0.185 ± 0.028 0.192 ± 0.043
Fat tissue 0.146 ± 0.023 0.041 ± 0.009 0.059 ± 0.007
Stomach 0.318 ± 0.018 0.094 ± 0.016 0.086 ± 0.007
Jejunum 0.260 ± 0.050 0.097 ± 0.015 0.154 ± 0.025
Colon 0.291 ± 0.027 0.091 ± 0.019 0.142 ± 0.043
Bone with marrow 0.495 ± 0.094 0.222 ± 0.034 0.353 ± 0.132
Brain 0.049 ± 0.009 0.015 ± 0.002 0.007 ± 0.001
values %ID/g ± SD, n = 3, a n = 6
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the skin (analog to the skin uptake as described by Goddard et al.[319]) and in the
liver and spleen after 24 h. The slight increase of radioactivity in liver, spleen and
the intestine between 3 h and 24 h indicates a minor uptake of radiolabeled [111In]P30
and [111In]P31 in the RES and hepatobiliary excretion to some extend. However, the
absolute values of activity found in these organs are very low and almost negligible.
The findings of the organ distribution data are corroborated by in vivo γ-camera
imaging. In Figure 4.53 the obtained images 30min and 3 h p.i. of [111In]P30 are

a) b)

reference reference

kidneys

kidneys

bladder

heart

Figure 4.53: In vivo γ-camera imaging of biodistribution of [111In]P30 at 30 min (a)
and 3 h (b) p.i. in a mouse. The reference is 10 % of the injected dose and was
acquisited simultaneously to allow quantification. At both timepoints the predom-
inant, albeit small, accumulation can be seen in the kidneys and the heart (blood
pool). The pronounced uptake in the bladder shows the fast and effective renal
clearance[417].

compared. The activity is evenly distributed throughout the body. Only the bladder,
kidneys and, to some extend, the heart (blood pool) can be discerned. Already after
30min the majority of activity has accumulated in the bladder (Figure 4.53a). These
images show no significant accumulation occurs in organs not taken into account for
the biodistribution study. After 3 h only very limited activity is left in the mouse as
compared with the reference (i.e. 10 % of injected dose)(Figure 4.53b). The majority
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of the remaining radioactivity found in the γ-camera image can be attributed to the
bladder, kidney and heart. A region of interest (ROI) analysis of the two images re-
vealed that only 11%ID are left in the body after 30 min (excluding bladder activity),
while after 3 h only 4.5 %ID remain. This also confirms earlier studies that PMeOx
are comparable in their excretion and blood retention pattern with PEG. Furuichi
et al.[414] found that 93.2 ± 2.26 % of i.v. administered PEG-4000 was excreted via
the urine after 24 h in rats. Similarly, Shaffer et al.[410] found a 96 % excretion of
PEG-6000 i.v. administered in men after 12 h. Interestingly, the lower molar mass
PEG-1000 was excreted only by 85% in the same time interval. Certainly, these values
can not be compared directly, not only due to the different species but also due to the
difference in the compounds used. However, two different studies have shown that for
PEG, the threshold, from which a reduced glomerular filtration can be observed, is
found between PEG-4000 and PEG-6000 in dogs, rabbits and rats[411,413].
The blood retention and the kidney uptake of [111In]P30 and [111In]P31 were addition-
ally compared with [99mTc]DTPA and [99mTc]mercaptoacetyltriglycine ([99mTc]MAG3).
While [99mTc]DTPA is routinely used as a tracer for the glomerular filtration rate,
MAG3 is additionally secreted in the tubuli after the glomeruli. Thus, the excre-
tion of MAG3 from the blood stream corresponds almost completely with the renal
plasma flow. Both control substances clear rapidly and quantitatively from the blood
in contrast to the polymers (Figure 4.54). While at 30 min the blood pool activity of
[111In]P30 is equivalent to that of [99mTc]DTPA, the clearance slows thereafter. This
difference might be due to a number of reasons. Small amounts of 111In might have
been co-injected or liberated from the complex. Free remains 111In is known to have
a high blood retention. Alternatively, higher molar mass fractions would be expected
to accumulate in the blood stream while smaller fractions are excreted rapidly. As
a third possibility, some small fraction of the injected polymer might adsorb to large
plasma proteins and therefore be partly inaccessible to renal filtration. In the case
of [111In]P31, this last possibility can serve as an explanation for the higher blood
pool retention as compared to [111In]P30. PEtOx have a pronounced amphiphilic
character in comparison to PMeOx. This could lead to a enhanced interaction with
plasma proteins, which possess hydrophilic and hydrophobic compartments. However,
the higher plasma level of [111In]P31 is only observed after 30 min. After 3 h p.i., the
amount of [111In]P30 and [111In]P31 start to level out and show no difference after
24 h p.i. . Thus, if an increased plasma protein absorption is the reason for the higher
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Figure 4.54: Development of radioactivity levels with time in the blood after i.v.
administration of [111In]P30, [111In]P31 and [99mTc]DTPA and [99mTc]MAG3, re-
spectively. The polymer samples remain at higher levels in the blood in comparison
to the low molar mass tracers.

amount of [111In]P31 in the blood at early time points, this absorption is reversible.
Comparison with the previous study of Goddard et al.[319] shows that [111In]P30 and
[111In]P31 are removed much faster from the blood pool. This can be attributed in
parts to the higher molar mass of the described P(MeOx-co-HPhOx). For a polymer
of Mw = 15 kDa, 7 %ID of the activity was still found in the blood after 24 h while
for a Mw = 29 kDa sample 28 %ID were measured4. In this study the molar masses
of the polymers were determined by two different calibrations methods for the GPC;
calibration to PEG and PHPMA, resulting in strongly differing molar masses for iden-
tical polymers. The obtained values for Mw, calibrated against PHPMA were 3 - 4 fold
higher as compared to the Mw obtained with PEG calibration. This shows the neces-
sity for appropriate calibration standards for GPC, alternative analytical methods, or
application of a number of different analytical methods to obtain reliable molar masses
of polymers for biomedical applications. Up to date, no GPC calibration standards
for POx are available. In addition, another factor might contribute to a longer blood

4these values are %ID not %ID/g and the values for Mw are obtained from GPC with PEG calibra-
tion.
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retention of P(MeOx-co-HPhOx). This polymer is presumably partially branched due
to the present, unprotected phenol moiety. As discussed earlier, branched polymers
are known to exhibit a longer blood retention as compared to linear polymers of com-
parable hydrodynamic radius.
Figure 4.55 shows the development of the values for %ID/g of [111In]P30, [111In]P31
along with [99mTc]DTPA and [99mTc]MAG3 in the kidney. As expected, the amount
of the tracers peak at very early times p.i. and decrease to very low values thereafter.
The measured activity of [111In]P30 was comparable with that of [99mTc]DTPA at
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Figure 4.55: Development of radioactivity levels with time in the kidneys after i.v.
administration of [111In]P30, [111In]P31, [99mTc]DTPA and [99mTc]MAG3, respec-
tively. Both polymers remain at significantly higher levels in the kidney as compared
to the two low molar mass renal clearance tracers.

30min p.i. . However, in contrast to [99mTc]DTPA, the amount of [111In]P30 found in
the kidney remains at around 1%ID/g. The decrease of the amount of [111In]P31 is
also limited and remains at even higher values (2.4 %ID/g).
While the amount of radioactivity found in the kidney and the blood for [111In]P30
and [111In]P31 is high in comparison with the low molar mass tracers [99mTc]DTPA
or [99mTc]MAG3 it is low as compared to radiolabeled copolymers of HPMA of similar
molar mass. Figure 4.56 compares the values of %ID/g 24 h p.i. for i.v. administered,
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[99mTc] labeled HPMA copolymer (P(HPMA)[99mTc]DPK) of a molar mass of Mw =
7 kDa in mice with that of [111In]P30 and [111In]P31 (Mw ∼ 8 kDa by GPC, ∼ 6 kDa by
MALDI-TOF MS). The blood pool activity of P(HPMA)[99mTc]DPK after 24 h is ap-
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Figure 4.56: Comparison of %ID/g for i.v. administered 99mTc or 111In la-
beled water-soluble polymers in various organs 24 h p.i. . Both POx, [111In]P30
and [111In]P31 show a markedly lower uptake in all organs as compared to
P(HPMA)[99mTc]DPK. Introducing carboxylic acid side chains into the HPMA
copolymer (P(HPMACOOH)[99mTc]DPK) reduces uptake in most organs to levels
as compared with the neutral poly(2-oxazoline)s while the amount in the kidneys
increases. Values for HPMA copolymers are taken from Mitra et al.[31]. Please note
the break in the y-axis.

proximately 1.1 %ID/g while for the presented POx only approx. 0.08%ID/g are found
at this time point. The difference for the kidneys is less pronounced. Interesting, how-
ever, is the difference for the liver and the spleen. With 5.9 and 3.9 %ID/g ([111In]P30
and [111In]P31, respectively) remaining radioactivity in the spleen and liver respec-
tively, the uptake P(HPMA)[99mTc]DPK is 47 and 29 times higher in these organs as
compared to [111In]P30 and 38 and 14 times higher as compared to [111In]P31.
It has been noted in Chapter 2.1.2, that introduction of charged moieties into a poly-
mer often alters its biodistribution pattern, also in the case of HPMA copolymers
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(Figure 4.56). The introduction of a pending carboxylic acid moiety (P(HPMACOOH)-
[99mTc]DPK)5 markedly reduced the blood pool retention of and uptake in all organs
but the kidney. For the latter the uptake was increased by more than 2 fold, possibly
due to an increased renal clearance. Uptake in spleen (0.387± 0.17 %ID/g) and liver
(0.382± 0.17 %ID/g) is reduced significantly for P(HPMACOOH)[99mTc]DPK. How-
ever, the mean values of %ID/g are still higher than the values observed for [111In]P30
(0.125± 0.025 %ID/g and 0.136± 0.026 %ID/g) or [111In]P31(0.155± 0.062 and 0.274
± 0.026 %ID/g).
This comparison has to be taken with caution, since the different polymers have been
analyzed in different ways. Moreover, the molar masses are not directly comparable
and thus, their biodistribution data. However, these polymers mentioned are the only
polymers that can be found in literature which are at least similar to some extend
and it is necessary to put the presented results into the context of literature reports.
It is clear that the two presented water-soluble low molar mass poly(2-oxazoline)s
P30 and P31 display no accumulation in any tissue or body compartment and are
excreted rapidly via the kidneys. Therefore, this type of polymers may serve as a well-
defined polymeric carrier for biomedical application of injectable drug-conjugates. The
attachment of bioactive compounds will naturally change the biodistribution of the
respective conjugates. However, the poly(2-oxazoline) backbone might be able to exert
positive effects on the biodistribution of the attached bioactive compounds. This will
be evaluated in the next chapter, where the biodistribution of the first radiolabeled
poly(2-oxazoline)-RGD conjugate will be discussed.

4.6.2 Biodistribution of [68Ga]C2 in tumor bearing mice

Experimental procedure

Besides a patent application by Ansari et al.[318] little can be found in literature about
poly(2-oxazoline) peptide conjugates for targeted drug delivery. In this chapter the
first result on the biodistribution of [68Ga]C2, a radiolabeled water-soluble PMeOx-
RGD conjugate are presented and discussed. These experiments were performed in

50.95 mmol COOH per g polymer, Mw = 8.3 kg/mol, → ∼ 7 COOH/polymer chain
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the radiopharmaceutical laboratory of Prof. Dr. Wester in the Nuklearmedizinische
Klinik and Poliklinik at the Klinikum rechts der Isar München under supervision of Dr.
Poethko. The biodistribution was evaluated in a nude mouse model. The mice were
transplanted subcutaneously with a M21 human melanoma. Seven mice were injected
with approx. 80µCi of P(MeOx47

OximRGDfK5)PipBn[68Ga]DOTA ([68Ga]C2) through
the tail vain (under diethyl ether anesthesia) of which three mice were co-administered
with an excess (∼ 18 mg/kg) of unlabeled peptide (blocking experiment). One hour
after the administration, the mice were sacrificed by CO2 asphyxia and the blood
was collected by heart puncture. An aliquot of the blood was taken for blood pool
radioactivity measurement (0.05 - 0.26 g), while the remainder was centrifuged in order
to collect the plasma (0.08 - 0.4 g). The other organs were resected, weighed and the
activity of all collected organs was counted. After decay correction, the value for the
radioactivity in the tail of the mice was subtracted6 from the administered activity
and the values of %ID/g for the various organs were calculated.

Tumor and organ uptake of [68Ga]C2

In Table 4.13 the average values with the standard deviation for the different organs
for unblocked and blocked mice are shown. Along with the values for %ID/g, the
average values for the tumor to organ (T/O) ratios are depicted. Additionally, the
values of %ID/g and T/O are plotted in Figures 4.57 and 4.58.
Generally, organ uptake is much higher than for the homopolymers [111In]P30 and
[111In]P31 described in the previous chapter. This is possibly due to a combination of
the higher molar mass of the conjugate (Mcalcd = 8650 g/mol) and the attached pep-
tides. However, without an control experiment with inactive peptide, e.g. RAD or
RGE attached to the polymeric carrier, it is not be possible to distinguish between
the two contributions. Line et al.[241] reported that for HPMA-RGD4C conjugates a
significant increase in the tumor uptake (DU145 prostate tumor xenograft) is observed
comparing to free peptide and copolymer labeled with inactive RGE4C even though
no increased in vitro binding inhibition of αvβ3 HUVEC cells was observed for these
polymer conjugates[240].

6this is regarded as remainder of the injection site and has not reached the circulation
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Table 4.13: Biodistribution data and T/O of [68Ga]C2 in organs after resection 1 h
p.i. in mice. Blocking experiments were performed by additional administration of
an excess of unlabeled c[RGDfK].

[68Ga]C2 [68Ga]C2+ c(RGDfK)
Organ %ID/ga T/Oa %ID/gb T/Bb

Blood 3.52 ± 0.54 0.52 ± 0.066 3.14 ± 0.70 0.43 ± 0.168
Heart 1.81 ± 0.27 1.00 ± 0.076 1.40 ± 0.33 0.97 ± 0.396
Lung 2.78 ± 0.65 0.67 ± 0.149 2.01 ± 0.30 0.65 ± 0.195
Liver 2.66 ± 0.33 0.68 ± 0.087 1.56 ± 0.17 0.83 ± 0.211
Stomach 1.45 ± 0.20 1.25 ± 0.125 0.81 ± 0.08 1.58 ± 0.310
Spleen 1.90 ± 0.27 0.96 ± 0.093 0.96 ± 0.23 1.39 ± 0.470
Intestine 1.91 ± 0.11 0.95 ± 0.064 1.11 ± 0.11 1.16 ± 0.180
Kidney 7.70 ± 0.33 0.23 ± 0.020 6.61 ± 0.58 0.19 ± 0.044
Adrenal glands 4.38 ± 1.22 0.43 ± 0.072 1.24 ± 0.11 1.04 ± 0.221
Muscleb 0.38 ± 0.06 3.45 ± 0.475 0.46 ± 0.12 2.90 ± 0.921
Tumor 1.81 ± 0.16 — 1.27 ± 0.17 —
Plasma 7.10 ± 0.75 0.26 ± 0.031 5.89 ± 1.20 0.23 ± 0.084
a n = 4
b n = 3, one value for %ID/g in the muscle was discarded since it was an obvious
outlier (3.23%ID/g).
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The value of %ID/g for the plasma is considerably higher than that for the blood.
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Figure 4.57: Uptake of the radioactivity in various organs 60 min p.i. of 80µCi
[68Ga]C2 in M21 melanoma bearing mice with and without co-administration of
18 mg/kg unlabeled c(RGDfK). Particularly high levels are found in the kidneys
and the serum. Also the blood, lung and liver contain more than 2 %ID/g while
in the tumor 1.81± 0.16 %ID/g where accumulated. Blocking of the receptors with
an excess of unlabeled c(RGDfK) reduces the uptake in all observed organs and
the tumor, indicating specific binding of [68Ga]C2 to αvβ3. * indicates statistical
significance in decrease between unblocked and blocked experiment (p < 0.01).

Blood contains cellular compounds suspended in the plasma, in which numerous pro-
teins, salts and other solutes are present. By volume, blood consists of approx. 55 %
of plasma, which contributes with approx. 53 % of the mass to the blood. Therefore,
the value of the %ID/g for the blood should be 53 % of the value of the plasma7.
If less is found in the plasma, the radioactivity is bound to cellular components of
the blood (e.g. leukocytes). The obtained mean values of 49.42± 4.02% for the un-
blocked mice, and 53.22± 1.31 % for the blocked mice are in good accordance with

7ρblood =1.06mg/mL, ρplasma =1.03mg/mL[418–420]. Activity per gram blood =̂ activity per 0.53 g
plasma
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the expected value for completely plasma bound activity. The mean tumor uptake at
1 h p.i. of [68Ga]C2 is with 1.81 ± 0.16%ID/g good as compared to the value for a
HPMA-RGD4C conjugate (1.05± 0.03 %ID/g)[100].
Comparison of the tumor uptake of [68Ga]C2 with galacto-RGD, one of the most
advanced low-molar mass RGD compounds for αvβ3 imaging, shows that [68Ga]C2
is competitive in terms of its tumor uptake. In the same tumor model, galacto-
RGD reaches with 1.56± 0.15 %ID/g 60min p.i. a comparable, but somewhat lower
value[101]. On the other hand, the dimer (c(RGDfE)HEG)2-K-Dpr-[18F]FBOA (Fig-
ure 2.8) shows a higher tumor uptake of 2.48± 0.15 %ID/g. Comparing to a large
number of radiolabeled RGD peptides or peptide conjugates[421], the obtained value
for [68Ga]C2 is reasonably competitive. Comparing the blood pool activity after one
hour shows that there is a pronounced difference between these two peptides and the
polymer conjugate [68Ga]C2. The blood pool activity of [68Ga]C2 is 10 - 20 times
higher when compared to galacto-RGD and the RGD dimer[101]. This hints to an
effect of the size of the conjugate, a prolonged circulation time and might actually
lead, to some extend, overestimation of radioactivity in well perfused organs, such as
spleen, liver and lung. Alternatively, the high blood pool activity could stem from free
68Ga, released from [68Ga]C2 or originating from insufficient purification. However,
the stability of [68Ga]C2 in serum or blood has not been investigated in this context.
Investigations by Lendvai et al.[422] showed that injection of [68Ga]DOTA does not
lead to such prononounced blood retention. In contrast, it is reported that injection
of free 68GaCl3 leads to a prominent uptake in most organs and that blood retention
is high.
For the control experiment, additionally unlabeled c(RGDfK) was administered to the
mice. Table 4.13 shows that in all organs and the tumor, the uptake was decreased.
This seemed a good indication for a specific binding of [68Ga]C2, since unspecific bind-
ing should not be affected by the addition of free and unlabeled peptide. However, the
reduction varies and is statistically significant (one-way ANOVA, p < 0.05) only for
the stomach, spleen, intestine and the tumor. The group sizes where small (n=4 and
3), so that for a number of organs (especially kidney, liver) it can be expected that
the difference becomes significant with larger number of mice (the p-values are close
to 0.05).
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Tumor to organ ratios of [68Ga]C2

Besides the absolute amount of tumor uptake, high tumor to organ ratios (T/O) are
crucial for imaging purposes and therapy by PRRT.
The well-defined and smaller conjugates galacto-RGD and (c(RGDfE)HEG)2-K-Dpr-
[18F]FBOA show similar tumor uptake as [68Ga]C2. In contrast, the T/O for both
compounds are much higher than for [68Ga]C2. For the latter, only for the stomach,
muscle and the heart values T/O> 1 are observed. These results are somewhat dis-
couraging as compared to the two low molar mass compounds. For galacto-RGD only
in the liver and the kidney values of T/O< 1 were measured at 1 h p.i. and the dimer
shows a higher uptake in the tumor compared to all organs dissected. Comparison of
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Figure 4.58: T/O ratios 60min p.i. of 80µCi [68Ga]C2 in M21 melanoma bearing
mice with and without co-administration of 18 mg/kg unlabeled c(RGDfK). While
the ratio seems largely unaffected in a number of organs (e.g. blood, heart, lung,
kidneys and muscle), the T/O raises in the liver, stomach spleen and the adrenal
glands. This might indicate a multivalency effect, since the reduction in the integrin
overexpressing tumor is reduced less in relation then in those organs. * indicates
statistical significance in increase between unblocked and blocked experiment (p <
0.01).
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the obtained T/O values with the values of the HPMA-RGD conjugates of Ghande-
hari and co-workers[100,240,241] in contrast is encouraging. The two compounds were
not tested on the same tumor model, nor do they target with the same peptide but a
qualitative comparison will help to understand and interpret the obtained biodistribu-
tion data of [68Ga]C2. Figure 4.59 shows the plots of the T/O ratios of [68Ga]C2 and
[99mTc]HPMA-RGD4C one hour p.i. in mice. For the heart, lung and muscle, higher
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Figure 4.59: Comparison of T/O values of radiolabeled HPMA-RGD4C and [68Ga]C2
1 h p.i. in DU145 prostate cancer and M21 melanoma xenograft, respectively. While
T/O values of HPMA-RGD4C are much higher for heart, lung and muscle, they are
lower for the other organs examined in comparison to [68Ga]C2. Values for the
HPMA conjugate taken from Mitra et al.[100]

T/O are obtained for the HPMA-RGD4C whereas for the blood and the spleen higher
values are calculated for [68Ga]C2. For the liver and the kidney, the obtained values
were comparable. Importantly, Mitra et al.[100] report an increase of all T/O ratios
over the time and an increase to 4.32± 0.32%ID/g in the tumor after 72 h.
The same group of researchers reported on a different conjugate, lacking the chelator
DTPA but with pending carboxylic acid moieties. This conjugate reached approx.
5 %ID/g in the tumor already at 24 h p.i.[241] . In this case, the two different conju-
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gates behaved opposite then would be expected from the previous reports of the same
group. The conjugates bearing RGD4C and carboxylic acids exhibited an approx. two
fold higher uptake in liver, spleen, kidney and the tumor after 24 h compared to the
HPMA-RGD4C conjugates bearing DTPA and without the free carboxylic acid side
chains. Each DTPA contributes five -COOH residues, but these are largely blocked
and neutralized upon conjugation with 99mTc. These two reports can serve as another
example of the difficulties to identify SAR with complex polymer-conjugates.
The molar mass of [68Ga]C2 is significantly smaller than of HPMA-RGD4C (approx.
10 kDa vs. 40 kDa) which might explain the lower blood pool activity of [68Ga]C2 as
compared to HPMA-RGD4C (1 h p.i.). This indicates a faster renal clearance and pos-
sibly, faster increase of T/O ratios. An optimal behavior of any compound for PRRT
would be a fast and pronounced accumulation in the tumor, accompanied with a rapid
wash-out in the residual organism. Additionally, maximization of tumor retention is
desirable to increase the duration of radiation exposition of the tumor (Figure 4.60).
Oriented on actual tumor uptake values of galacto-RGD, the RGD-dimer or tetramer
and a HPMA-RGD4C conjugate, a comparison of the total exposition of the tumor
to radioactivity is shown. The larger the integral is in Figure 4.60 (termed regularly
area-under-the-curve, AUC) is, the higher the exposition and the therapeutic effect.
The same accounts for the AUC for other organs, which would be responsible for po-
tential side effects. The AUC for the polymer conjugate is much higher compared to
the low molar mass compounds. Certainly, also the AUC for the other organs will
be comparably higher. Balancing these contribution is crucial for the development of
successful compounds for PRRT. Reducing the actual requirements for a compound
in PRRT, one could claim: Maximize the AUC for the tumor and minimize the AUC
for all other organs.
Despite numerous studies on radiolabeled RGD peptides and RGD peptide conjugates,
a comprehensive SAR is a matter of considerable conjecture. A modular kit of a well-
defined polymer carrier for the attachment of RGD peptides, such as that presented
for poly(2-oxazoline)s, could be valuable to help to elucidate this issue.
In order to evaluate C2 and the other presented poly(2-oxazoline) conjugates, it would
be necessary to perform biodistribution studies at later time points. Evaluation at 6 h
p.i. could already show a marked difference, but certainly 24 and 48 h p.i. would be
of interest. For these later time points, however, Ga-68 would not be suitable due to
its short half-life. In-111 has already been introduced to polymer bound DOTA and
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Figure 4.60: Development of tumor uptake of galacto-RGD, an RGD-dimer/tetramer
and an HPMA-RGD4C. While the tumor uptake 1 h p.i. is lower for the polymer
conjugate, it increases with time and leads to a much higher overall delivery of
therapeutic radioactivity to the tumor in comparison to the low molar mass com-
pounds. Values are taken or estimated from graphical presentations from Mitra et
al.[240] and Poethko et al.[101,226] . Please note, the 10 h values of galacto-RGD and
the RGD-dimer are estimated from similar low molar mass compounds.
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is suitable for long-time measurements due to its relative long half-life (t1/2 = 2.8 d).
Therefore, follow-up experiments with C2 should be performed with this nuclide.
As another source of error, the blood content of the dissected organs should be con-
sidered. For the small cyclic RGD peptides used so far in the group of Prof. Wester,
the blood pool activity is very low after 1 h, therefore, no significant mistake must be
considered from blood ’contaminated’ organs. In contrast, a considerable amount of
activity was found in the blood at the time of measurement for [68Ga]C2. This might
lead to an overestimation of radioactivity uptake.
Since C2 was stored in aqueous solution for a prolonged period of time (> 5 months)
prior to administration, partial degradation of the peptide might have occurred. Qual-
ity control by HPLC has been performed and no change in the chromatogram was
observed. However, it can not be ruled out that the RGD peptides in C2 degraded
without perceptible change in the HPLC elugram of C2. Due to the high tumor
uptake of [68Ga]C2, it is safe to assume that no complete degradation occurred, but
it is conceivable that the administered polymer conjugate did not bear the assumed
5 copies of c[RGDfK]. Alternatively it could be possible, that the peptides were not
fully accessible, similar as reported for RGD bearing hyperbranched polymer poly-
plexes[224].

In conclusion, the uptake of [68Ga]C2 in the tumor of M21 bearing mice is with
1.81 %ID/g 1 h p.i. slightly higher than the value reported for HPMA-RGD4C and
galacto-RGD, the most advanced imaging probe for αvβ3. However, T/O ratios are
not satisfactory, partially due to a remaining high blood pool activity. It is necessary
that later time points after injection of labeled C2 are evaluated. These experiments
will commence in the near future. Additionally, it might be of interest to introduce
carboxylic acid polymer side chains into this type of conjugate.

4.6.3 In vitro evaluation of poly(2-oxazoline)-MTII conjugates

The three novel poly(2-oxazoline)-MTII conjugates C4, C5 and C6 were tested for
their affinity towards the melanocortin receptors hMC1R and hMC3R - hMC5R by Dr.
Xu in the group of Prof. Gillies at the University of Arizona, Tucson, AZ, USA.
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In Table 4.14 values, taken from literature for MTII[423–425] are compared with the ob-
tained values. The values for the IC50 of MTII to the four receptor show a pronounced
scattering, either due to the markedly large errors for the values, or because different
cell lines were used for the experiments.
The results showed that C4 displays a low affinity to all four receptors (in the µm

range), with the highest affinity for hMC1R. Instead of binding enhancement, the
affinity is reduced in comparison to MTII. Actually, the obtained values are compa-
rable with dimers of the low-affinity linear core peptide MSH(4)[154]. It seems that
either the introduction of the 2-(aminooxy)acetic acid moiety, or the attachment to
the polymer greatly diminishes the affinity of the peptide towards all receptors. This
effect, however, is compensated in the case of the multimers C5 and C6. In contrast

Table 4.14: Competitive binding MTII against NDP-α-MSH in hMC1R, hMC3R,
hMC4R and hMC5R expressing cell lines.

IC50 [nm]
Conjugate hMC1R hMC3R hMC4R hMC5R
MTII[423–425] 0.25 - 0.686 8.56 - 34.1 0.72 - 6.60 43.6 - 46.1
C4 226.0 ± 27.0a 933.7 ± 324.9b 2202.5 ± 638.9 1015.0 ± 232.5
C5 6.2 ± 1.3 24.5 ± 5.0 12.6 ± 3.5 29.4 ± 13.9
C6 4.7 ± 0.9b 16.6 ± 5.6 8.5 ± 1.9 24.7 ± 9.8
experiments with C4 -C6 were performed 4 times in quadruplicate unless,
a 2 independent experiments, b 3 independent experiments

to C4, the affinities of C5 and C6 were found to be in the low nanomolar range. For
all four receptors the order of affinity is C4 < C5 ' C6 (Figure 4.61). The differ-
ences between the pentamer C5 and the octamer C6 are not significant. The order
of the subtype affinity is hMC1R > hMC4R > hMC3R > hMC5R for C5 and C6.
No specificity was observed, which is not surprising since the mother peptide MTII
has no specificity towards either receptor, but the order of subtype affinity of MTII
is resembled by the conjugates C5 and C6. Although no multivalency effect of the
prepared conjugates compared to MTII is observed, the trend among the conjugates
is clear. The observed affinities are in the low nanomolar range. In comparison with
the MTII, however, a number of differences of these conjugates, especially considering
a possible use in cancer diagnosis or therapy, should be addressed.

• Conjugation with the hydrophilic polymer increases the hydrophilicity of the



166 4. Results and Discussion

a) b)

2 3 4 5 6 7 8
0

500

1000

1500

2000

2500

3000

IC
   

[n
M

]
50

# of MTII peptides

 hMC1R
 hMC3R
 hMC4R
 hMC5R

2 3 4 5 6 7 8
0

10
20
30
40
50
60
70

500
1500
2500

# of MTII peptides

 hMC1R
 hMC3R
 hMC4R
 hMC5RIC

   
[n

M
]

50
Figure 4.61: Development of the binding affinity of the poly(2-oxazoline) MTII con-

jugates with the number of attached peptides. Please note, both plots show the
same values, but the y-axis in b) is broken for better visualization.

conjugates significantly in comparison with the peptide. Even C6, carrying
8 copies of the hydrophobic MTII is eluted at relatively low tr in the HPLC.
This could lead to a increased bioavailability and could eventually decrease liver
uptake.

• The introduction of a chelator or a fluorescent dye can be performed at the distal
polymer terminus with little influence on the binding affinity of the conjugated
peptides.

• The attachment of MTII to the polymer should reduce or completely dimin-
ish transition of the peptide conjugate through the blood-brain barrier, which
would rule out the binding to hMC3R and hMC4R. Thus, targeting of hMC1R
expressing melanoma could be feasible.

• The significant increase in molar mass should influence the biodistribution and
prolong blood and body retention of polymer-MTII conjugates. This could lead
to an increased delivery of an attached drug or radionuclide as compared to the
peptide.
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Similar affinities for other MSH analogs (IC50(DOTA-NAPamide) = 1.37 nm[211] and
IC50(DOTA-Re[Arg11]MSH) = 2.1 nm[208]), discussed as promising candidates for di-
agnostic and therapeutic purposes, suggest that the presented conjugates C5 and C6
are candidates for in vivo evaluation. It might be of interest to attach low affinity pep-
tides (e.g. linear MSH(4)) and evaluate the affinity profiles of their poly(2-oxazoline)
bound multimers. These peptides could be produced much cheaper and in larger
scale. Furthermore, the alteration of the aminooxy moiety on the MTII (attachment
via various linkers) might help to prevent the pronounced decrease of affinity of the
peptide.

4.7 Poly(2-oxazoline) hydrogels

The focus of this work was to evaluate the synthesis of well-defined poly(2-oxazoline)
peptide conjugates and their feasibility as injectable drug-delivery systems. The pre-
sented new side chain functionalities, however, seemed to be also suitable for the
preparation of reversible and permanently cross-linked hydrogels. Therefore, prelimi-
nary studies were performed to evaluated the preparation and properties of hydrogels
based on polymers already described in this work.

4.7.1 Azine hydrogels

Aldehydes are highly reactive towards hydrazine. Monoaddition leads to a hydra-
zone, while addition of two aldehydes to one hydrazine gives an azine (particularly
an aldazine vs. ketazines derived from two ketones). The reaction of hydrazine with
polymers bearing multiple aldehydes leads to cross-linking (Figure 4.62).
Preliminary tests showed that the addition of hydrazine hydrate to 20 %wt and 30 %wt
solutions of P38 at room temperature (0.5 equiv hydrazine per aldehyde) leads to
rapid (< 2min) solidification of the mixture. However, after covering the hydrogels
with deionized water over night (to allow swelling) the hydrogels liquified again.
Subsequently, the hydrogels were cross-linked and/or swollen in various buffers (Table
4.15) The gelation and swelling has been evaluated in aqueous buffers ranging from
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Figure 4.62: Illustration of the cross-linking of aldehyde bearing polymers with hy-
drazine.

Table 4.15: Azine hydrogels from hydrophilic poly(2-oxazolines) at various pH.

Hydrogel Polymer %wta Solvent Yieldb SDc

H1 P39 10 pH4 86 % 13.1
H2 P39 20 pH4 87 % 4.2
H3 P39 20 pH6 90 % 4.2
H4 P39 20 pH8 117 % 2.7
H5 P38 30 pH4 61 % 4.2
H6 P39 30 pH5 79 % 2.3
H7 P39 30 pH6 49 % 2.5
H8 P39 30 pH7 54 % 2.2
H9 P39 30 pH8 65 % 1.4
H10 P38 30 pH9 0 % —
H11 P(MeOx50DPOx8)Pid 20 2m HCl 59 % 5.3
a concentration of polymer solution
b recovered polymer after drying
c m(swollen)-m(dry)

m(dry)
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pH4 to pH9. The yields of gels were moderate to excellent. In the case of H4 a yield
greater 100 % has been found, presumably due residual water or salt from the buffer.
It should be noted that the gels have not been extracted (e.g. with DCM) and residual
entrapped polymers could feign a higher yield than actually accomplished.
The swelling degree roughly correlates with two parameters. The %wt of the precursor
polymer solution and the pH of the solvent. H1 shows with SW D = 13 the highest
degree of swelling of all prepared azine hydrogels. Considering the relative high func-
tional density, this value is high as compared with literature values[395]. Since the same
polymer P39 gives different values depending on the concentration of the precursor
solution, it is assumed that the different swelling behavior stems from different degrees
of cross-linking. At low concentrations, intramolecular reactions are favored. The re-
sulting lower intermolecular cross-link density allows the hydrogel to expand further,
thus swelling to a higher degree.
For the polymers prepared from 20 %wt solution, swelling and drying was performed
repeatedly. The amount of recovered hydrogel in the second cycle (swelling in H2O)
was 35% for H2 and 44% for H3 and the swelling degree was reduced to 3.6 for both
samples. The reduced amount of hydrogel can be explained by washout or decom-
position (explaining the loss of 60 % and 51 % of dry hydrogel), but the reduction of
SW D points at an additional cross-linking which occured during drying of the gels.
This assumption is corroborated by the fact that the loss of hydrogel in a third cycle
was much lower (approx. 10 %). A strong increase of recovered amount of hydrogel in
the case of H4 in the second cycle is presumably an outlier as in the third cycle the
values correspond again with the values for H2 and H3.
From these first results it is clear that azine hydrogels can be formed under acidic condi-
tions. Therefore, direct cross-linking of dioxolane bearing polymers and hydrazine un-
der acidic conditions should be possible. Four 20 %wt solutions of P(MeOx50DPOx8)-
Pid in different solvents (pH4, pH2.5 buffer, 0.1n HCl and 2m HCl) were prepared.
The hydrazine was added to the polymer solution and the mixture was taken up with
a syringe for mixing and directly injected into a mold. However, before all of the
solution could be injected to the mold, approx. a quarter of the solution solidified
within the syringe in the case of 2m HCl as a solvent, although the whole process of
addition of hydrazine and mixing did not take longer than 2 s. In the other solvents,
no gelation occurred within 2 d.
Subsequent swelling of the remainder of the gel in 2m HCl resulted in 187 mg of H11
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(29.7mg after drying, SW D = 5.3). The same hydrogel was afterwards allowed to
swell in 0.1n HCl (SW D = 8.8), pH 4 (SW D = 3.4) and pH 6 (SW D = 3.7) buffer and
deionized water (SW D = 4.7). Over the course of repeated swelling and drying, the
hydrogel broke down mechanically, but without hydrolysis (relatively stable values for
the amount of dry gel).

4.7.2 Imine hydrogels

During the course of this work a novel amine-bearing 2-oxazoline monomer has been
developed by Anselment [316]. It seemed a obvious choice to combine aldehyde and
amine polymers to form imine cross-linked hydrogels. Therefore P(MeOx35OBOx5)Pid
and MeOxP(EtOx51AEOx4)Pip where combined to a 20%wt polymer solution in pH4
(H12) and pH9 buffer (H13) (Figure 4.63). The water was removed by slow evap-
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Figure 4.63: Preparation of the imine hydrogels H12 and H13.

oration at 50 °C. Both polymers were subsequently immersed in the respective buffer
and allowed to swell. For H12 SW D=5.9 and for H13 SW D=7.2 was obtained. Con-
sidering the high density of cross-linking groups, these values are reasonably good.
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4.7.3 Urethane cross-linked hydrogel

A poly(2-oxazoline) hydrogel cross-linked via urethanes has been already described as
mentioned earlier[285]. Due to the high reactivity of isocyanates towards water, the
hydrogel preparation had to be performed in the absence of water. As a good and
water compatible (for subsequent swelling) solvent for poly(2-oxazoline)s acetonitrile
was chosen. The cross-linker was directly added to the solvent which was subsequently
added to the lyophylized polymer (P(MeOx20AEOx5)Pid. After 10 min 1.5mL of water
was added upon which the hydrogel (H14, Figure 4.64) immediately swelled (125 mg).
After drying (17.2 mg, SW D = 6.3) the procedure was repeated (106 mg/18.4mg, SW D
= 4.7).
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Figure 4.64: Preparation of the urethane cross-linked hydrogel H14.

4.7.4 Oxidative cross-linking

In this work the attachment of N-terminal cystein bearing peptides via NCL was
described. The oxidative cross-linking of these conjugates is a concern during synthesis,
work-up and storage. On the other hand, the oxidative disulfide formation has been
applied for the preparation of hydrogels[300,399]. Therefore, P27 was dissolved in pH 7
buffer and cystein was added (equimolar to thioester groups). It is assumed that
the cystein undergoes NCL and polymer P40 is formed (Figure 4.65). The resulting
solution was allowed to dry slowly at air and 50 °C. Upon addition of deionized water
a hydrogel (H15) was immediately formed.Of the mechanically instable H15, 83.8 mg
could be recovered and dried (4.8 mg, SW D = 16.5). In a second cycle, 38.7mg hydrogel
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of 2.4 mg dry polymer (SW D = 15.1) were obtained. To show whether cross-linking
indeed occurred via disulfide bridges, 4.6mg 1,4-dithio-dl-threitol (Clelands reagent,
known to break down disulfide bridges) was added to the hydrogel immersed in water
and immediately decomposition of the gel started. After approx. 3 hours, no more
hydrogel was observed in the clear solution. Thus, NCL of the cystein and subsequent
oxidative crosslinking has been proven.

4.7.5 Summary

Preliminary studies on the first azine and imine cross-linked poly(2-oxazoline) hydro-
gels are presented. The gelation of aldehyde bearing polymers with hydrazine occurs
rapidly at room temperature. The observed swelling degrees were dependent on the
concentration of the precursor polymer solution and on the method of cross-linking.
The values of SW D were mediocre for hydrogels in general, but good concerning the
low DP of the used polymers and the high degree of cross-linking. Both azine and
imine cross-linked hydrogels are expected to undergo pH dependent hydrolysis. Fur-
thermore, changing the cross-linker (e.g. diaminooxy-compounds) will influence the
hydrolysis behavior of respective hydrogels. However, detailed studies on the degrada-
tion behavior could not be matter of this work. While urethane cross-linked hydrogels
will be much more stable towards hydrolytic degradation rapidly degradable hydrogels
can be prepared by oxidative cross-linking as shown with the example of the disulfide
bridged H15.
Since no accounts on poly(2-oxazoline) based hydrogels for tissue engineering could
be found in literature, the presented first results should be only a starting point for
the evaluation and development of sophisticated stimuli responsive POx hydrogels for
biomedical applications.
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5 Summary

The presented work aimed towards the development of a modular system of well-
defined polymeric carriers based on poly(2-oxazoline)s, for the application in radionu-
clide cancer therapy. Therefore, functional polymers had to be synthesized and char-
acterized. Subsequently, bioactive peptides and a chelator for radionuclides needed to
be attached. Preliminary in vivo and in vitro screening suggest that the presented
conjugates are feasible candidates for future developments.
In preceding works, polymer peptide conjugates have been prepared via standard
peptide coupling protocols. In the presented work the use of effective and selective
coupling methods for the attachment of bioactive peptides and the radionuclide chela-
tor 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to water-soluble
and well-defined poly(2-oxazoline)s has been realized for the first time.
Three highly effective and selective coupling reactions were utilized:

• The aminooxy ligation between O-hydroxylamines (aminooxy compounds) and
aldehydes or ketons.

• Huisgens 1,3-dipolar cycloaddition between azides and alkynes (click-chemistry).

• The coupling reaction between N-terminal cystein bearing peptides and frag-
ments carrying thioesters, known as native chemical ligation (NCL).

To allow the introduction of appropriate chemical functionalities into the side chains
of poly(2-oxazoline)s the novel monomers 11, 2 and 3 and the bifunctional linker 5
were prepared (Figure 5.1).

1prepared by Taubmann in a Diploma Thesis
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Figure 5.1: Prepared monomers 1, 2 and 3 and the bifunctional azide 5 for NCL.

Polymer preparation and analytics Copolymerization of 1 and 2 with 2-methyl-2-
oxazoline (MeOx) and 2-ethyl-2-oxazoline (EtOx) by cationic ring-opening polymer-
ization (CROP) gave water-soluble polymers with pending functional groups. The
polymers were analyzed with 1H-NMR and ATR-IR spectroscopy as well as GPC and
MALDI-TOF MS. These polymers had narrow polydispersities (PDI< 1.2) and by the
living character of the polymerization a control over the degree of polymerization was
possible via the initial monomer to initiator ratio [M]0/[I]0. Monomer 3 did not give
a copolymer with MeOx, which is attributed to the reduced reactivity of 3 due to
phenyl ring adjacent to the oxazoline.
Figure 6.2 shows exemplary the MALDI-TOF mass spectrum of P24. Analysis of this
spectrum showed that the content of the functional monomer 2 within a copolymer
can be controlled in narrow limits, which is important for the projected application in
the biomedical field. Furthermore, kinetic studies on the copolymerization of 1 or 2

Figure 5.2: MALDI-TOF mass spectrum of P(EtOx20PynOx5)Pip, P24.
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with MeOx and EtOx showed that random and gradient copolymers are accessible by
living CROP. Such control over the microstructure of functional polymers might also
be important for future applications.
Structural variation of the polymer carrier from linear to star-like polymers was car-
ried out to allow the future evaluation of the influence of the polymer architecture
on the pharmacokinetics. Using multifunctional initiators for the polymerization of
2-oxazolines, a linear dependency between the numbers of initiating groups and the
polymerization rate was observed. Thus, it was shown for the first time, that with
multifunctional triflate initiators star-like poly(2-oxazoline)s with even length of the
different arms can be obtained.

Polymer Modification Polymer analog modifications were applied to obtain poly(2-
oxazoline) conjugates for biomedical applications. Polymers P1, P2 and P5 -P9 were
terminated with N -Boc-piperazine for characterization and quantification via 1H-NMR
spectroscopy. Quantitative removal of the Boc group was facile and fast.
For the coupling of the chelator to the amino terminus of the polymer the isothio-
cyanate derivative of DOTA, p-SCN-Bn-DOTA, was used. It could be shown that
up to 100 % of the polymers could be coupled to the chelator, as judged from 1H-
NMR spectroscopy. In this way, e.g. homopolymers of MeOx (P30) and EtOx (P31),
and the copolymer of 1 and MeOx (P34, Figure 5.3) were successfully coupled with
DOTA. After removal of the dioxolane group, P34 was used to attach aminooxy bear-
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Figure 5.3: Structures of the DOTA containing polymers P30 and P34.

ing peptides. The homopolymers P30 and P31 were directly used for biodistribution
studies.
In contrast to previous work by Taubmann, it was shown that the conversion of the
dioxolane group is possible with 5 % HClaq. The polymer analog side chain modifi-
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cation via ’click-chemistry’ has been shown to be highly efficient for the attachment
of small azides, such as methyl(2-azido)acetate as proven by 1H-NMR and ATR-IR
spectroscopy as well as HPLC. The same method was used for the attachment of
ethyl(2-azido)thioacetate 5, introducing a thioester to allow for NCL with poly(2-
oxazoline)s for the first time.
With the three novel side chain functionalities, the coupling of three bioactive and
tumor-homing peptides c[RGDxK], MTII and CREKA to various poly(2-oxazoline)s
was investigated. An azide bearing RGD was coupled to the EtOx copolymer P33
to give C1 (Figure 5.4). The precursor polymer P33 was quantitatively consumed
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Figure 5.4: Structure of poly(2-oxazoline)-RGD conjugate C1

(HPLC) and in the 1H-NMR spectrum the triazole specific signals could be assigned.
However, peptide specific signals were not observed 1H-NMR. The reason for this re-
mained unknown but is possibly due to residual paramagnetic copper or aggregation
of the conjugate in solution.
In contrast to this, it was shown by HPLC, 1H-NMR, IR and UV-spectroscopy that
the oxime ligation between RGD and MTII peptides to aldehyde bearing poly(2-
oxazoline)s was successful (Figure 5.5). While HPLC was used to follow the conversion
of the polymers, 1H-NMR spectroscopy served for quantification of peptide in the con-
jugates. The peptide content in these conjugates was found to be in good agreement
to the values expected from the content of functionalities in the precursor polymers.
Additionally, the linear pentapeptide CREKA was coupled to the prepared thioester
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Figure 5.5: Structures of the poly(2-oxazoline)-MTII conjugates C4, C5 and C6.

functionalized polymer-DOTA conjugate P36. The successful coupling was confirmed
by HPLC, 1H-NMR spectroscopy and by olfactory means.
Thus, it was shown for the first time that well-defined water-soluble and injectable
polymer-peptide conjugates could be prepared using chemoselective coupling reac-
tions. The amount of polymer bound peptide moieties could be predetermined by
the [M]0/[I]0 ratios for the polymerization. Instead of expensive, ineffective and time-
consuming preparative HPLC purification, simple gel filtration can be used to separate
residual peptide, salts and solvents from the polymer-peptide conjugates due to the
quantitative consumption of polymer precursors.

In vivo and in vitro studies Since, until now, only limited data on the biodistribu-
tion of poly(2-oxazoline)s can be found in literature, the water-soluble and well-defined
homopolymers P30 and P31 were radiolabeled with In-111 and their biodistribution
studied. It was observed that both poly(2-oxazoline)s showed a very short blood circu-
lation half-life with only 0.2 and 0.4%ID/g left in the blood 30 min p.i. . Furthermore,
no significant uptake in any organ but the kidneys was observed. The moderate kid-
ney uptake can be explained by the rapid renal clearance observed for both polymers
(Figure 5.6). In total, only approx. 4 % of the injected amount of P30 remained in
the body after 3 hours. The low organ uptake and rapid renal excretion suggest that
these low-molar mass linear poly(2-oxazoline)s are promising candidates for the use
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kidneysbladder

Figure 5.6: γ-Camera image of a mouse injected with [111In]P30. The effective renal
clearance can be seen in the large amount of radioactivity observed in the bladder
30 min after the administration. Only in the kidneys a significant uptake can be
observed, due to the rapid renal clearance.

as polymeric carriers for biomedical applications.
The next step was to investigate the biodistribution of polymer-peptide conjugates.
In the present work, the PMeOx-RGD-DOTA conjugate C2 was radiolabeled with
Ga-68 and injected into subcutan M21 tumor bearing mice. It could be shown that
the tumor uptake of [68Ga]C2 was good with 1.81 %ID/g (1 h p.i.). However, uptake
in various other organs was also significant, and in a number of cases, higher than in
the tumor. The insufficient discrimination between tumor and organs of [68Ga]C2 can
be explained by high levels radioactivity in the blood pool, probably resulting either
from free Ga-68 or a prolonged blood retention of [68Ga]C2. In the latter case, an
enhancement is expected to be observed at later time points (e.g. 24 h p.i.) which will
be investigated in future studies.
Finally, affinity studies of the prepared poly(2-oxazoline)-MTII conjugates C4, C5
and C6 towards various melanocortin receptors were performed by Dr. Xu at the Uni-
versity of Arizona. It was observed that conjugation to the polymer diminishes the
affinity of MTII, which is compensated by the multimerization of MTII in the case of
C5 (approx. 5 MTII) and C6 (approx. 8 MTII). The obtained affinity is still lower
than that of the parent peptide, but the hydrophilicity of the poly(2-oxazoline)-MTII
conjugates and the high molar mass will significantly influence the pharmacokinetics
and biodistribution of these conjugates as compared to MTII. This and the possi-
ble attachment of DOTA to the polymer carrier makes these conjugates to potential
candidates for the use in nuclear medicine.
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Preparation of Hydrogels First experiments for the use of the novel side chain func-
tionalities to prepare hydrogels were performed. Hydrogels on the basis of aldehyde,
amine and thioester bearing poly(2-oxazoline)s were prepared. With a water uptake of
up to 16 times of their own weight, these hydrogels show good swelling properties for
such highly cross-linked hydrogels. Furthermore, in the case of the disulfide bridged
hydrogel, it could be shown that DTT rapidly breaks down the hydrogels by reduction
of the disulfide bridges. A combination of these chemoselectively cross-linked hydro-
gels with the presented peptide conjugates to give peptide containing hydrogels could
allow number of interesting research projects in the near future.
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6 Zusammenfassung

Die vorgestellte Arbeit befasste sich mit der Entwicklung eines modularen Systems
von hoch-definierten polymeren Trägern auf der Basis von Poly(2-oxazolin)en für
die Anwendung in der Radionuklidtherapie. Hierfür wurden funktionelle Polymere
niedriger Polydispersität synthetisiert und charakterisiert. Nachfolgend wurden diese
mit Krebszell-spezifischen Peptiden und einem Chelator funktionalisiert der das Ein-
bringen von diagnostisch und therapeutisch verwendbaren Radionukliden ermöglicht.

Vorangegangene Arbeiten befassten sich bereits mit der Synthese von Poly(2-oxazolin)-
Peptid Konjugaten mittels Standard-Peptidkupplungsmethoden. Dieser Weg erfor-
derte die Verwendung von Schutzgruppen am Peptid sowie eine aufwändige Reinigung
der Konjugate mittels präparativer HPLC. Deshalb sollten neue und effektivere Kup-
plungsmethoden für die Anbringung von bioaktiven Peptiden an wasserlösliche Poly(2-
oxazolin)e gefunden werden. Drei Kupplungsreaktionen wurden identifiziert.

• Die Oximligation zwischen Aldehyden oder Ketonen und O-Hydroxylaminen
(Aminooxy-Verbindungen).

• Die Huisgen 1,3-dipolare Zykloaddition zwischen Aziden und Alkinen unter
Cu(I) Katalyse (’Click-Chemie’ ).

• Die Verknüpfung von Peptiden mit N-terminalem Cystein, und Thioestern, die
sog. native chemical ligation (NCL).

Um die notwendigen chemischen Funktionalitäten (Aldehyd, Alkin und Thioester)
in die Seitenketten von Poly(2-oxazoline)n einzuführen, wurden drei entsprechende
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Monomere 11, 2 and 3, sowie der Thioester 5 synthetisiert und charakterisiert (Ab-
bildung 6.1).
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Abbildung 6.1: Synthetisierte Monomere 1, 2 und 3 sowie der bifunktionelle
Thioester 5 für die NCL.

Herstellung und Untersuchung der Polymere Mit den Monomeren 1 und 2 konn-
ten durch lebende kationische ringöffnende Polymerisation wasserlösliche Copolymere
mit 2-Ethyl- sowie 2-Methyl-2-oxazoline (EtOx bzw. MeOx) hergestellt werden, wäh-
rend aus 3 und MeOx wegen der geringen Reaktivität von 3 kein Copolymer er-
halten wurde. Diese Polymere wurde mit Hilfe von 1H-NMR-Spektroskopie, GPC,
HPLC und, in ausgewählten Fällen, MALDI-TOF Massenspektrometrie analysiert.
Es konnte gezeigt werden, dass die erhaltenen funktionellen Polymere aufgrund des
lebenden Charakters der Polymerisation eine sehr geringe Polydispersität (PDI < 1,2)
aufweisen. Anhand der detaillierten Analyse des MALDI-TOF Massenspektrums von
Polymer P24 (Abbildung 6.2) konnte gezeigt werden, dass nicht nur die Molmassen-
verteilung sehr eng war (PDIMALDI = 1,02), sondern auch der Gehalt an funktionellen
Monomereinheiten sehr gut kontrolliert werden kann. Dies ist wichtig im Hinblick auf
die spätere Anbindung von bioaktiven Peptiden an diese funktionellen Gruppen.
Kinetische Betrachtungen der Copolymerisation von 1 und 2 mit MeOx und EtOx
zeigten, dass sowohl Gradientencopolymere als auch statistische Copolymere erhalten
werden. Im Hinblick auf eine potentielle Anwendung im biomedizinischen Bereich ist
dieser Aspekt ebenfalls von großer Bedeutung.

1Dieses Monomer wurde im Rahmen der Diplomarbeit von C. Taubmann synthetisiert.
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Abbildung 6.2: MALDI-TOF Massenspektrum von Polymer P24.

Durch die Verwendung multifunktioneller Triflate als Initiatoren für die Polymerisa-
tion von 2-Oxazolinen konnte ein linearer Zusammenhang zwischen der Anzahl an
Initiatorgruppen und der Polymerisationsgeschwindigkeit gefunden werden. Dadurch
konnte zum ersten Mal anhand kinetischer Betrachtungen gezeigt werden, dass Stern-
polymere von 2-Oxazolinen mit homogener Armlänge zugänglich sind.

Polymeranaloge Reaktionen In einigen Fällen wurde zur Termination der leben-
den Polymerisation N -Boc-Piperazin an Stelle von Piperazin eingesetzt. Dies diente
vor allem dazu, eine Gruppe einzuführen, welche durch 1H-NMR-Spektroskopie gut
quantifizierbar ist. Es konnte gezeigt werden, dass die Entfernung dieser Schutzgruppe
einfach und quantitativ erfolgen kann.
Das Anbringen des Chelators DOTA (1,4,7,10-Tetraazacyclododecan-1,4,7,10-tetra-
essigsäure) am Aminoterminus des Polymers ist ein wichtiger erster Schritt zur Real-
isierung von Polymer-Konjugaten für die Anwendung in der nuklearmedizinischen Dia-
gnose und Therapie. Verschiedene Polymere wurden mit DOTA gekuppelt, darunter
Homopolymere von MeOx (P30) und EtOx (P31), sowie das Copolymer aus MeOx
und 1 (P34, Abbildung 6.3). Polymere wie P34 konnten nach Freisetzung des Alde-
hyds dazu benutzt werden, verschiedene aminooxy-haltige Peptide anzukuppeln, um
so wasserlösliche und radiomarkierbare Peptidoligomere zu erhalten. P30 und P31
wurden direkt zu Biodistributionsstudien eingesetzt.
Die Entfernung der Dioxolan-Schutzgruppe, resultierend aus der Polymerisation von
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Abbildung 6.3: Polymere-DOTA Konjugate P30 and P34.

1 konnte optimiert werden, in dem gezeigt wurde, dass anstatt 5 % TFA auch 5% HCl
verwendet werden kann.
Die Seitenkettenmodifikation mittels Click-Chemie konnte erfolgreich mit Testsub-
stanzen wie 2-Azidomethylacetat durchgeführt werden, was mittels 1H-NMR- und
ATR-IR-Spektroskopie sowie HPLC nachgewiesen werden konnte. Im Rahmen der
Messgenauigkeit wurde eine quantitative Umsetzung der Polymere gefunden. Um die
NCL zu ermöglichen, wurde der Thioester 5 über Click-Chemie quantitativ in Poly-
merseitenketten eingebracht. Nun standen drei Möglichkeiten zur hochselektiven und
effektiven Kupplung von entsprechend funktionalisierten Peptiden zur Verfügung.

Schließlich wurde die chemoselektive Kupplung der drei bioaktiven Peptide c[RGDxK],
MTII und CREKA an verschiedene Poly(2-oxazolin)e untersucht. Mittels Click-Che-
mie wurde ein Azid-funktionalisiertes zyklisches RGD an das EtOx Copolymer P33
unter Kupfer(I) Katalyse zu C1 verknüpft (Abbildung 6.4). Laut HPLC Analyse
wurde P33 quantitativ umgesetzt und im 1H-NMR Spektrum konnte das spezifische
Signal des resultierenden Triazol Ringes nachgewiesen werden. Jedoch fehlen die pep-
tidspezifischen Signale. Dies ist möglicherweise auf verbleibendes paramagnetisches
Cu(II) oder auf Aggregationseffekte zurückzuführen.
Im Gegensatz dazu konnte die erfolgreiche Oximligation zwischen aminooxy-funktio-
nalisierten RGD und MTII Peptiden und Poly(2-oxazolin)en mit Aldehydseitenketten
(Abbildung 6.5) durch HPLC, 1H-NMR-, ATR-IR- und UV-Spektroskopie bestätigt
werden. Außerdem war die Anbringung des Pentapeptids CREKA an das zuvor durch
Click-Chemie synthetisierte, Thioester funktionalisierte Polymer P36 möglich.
Im Rahmen dieser Arbeit konnte damit bestätigt werden, dass die modulare, chemose-
lektive und hocheffektive Anbringung von bioaktiven Peptiden an definierte, auf Poly-
(2-oxazolin)en basierten Trägern möglich ist. Die quantitative Umsetzung der poly-
meren Vorläufer ist hierbei von besonderer Bedeutung. Dadurch wird die Aufreini-



6. Zusammenfassung 187

N N
O

N
O

N
S

N
H

N

N
N

N
HOOC COOH

COOH

COOH

20 2
ran

NN
N

NH

H
N

H
N

HNH
NHN

H2N
H
N NH OH

O

O

NH

O

O

O

O
O

O

C1

Abbildung 6.4: Struktur des poly(2-oxazolin)-RGD Konjugates C1.
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gung mittels präparativer HPLC obsolet. Stattdessen kann eine einfache und schnelle
Abtrennung der Polymer-Peptid Konjugate von niedermolekularen Verunreinigungen
(Salze, Lösemittel, Peptid) durch Gelfiltration erfolgen.

Untersuchungen in vivo und in vitro Um den ungenügenden Kenntnisstand über
die Biodistribution von linearen und definierten wasserlöslichen Poly(2-oxazolin)en zu
erweitern, wurden die Homopolymere P30 und P31 mit In-111 markiert und deren
Verteilung in Mäusen nach intravenöser Verabreichung untersucht. Es konnte gezeigt
werden, dass beide Polymere eine sehr kurze Verweilzeit im Blut (0,2 und 0,4%ID/g,
30min p.i. für P30 bzw. P31) aufweisen und sich in keinem Organ, außer der Niere,
signifikant anreichern. Die moderate Nierenaufnahme erklärt sich durch die aus-
geprägte renale Ausscheidung. Insgesamt verblieben bereits nach 3 h p.i. nur rund 4 %
des verabreichten [111In]P30 im Organismus. Diese geringe Anreicherung in Organen
(Abbildung 6.6) und schnelle renale Exkretion macht die Poly(2-oxazolin)e zu vielver-
sprechenden Trägern für biomedizinische Anwendungen. Der nächste Schritt war die

NierenBlase

Abbildung 6.6: γ-Kamera Aufnahme einer Maus welcher [111In]P30 injeziert wurde.
Die schnelle und ausgeprägte renale Ausscheidung von [111In]P30 kann auch anhand
der hohen Aktivität in der Blase erkannt werden (im Bild 30min p.i.).

Untersuchung der Biodistribution des Poly(MeOx)-RGD-DOTA Konjugats (C2) in
tumortragenden Mäusen (M21 Zelllinie, subkutan). Eine Stunde nach intravenöser
Gabe von Ga-68 markiertem C2 wurden die Tiere geopfert und die Verteilung des
Konjugats untersucht. Hierbei konnte gezeigt werden, dass die Tumoraufnahme von
[68Ga]C2 mit 1.81 %ID/g gut war, jedoch keine ausreichende Selektivität gegenüber
gesundem Gewebe beobachtet werden konnte. Letzteres ist jedoch für Polymer-Peptid
Konjugate für frühe Zeitpunkte bekannt und kann z.T. auf die hohe verbleibende
Menge von Radioaktivität im Blut zurückgeführt werden. Weitere Untersuchungen zu
späteren Zeitpunkten (z.B. 24 h p.i.) sind jedoch notwendig um dies zu bestätigen.



6. Zusammenfassung 189

Schließlich wurde das Bindungsverhalten der MTII-Polymer-Konjugate C4, C5 und
C6 an verschiedene Melanocortinrezeptoren (hMC1R, hMC3R, hMC4R und hMC5R)
von Dr. Xu an der Universität von Arizona untersucht. Dabei wurde festgestellt dass
die Verknüpfung des Peptides an das Polymer die Affinität des ansonsten hochaffinen
MTII Peptids stark beeinträchtigt. Jedoch wird dies durch die größere Anzahl von
Peptiden in C5 (ca. 5) und C6 (ca. 8) größtenteils kompensiert. Zwar ist die er-
reichte Affinität immer noch geringer als die des Ausgangspeptids (außer gegenüber
hMC5R), die Erhöhung der Hydrophilie und der Molmasse, und der damit zu er-
wartenden Veränderung der Pharmakokinetik, machen diese Konjugate dennoch zu
potenziellen Trägern von Nukliden für die Diagnose oder Therapie von hMC1R ex-
primierenden Tumoren.

Synthese von Hydrogelen Biokompatible Hydrogele können als Gerüststrukturen
im Rahmen des tissue engineering dienen. Die Herstellung von Hydrogelen kann durch
Vernetzung von hydrophilen Polymeren erfolgen. Daher wurden erste Versuche zur
Herstellung und Charakterisierung von Hydrogelen auf der Basis von Aldehyd-, Amin-
und Thioester-funktionalisierten Poly(2-oxazolin)en durchgeführt. Es konnte gezeigt
werden, dass in allen Fällen Hydrogele erhalten werden. Mit einer Wasseraufnahme
des bis zu 16-fachen des Eigengewichts wurden gute Quellwerte für hochverknüpften
Hydrogele erreicht. Im Falle der Disulfid-verknüpften Hydrogele konnte zusätzlich
gezeigt werden, dass durch Zugabe von DTT ein reduktiver Abbau möglich ist. Eine
Kombination dieser ersten Versuche von chemoselektiv verknüpften Hydrogelen und
den vorgestellten Peptidkonjugaten zu peptidhaltigen Hydrogelen könnte zu interes-
santen Materialien im Bereich des tissue-engineering führen.
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7 Experimental

7.1 General

7.1.1 Equipment and utilities

NMR spectra were recorded on a
A: Bruker ARX 300 (1H: 300.13 MHz; 13C: 75.47MHz) or
B: Bruker AC 250 (1H: 250.13 MHz; 13C: 62.90MHz) or
C: Bruker DMX 500 (1H: 500.13 MHz; 13C: 125.83 MHz)
at 300 K. The spectra were calibrated to the signals of residual protonated solvent sig-
nals (CHCl3 7.26, HDO 4.67, CD2HOD 3.31, CHD2SOCD3 2.49 ppm). Multiplicities
of signals are depicted as following: s, singlett; d, dublett; t, triplett; q, quartett, quin,
quintett; dt, dublett of tripletts; m, multiplett; b, broad, ps, pseudo.
IR spectroscopy were obtained on a Bruker IFS 55s spectrometer with an ATR sam-
pling accessory from Harrick (single bounce, diamond crystal) and a MCT detector.
Data were processed using Opus software. w = weak, m = medium, s = strong, vs =
very strong, b = broad.
UV-Vis spectroscopy was performed on Varian Cary 3 (200 - 800 nm) system (Cary
WinUV Software).
MALDI-TOF were performed on a Bruker Biflex III or a Bruker-Daltonic, Ultraflex
TOF/TOF using a ditranol matrix. The samples were prepared by mixing CHCl3
solutions of polymer and matrix (10 mg/mL) in a typical ratio of 1:1 (v/v). High per-
formance liquid chromatography (HPLC) was performed on an Amersham Pharmacia
Äkta Basic 10 F, pump system P-900, detection UV-900, autosampler A 900. Col-
umn: Omnicrom-YMC-ODS-A 120 5-C18 (120 Å, 5µm, 250 mm × 4.6 mm). Mobile

191
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phase: water (0.1% TFA, solvent A) and ACN (0.1% TFA, solvent B) at a flow rate
of 1 mL/min.
Gel permeation chromatography was carried out on a Waters system (pump mod.
510, 410 differential RI detector) using a PLgel precolumn and 2×PL RESIPORE
(3µm 300 .×7.5 mm) for measurements in N,N -dimethylacetamide (DMAc) (contain-
ing 75 mmol/L LiBr). The columns were heated to 80 °C, the flow rate was 1 mL/min.
Samples were filtered prior to each measurement through 0.2µm regenerated cellulose
filters (Opti-Flow, WiCom). Calibration was performed with poly(styrene) standards
(Polymer Standard Service (PSS), molar masses: 0.192 - 5.67× 105 g/mol). Data were
processed using Millenium software.
Gas chromatography was performed on a Varian CP 3380 equipped with a CombiPal
robot arm and with a Nordion NB-54 column (25 m, 0.20 mm, 0.25µm) and FID de-
tector (carrier gas helium). The injection temperature was typically 270 °C.
Elemental analysis was performed at the Microanalytical Laboratory of the Inorganic
Chemistry Institute of the TU München.
Statistical analysis of the biodistribution data was performed with BioStat2007 soft-
ware (shareware version; AnalystSoft, BioStat - statistical analysis program. Version
2007. See http://www.analystsoft.com) using an one-way ANOVA. Statistical signifi-
cance was assumend when p < 0.05.
Prepared low molar mass compounds are numbered with bold numbers (X), initiators
as IX, while polymers are numbered PX. Hydrogels are counted as HX.

7.1.2 Reagent and solvents

All chemicals were purchased from Sigma-Aldrich or Acros and used as recieved un-
less otherwise stated. N,N -Diisopropylethylamine (DIPEA, Hünig base) was refluxed
and KOH was added to saturation twice. After decanting, DIPEA was distilled un-
der nitrogen from ninhydrin. Thereafter, CaH2 was added and DIPEA distilled un-
der nitrogen. Acetonitrile (ACN) and other dry solvents were refluxed over CaH2

and distilled under nitrogen prior to use. Tetrahydrofuran (THF) (absolute) was
refluxed over Na(s) and benzophenone until the blue color of the ketyl radical anion
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was observed and distilled subsequently. 2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid × 2.5HCl × 2.5H2O (p-SCN-Bn-DOTA) was
purchased from Macrocyclics (Dallas, TX, USA) and used as recieved.
The RGD peptides c[RGDfK(4-(3-azido-propylamino)-4-oxobutanoate)] (c[RGDfK-
(N3)]), c[R(Pbf)GD(tBu)fK(N -Boc(2-aminooxy)acetic acid)] (c[ṘGḊfK(Boc-AOAc)])
and c[RGDyK((2-aminooxy)acetic acid)] (c[RGDyK(AOAc)]) were synthesized by Dr.
Lopéz-García at the Institut für Organische Chemie und Biochemie, Lehrstuhl für
Organische Chemie II of the TU München as previously described[426]. 2-(Aminooxy)
acetic acid-Nle-c[Asp-His-dPhe-Arg-Trp-Lys]-NH2 (AOAc0-MTII) was synthesized by
F. Opperer in the same group according to a previously described procedure[162].
2-[3-(1,3)-Dioxolan-2-ylpropyl]-2-oxazoline (1) was prepared by C. Taubmann as de-
scribed recently[259,400]. The polymers P(MeOx20OBOx2)Pid, P(MeOx35DPOx5)Pid,
P(MeOx50OBOx8)Pid, MeOxP(MeOx51AEOx4)Pip and P(MeOx20AEOx5)Pid were
obtained from T. Anselment [316]. Ethyl-4-(oxazol-2-yl)butanate (EOB) was obtained
from Dr. Zarka [255]. Methyl (2-azido)acetate[427] and (trimethylsilyl)methyl azide[428]

were prepared according to the literature procedure.
Dialysis was performed with ZelluTrans V Serie dialysis tubes with a nominal molecu-
lar weight cut off (MWCO) of 1000 g/mol. Gel filtration was performed with Sephadex
G25 (MWCO ∼ 1000 g/mol).

7.2 Methods

7.2.1 Polymerizations, general synthetic procedure 1, GSP1

Unless otherwise stated, all polymerization were carried out according to the following
procedure.
Initiator and monomer(s) were dissolved in dry ACN at RT. After stirring at 85 °C for
18 h to 96 h, 20 equivalents of piperazin or 3 equivalents of monofunctional terminating
reagent (piperidine or N -Boc-piperazine) with respect to the initiator were added as
a solution in CHCl3 (ACN for N -Boc-piperazine) at RT and the mixture stirred for
additional 4 h or over night. An excess of K2CO3 (minimum 0.5 eq in respect of the
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initiator) was added and the mixture was stirred over night. From the typically turbid
solution the solvent was removed and the residual was collected in 5 - 20 mL of a 1/1
(v/v) mixture of CHCl3/MeOH, the solution was centrifuged and decanted. The poly-
mer was precipitated by adding the solution to the ten-fold amount of cold diethylether
(if necessary after filtration). The mixture was centrifuged, the precipitate separated,
dried by flushing with nitrogen (if necessary in rough vacuum) and lyophylized from
water (alternatively benzene) to give the products as colorless powders.

7.2.2 Removal of Boc protection group, general synthetic

procedure 2, GSP2

The polymer (50 - 500mg) was dissolved in a minimum amount (500µL - 3 mL) of a
95%/2.5%/2.5% mixture of trifluoroacetic acid (TFA)/H2O/triisobutylsilane (TIBS)
(v/v/v) (DeMix). After stirring for 40 min at roomtemperature (or 10 min under son-
ication) the solvents were removed at reduced pressure and the residual was collected
in 1 - 5 mL of a 2:1 mixture of MeOH and CHCl3. After precipitation form the ten
fold amount of cold diethylether and decantation (if necessary after centrifugation)
the product was lyophylized.

7.2.3 Isothiocyanate coupling, general synthetic procedure 3,

GSP3

The piperazine terminated polymer (1 - 20µmol, 1 eq amine) was dissolved in dry
MeOH (250 µL - 1 mL) and 1.2 to 2 equiv of p-SCN-Bn-DOTA was added. The
mixture was stirred for 3 - 5 days at RT. The solvent was exchanged with 1 mL of
water and the product purified over a Sephadex G25 column (∼3 g). The product was
obtained as a powder after lyophylization.
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7.2.4 Gas chromatographic on-line kinetic measurement

For the kinetic measurements the polymerization mixture was prepared and sealed
in a glove-box under inert and dry atmosphere. The agitator was preheated to the
indicated temperature. The CombiPal was programmed for 2 syringe wash cycles
(ACN) prior and after sampling. The sealed reaction container was introduced to the
agitator directly (∼ 1 s) prior to the first sampling, in order to obtain a zero-time value.
Per injection 2µL of the reaction mixture were taken. The monomerconsumption
was followed by the change of the ratio of the monomer to the internal standard
(chlorobenzene).

7.3 Initiator synthesis

7.3.1 Propane-1,3-bistriflate, I1

Under nitrogen, 0.47 g 1,3-propanediol (6mmol, 1 equiv) was added via a syringe to a
solution of 3.40 g triflic acid anhydride (12 mmol, 2 equiv) in 15mL of dry dichlorome-
thane (DCM) at 0 °C. Subsequently, a solution of 0.95 g of pyridine (12 mmol, 2 equiv)
in 3 mL dichloromethane was added within approx. 5 minutes. The precipitated solid
was filtered and the solvent was removed under reduced pressure. The product was
obtained as a brownish oil.

Yield: 1.41 g (69 %)
Empirical formula, molar mass: C5H6F6O6S2, M= 340.22 g/mol

ATR-IR: ν̃ = 2991 (C-H str)(w), 1410 (S=O str) (s), 1193 (S=O str)(vs), 1138 (vs),
1013 (w), 918 (vs), 854 (m) and 814 cm−1(m).
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1H-NMR (CDCl3, 300 MHz): δ = 4.60 (t, 1J = 5.8 Hz, 4H, H2) and 2.32 ppm (quin,
J= 5.8 Hz 2H, H1).

13C{1H}-NMR (CDCl3, 75 MHz): δ = 112.6 (q, 1J = 320.2 Hz, 3H), 71.8 (C2) and
29.7 ppm (C1).

7.3.2 1,1,1-Tris(triflatemethyl)ethane, I2

To a solution of 0.389 g 1,1,1-tris(hydroxymethyl)ethane (3.2 mmol, 1 equiv) in 1.65mL
of pyridine (20.5mmol, 6.3 equiv) and 3mL ACN was cooled to 0 °C. Slowly, 3.3 g of
triflic acid anhydrate (11.7 mmol, 3.7 equiv) were added over 40 min. Besides a pro-
nounced development of fume the reaction mixture turned red. After 2 h the cooling
was removed and the mixture was allowed to stir for 2 h. Subsequently, the mixture
was neutralized by addition of 14 mL 1m HCl and was cooled with an NaCl-ice mix-
ture. The product, an orange viscous oil, was washed with ACN.

Yield: 0.684 g (41%)
Empirical formula, molar mass: C8H9F9O9S3, M= 516.33 g/mol

ATR-IR: ν̃ = 2970 (C-H str)(w), 1737 (w), 1407 (S=O str)(m), 1242 ()(m), 1203 (S=O
str)(s), 1138 (s), 948 (s) and 824 cm−1 (m).
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1H-NMR (CDCl3): δ = 4.38 (s, 6H, H3) and 1.2 ppm (s, 3H, H1).

13C-NMR (CDCl3): δ = 112.5 (q, 1JC−F = 326.1 Hz, C4), 74.6 (C3), 40.9 (C2) and
16.0 ppm (C1).
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7.3.3 Pentaerythritoltetrakistriflate, I3

I3 was prepared according to a previously reported procedure[429]. To an ice-cooled
suspension of 0.5 g pentaerythritol (3.7 mmol, 1 equiv), 2.5mL pyridine and 4mL ACN,
5 g of triflic anhydride (17.7 mmol, 4.8 equiv) was added dropwise over 5min. After
work-up and recrystallization as reported in the literature, the title compound was
obtained as a colorless crystalline solid.

Yield: 1.554 g (63%)
Empirical formula, molar mass: C9H8F12O12S4, M= 664.39 g/mol

ATR-IR: ν̃ = 3002 (C-H str)(w), 1712 (vs), 1425 (s), 1361 (s), 1245 (m), 1209 (vs),
1145 (vs), 1094 (w), 952 (vs), 831 (m), 765 (w) and 617 cm−1(m).

Elemental analysis:

C H S F
theor. 16.27 1.21 19.30 34.31
exp. 16.16 1.19 19.46 33.35
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1H-NMR (acetone-d6, 300 MHz): δ = 5.15 ppm (s, H2).

13C{1H}-NMR (acetone-d6, 75 MHz): δ = 119,45 (q, 1J = 324.5 Hz, C3), 72.4 (C2) and
45.6 ppm (C1).
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7.4 Monomer synthesis

7.4.1 2-(Pent-4-ynyl)-2-oxazoline, 2

The alkyne bearing monomer 2-(Pent-4-ynyl)-2-oxazoline (PynOx) was synthesized as
recently described[401].

Hex-5-ynoyl chloride

In a flame-dried Schlenkflask and under a dry nitrogen atmosphere 25.485 g (0.227 mol,
1 equiv) of hex-5-ynoic acid and 32.514 g (0.273 mol, 1.2 equiv) of thionylchloride were
refluxed at 90 °C for ∼ 1 h. The end of the reaction was indicated as the gas evolution
from the reaction mixture ceased. The dark red mixture was distilled under nitrogen
and the product was obtained as a colorless liquid of pungent smell (bp. 104 - 110 °C).

Yield: 25.91 g (92%)
Empirical formula, molar mass: C6H7ClO, M=130.57 g/mol

ATR-IR: ν̃ = 3301 (≡C-H str) (m), 2954 (C-H str) (w), 1791 (C=O str) (s), 626 cm−1

(≡C-H wag) (s).

1
2

3
4

5
6 Cl

O

1H-NMR (CDCl3, 300 MHz): δ = 2.97 (t, 3J = 7.3 Hz, 2H, H2), 2.21 (dt, 3J t = 6.6 Hz,
3J d = 2.7 Hz, 2H, H4), 1.93 (t, 3J = 2.7 Hz, 1H, H6) and 1.82 ppm (ps-quin, 3J = 7.1 Hz,
2H, H3).

13C{1H}-NMR (CDCl3, 300MHz): δ = 173.4 (C1), 82.1 (C5), 70.0 (C6), 45.5 (C2), 23.6
(C4) and 17.2 ppm (C3).
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Hex-5-ynoic acid (2-chloroethyl)amide

Hex-5-ynoyl chloride (24.973 g, 191 mmol, 1 equiv) was dissolved in 220 mL of dry
DCM. 2-Chloroethylamine hydrochloride (22.35 g, 192.7mmol, 1 equiv) (99%) was
added, and the mixture was ice-cooled. Over a period of 1 h, 65 mL (0.47 mol) of tri-
ethylamine (TEA) was added dropwise. After additional stirring for 30min at 0 °C,
the mixture was allowed to equilibrate to RT and was stirred overnight. The yellow
reaction mixture and a colorless precipitate was observed. Water (∼ 50 mL) was added
until the precipitate dissolved. The organic layer was removed and extracted twice
with 30 mL of water and once with 30 mL of brine. The organic layer was separated
and dried over Na2SO4, and finally, the solvent was removed. The product remained
as an orange, highly viscous oil and was used without further purification.

Yield: 24.35 g (73%)
Empirical formula, molar mass: C8H12ClNO, M =173.64 g/mol
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1H-NMR (CDCl3, 300 MHz): δ = 6.32 (br, 1H, Hamide), 3.55 (m, 4H, H1,2), 2.29 (t,
3J = 7.4 Hz, 2H, H4), 2.21 (td, 3J t = 7.1 Hz, 3J d = 2.7Hz, 2H, H6), 1.93 (t, 3J = 2.7 Hz,
1H, H8) and 1.82 ppm (ps-quin, 3J = 7.1 Hz, 2H, H5).

13C{1H}-NMR (CDCl3, 300 MHz): δ = 172.5 (H3), 83.3 (H7), 69.2 (H8), 43.8 (H1),
41.1 (H2), 34.8 (H4), 24.0 (H6) and 17.7 ppm (H5).

2-(Pent-4-ynyl)oxazoline, 2

Hex-5-ynoic acid (2-chloroethyl)amide (20 g, 115 mmol, 1 equiv) was dissolved in 70mL
of MeOH and 6 g of freshly ground NaOH (150 mol, 1.3 equiv) were added. The product
was distilled as a colorless liquid at∼ 5 mbar and 85 °C after stirring at that temperatur
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for 3 h to yield a colorless liquid.

Yield: 4.29 g (27%)
Empirical formula, molar mass: C8H11NO, M = 137.18 g/mol

ATR-IR: ν̃ = 3301 (≡C-H str)(m), 2954 (C-H str)(w), 1666 (C=N str)(s), 1432 (δ(CH2-
CO)(m), 630 cm −1 (≡C-H wag).

Elemental analysis:

C H N
theor. 70.02 8.08 10.21
exp. 69.91 8.29 10.30
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1H-NMR (CDCl3, 300MHz): δ = 4.23 (t, 3J = 9.3 Hz, 2H, H2), 3.82 (t, 3J = 9.3 Hz,
2H, H1), 2.41 (t, 3J = 7.5 Hz, H4), 2.29 (td, 3J t = 7.0 Hz, 3J d = 2.7 Hz, 2H, H6), 1.97
(t, 3J = 2.7 Hz, 2H, H8) and 1.87 ppm (ps-quin, 3J = 7.2 Hz, 2H, H5).

13C{1H}-NMR (CDCl3, 75 MHz): δ = 167.8 (C3), 83.3 (H7), 68.9 (H8), 67.1 (H2), 54.2
(H1), 26.6 (H4), 24.6 (H6) and 17.7 ppm (H5).

7.4.2 2-(4-Ethynlyphenyl)-2-oxazoline 3

Ethyl 4-(2-trimethylsilyl)ethynylbenzoate

Under nitrogenm 4.39 g ethyl 4-iodobenzoate (15.9 mmol, 1 equiv) were dissolved in
55 mL TEA. (Ph3P)2PdCl2 (53 mg, 0.075 mmol, 0.005 equiv) and 77 mg CuI (0.4mmol,
0.025 equiv) were added and the mixture was stirred for 10 min at RT. Subsequently,
2.5 g of trimethylsilyl acetylene (25.45 mmol, 1.6 equiv) were added and the mixture
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was stirred over night at RT. After filtration, the filtrate was concentrated under re-
duced pressure and the residual was purified by chromatography (silica, eluent: pen-
tane/ethyl acetate= 4/1 (v/v)). After removal of the solvent, the product remains as
brown oil.

Yield: 3.38 g (86%)
Empirical formula, molar mass: C14H18O2Si, M = 246.38 g/mol
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1H-NMR (CDCl3, 300 MHz): δ = 7.76 (d, 3J = 8.58 Hz, 2H, H5), 7.31 (d, 2H, 3J = 8.58
Hz, H6), 4.16 (q, 3J 7.05 Hz, 2H, H2), 1.19 (t, 3J = 7.05 Hz, 2H, H1) and 0.07 ppm (s,
9H, H10).

13C{1H}-NMR (CDCl3, 75 MHz): δ = 165.9 (C3), 131.7 (C6), 130.0 (C4), 129.3 (C5),
127.6 (C7), 104.1 (C8), 97.5 (C9), 61.1 (C2), 14.3 (C1) and 0.2 ppm (C10).

4-Ethynylbenzoic acid

Ethyl 4-(2-trimethylsilyl)ethynylbenzoate (3.38 g, 13.7mmol, 1 equiv) was dissolved in
12 mL ethanol. At 0 °C, 18 mL of 1m NaOH (18 mmol, 1.3 equiv) were added and
the solution stirred for 2 h. The mixture was allowed to warm to RT under stirring
over night. The solution was washed twice with 30 mL Et2O each, the aqueous phase
was acidified with 1m HCl and the red precipitate extracted with 100 mL Et2O. After
washing twice with 15 mL H2O and drying over MgSO4 the solvent was removed under
reduced pressure. The product remained as red solid.

Yield: 1.59 g (80%)
Empirical formula, molar mass: C9H6O2, M = 146.14 g/mol

Elemental analysis:
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C H O
theor. 73.97 4.14 21.90
exp. 73.33 4.14 n.d.
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1H-NMR (CDCl3, 300MHz): δ = 7.98 (d, 3J = 7.73 Hz, 2H, H3), 7.67 (d, 3J = 7.84 Hz,
2H, H4), 4.49 (s, 1H, H7).

2-(4-Ethynlyphenyl)oxazoline, 3

4-Ethynylbenzoic acid (1.59 g, 10.88 mmol, 1 equiv) was dissolved in 50mL dry DCM
and 2.29 g EDCI×HCl (11.97 mmol, 1.15 equiv), 2.26 g TEA (22.33 mmol, 2 equiv)
and 2.56 g 2-bromoethylamine hydrobromide (12.5 mmol, 1.1 equiv) were added and
the mixture was stirred under reflux over night. The organic phase was extracted twice
with 10mL H2O each and the solvent was removed under reduced pressure. The re-
maining yellow solid was purified with silica chromatography (eluent: methanol/ethyl
acetate/n-hexane= 2/2/1, (v/v/v)) and the product was obtained as a colorless solid.

Yield: 0.944 g (46%)
Empirical formula, molar mass: C11H9NO, M = 171.20 g/mol

ATR-IR: ν̃ = 3300 (≡C-H str) (m), 2100, 1700 (C=N str)(s), 1600, 1500 cm−1.

Elemental analysis:

C H N
theor. 77.17 5.30 8.18
exp. 76.70 5.31 8.19
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1H-NMR (CDCl3, 300MHz): δ = 7.86 (d, 3J = 8.2 Hz, 2H, H5), 7.47 (d, 3J = 8.4 Hz,
2H, H6), 4.38 (t, 3J = 9.5 Hz, 2H, H1), 4.00 (t, 3J = 9.5 Hz, 2H, H2) and 3.12 ppm (s,
1H, H9).

13C{1H}-NMR (CDCl3, 75 MHz): δ = 164.1 (C3), 131.3 (C4), 129.2 (C6), 127.9 (C5),
125.1 (C7), 81.0 (C8), 67.8 (C9), 54.8 (C1) and 53.1 ppm (C2).

7.5 Linker for native chemical ligation

7.5.1 Methyl 2-azidoacetate

Methyl 2-bromoacetate (62.32 g, 0.407 mol, 1 equiv) was dissolved in 65 mL MeOH
and 31.7 g (0.488mol, 1.2 equiv) of sodium azide in 28 mL in water were added upon
which the solution heated up. The reaction was refluxed for 4 h and the solvent was
removed at reduced pressure. After addition of 55 mL of water the precipitated solid
dissolved and two phases were observed. Extraction with 4× 45 mL Et2O, drying of
the combined organic phases over MgSO4 and removal of the solvent yielded the prod-
uct a slightly yellowish fluid.

Yield: 40.66 g (87%)
Empirical formula, molar mass: C3H5N3O2, M= 115.09 g/mol

ATR-IR: ν̃ = 2958 (C-H str)(w), 2104 (N3)(vs), 1743 (C=O str)(vs), 1434 (m), 1357
(m), 1282 (s), 1207 (vs), 1182 (vs), 1002 (m), 921 (w), 846 (w), 734 (m) and 652
cm−1(w).
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1H-NMR (DMSO, 250MHz): δ = 4.12 (s, 2H, H3) and 3.71 ppm (s, 3H, H1).

13C{1H}-NMR (DMSO, 62.9 MHz): δ = 169.1 (C2), 52.1 (C3) and 49.3 ppm (C1).

7.5.2 Ethyl (2-azido)thioacetate

Ethyl(2-azido)thioacetate was prepared according to a reported procedure[430].
Under nitrogen and in a dried round-bottomed flask 5.458 g anhydrous aluminium
chloride (40.9 mmol, 1.1 eq) were dissolved in 100mL dry THF (caution, evolution
of significant heat!). At RT, 10.45 g (70.0 mmol, 1.7 eq) (ethylthio)trimethylsilane
(technical grade, 90 %) and 4.311 g methyl 2-azidoacetate were added and the mixture
was refluxed for 1.5 h. The cooled mixture was poured into ice-chilled phosphate
buffer (150mL, pH 7). The product was extracted with Et2O. After re-extraction of
the organic phase with brine and drying over sodium sulfate the solvent was removed at
reduced pressure. The product was purified over silica (eluent: pentane/ethyl acetate
= 2/1) and was obtained as a yellowish fluid.

Yield: 3.537 g (72%)
Empirical formula, molar mass: C4H7N3OS, M = 145.18 g/mol

ATR-IR: ν̃ = 2934 (C-H str)(w), 2099 (N3), 1680 (C=O str)(vs), 1455 (m), 1415 (m),
1263 (s), 1083 (m), 1054 (m), 1005 (m), 970 (m), 897 (s), 786 (w), 675 (m) and 649
cm−1(m).

Elemental analysis:

C H N S
theor. 33.09 4.86 28.94 22.09
exp. 32.93 4.93 29.22 21.04
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1H-NMR (CDCl3, 250 MHz): δ = 3.98 (s, 2H, H4), 2.93 (q, 3J = 7Hz, 2H, H2) and
1.27 ppm (t, 3J = 7Hz, 3H, H1).

13C{1H}-NMR (CDCl3, 64MHz): δ = 195.25 (C3), 58.00 (C4), 23.32 (C2) and 14.38
ppm (C1).

7.5.3 Ethyl (2-bromo)thioacetate

Under stirring, 45mL THF were added to an ice-chilled flask containing 2.446 g AlCl3
(18.34 mmol, 1.1 equiv). In order to solubilize all AlCl3, the mixture was heated shortly
to 70 °C. After cooling to RT 2.568 g methyl bromoacetate (16.8 mmol, 1 equiv) and
2.416 g (ethylthio)trimethylsilane (24.6 mmol, 1.47 equiv) were added and the mixture
was refluxed at 80 °C for 6 h. The turbid, colorless mixture was cooled to RT and
poured into 180 mL of phosphate buffer (pH 7, CertiPur©). The product was extracted
3 times with 50 mL Et2O. The combined organic fractions were dried over MgSO4.
After silica gel chromatography (eluent: cyclohexane/ethylacetate = 10/1 (v/v)) the
product was obtained as a yellow liquid.

Yield: 2.018 g (66%)
Empirical formula, molar mass: C4H7BrOS, M = 183.07 g/mol
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O
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2

3
4

1H-NMR(CDCl3, 250 MHz): δ = 4.02 (s, 2H, H1), 2.95 (q, 3J 3,4=7.4 Hz, 2H, H3),
1.29 ppm (t, 3J 4,3=7.4 Hz, 3H, H4).
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7.5.4 tert-Butyl hydroxycarbamate

To 23.86 g hydroxylamine hydrochloride (0.34 mol, 1.5 equiv) in 150 mL Et2O 23.9 g
Na2CO3 (0.23mol, 1 equiv) in 5 mL H2O were added. The solution was stirred for
one hour at RT and subsequently cooled to 0 °C. During 1 h, 49.27 g di-tert.-butyl
dicarbonate (0.23mol, 1 equiv) in 50 mL Et2O were added. The mixture was stirred
for 10 h at RT. The resulting precipitate was filtered and the retentate washed with
Et2O. The filtrate was dried over Na2SO4 and the solvent was removed under reduced
pressure. After recrystallization from hexane the title compound was obtained as col-
orless crystalline solid.

Yield: 25.79 g (84%)
Empirical formula, molar mass: C5H11NO3, M = 133.15 g/mol
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1H-NMR(CDCl3, 250 MHz): δ = 7.01 (br, 1H, H2), 6.59 (br, 1H, H1) and 1.48 ppm (s,
9H, H5).

13C{1H}-NMR(CDCl3, 63Hz):δ = 158.9 (C3), 82.0 (C4) and 28.1 ppm (C5).

7.5.5 Methyl (2-(N-tert-butyloxycarbonyl)aminooxy)acetate

To a solution of 5.0 g tert-Butyl hydroxycarbamate (38 mmol, 1 equiv) in 20 mL DCM
5.0 g K2CO3 (80 mmol, 2.1 equiv) and 3.5 mL methyl 2-bromoacetate (38 mmol, 1
equiv) were added. The mixture was stirred for 24 h. After washing thrice with 50mL
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1m HCl and 30 mL brine until the mixture was brownish. The combined organic
phases were dried over Na2SO4 and the solvent was removed under reduced pressure.
Purification by chromatography (silica) gave the product as a colorless crystalline
solid.

Yield: 3.29 g (42%)
Empirical formula, molar mass: C8H15NO5, M = 205.21 g/mol
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1H-NMR(CDCl3, 250 MHz): δ = 7.76 (br, 1H, H3), 4.44 (s, 2H, H2), 3.78 (s, 3H, H1)
and 1.47 ppm (s, 9H, H4).

7.6 Polymerizations

7.6.1 Linear homo- and copolymers

PMeOx48BocPip, P1

Initiator: MeOTf 63 mg (0.38 mmol, 1 equiv)
Monomer: MeOx 1.56 g (18.3mmol, 48.2 equiv)
Terminating reagent: N-Boc-piperazine 188mg (1mmol, 2.63 equiv)

Synthesis according to GSP1 (7.2.1).
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Yield: 1.37 g (84 %)
Empirical formula, molar mass: C202H356N50O50, M = 4285.29 g/mol

N N
O 48

1 2

3

N
O

O

4

1H-NMR (D2O, 300MHz): δ = 3.45 (br, 240H, H2), 2.98/2.84 (br, 3H, H1), 2.00 (br,
180H, H3) and 1.37 ppm (s, 9H, H4).

GPC(DMAc): Mn = 5545 g/mol, PDI = 1.17 (1), Mn = 6580 g/mol, PDI = 1.16 (2).

HPLC: 10%B −→ 100%B(30min), tr = 10.2min

PEtOx43BocPip, P2

Initiator: MeOTf 39 mg (0.24 mmol, 1 equiv)
Monomer: EtOx 1.003 g (10.1 mmol, 43 equiv)
Terminating reagent: N-Boc-piperazine 125mg (0.67mmol, 2.8 equiv)

Synthesis according to GSP1 (7.2.1).

Yield: 0.94 g (88 %)
Empirical formula, molar mass: C225H407N45O45, M= 4462.91 g/mol
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1H-NMR (CDCl3, 300MHz): δ = 3.39 (br, 222H, H2), 2.96/2.90 (br, 3H, H1), 2.34
(br, 124H, H3), 1.39 (s, 9H, H5) and 1.06 ppm (br, 170H, H4).

GPC(DMAc): Mn = 6230 g/mol, PDI = 1.15

HPLC: 10%B −→ 100%B(30min), tr = 16.1min

P(MeOx51EOB4)Pip, P3

Initiator: MeOTf 23 mg (0.14 mmol, 1.0 equiv)
Monomer: MeOx 605mg (7.1 mmol, 50.7 equiv)

EOB 102mg (0.55mmol, 3.9 equiv)
Terminating reagent: piperazine 238mg (2.8 mmol, 20 equiv)

Synthesis according to GSP1 (7.2.1).

Yield: 677mg (95 %)
Empirical formula, molar mass: C245H429N57O63, M = 5181.37 g/mol
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1H-NMR (D2O, 250 MHz): δ = 4.08 (q, 3J = 7.17 Hz, 8H, H6), 3.45 (br, 228H, H2),
2.6 (br, 3H, H9), 2.34 (br, 17H, H4,6), 2.00 (br, 170H, H3), 1.76 (br, 10H, H5) and
1.17 ppm (t, 3J = 7.13 Hz, 10H, H8).

GPC (DMAc): Mn = 6777 g/mol, PDI = 1.16
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HPLC:10%B −→ 100%B(30min), tr = 10.5min

P(EtOx43EOB4)Pip, P4

Initiator: MeOTf 22 mg (0.13 mmol, 1.0 equiv)
Monomer: EtOx 573mg (5.78mmol, 43 equiv)

EOB 106 mg (0.57mmol, 4.2 equiv)
Terminating reagent: piperazine 228mg (2.7 mmol, 20 equiv)

Synthesis according to GSP1 (7.2.1).

Yield: 413mg (60 %)
Empirical formula, molar mass: C256H459N49O55, M = 5103.68 g/mol
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1H-NMR: δ = 4.07 (q, 3J = 7.25 Hz, 4H, H8), 3.44 (br, 220H, H2), 2.66 (br, 7H, H10),
2.31 (br, 127H, H3,5,7), 1.74 (br, 10H, H6), 1.17 (t, 3J = 7.13 Hz, 3H,H9) and 0.97 ppm
(br, 162H, H4).

GPC (DMAc): Mn = 6500 g/mol, PDI = 1.23

HPLC:10%B −→ 100%B(30min), tr = 15.7min
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2-(Hex-5-ynoic acid methylamide)ethyl-poly(2-methyl-2-oxazoline),
PynOxPMeOx20BocPip, P5

Initiator: PynOxOTf 23 mg (76.3µmol, 1.0 equiv)
Monomer: MeOx 134mg (1.57mmol, 20 equiv)
Terminating reagent: N-Boc-piperazine 58 mg (0.32 mmol, 4 equiv)

Synthesis according to GSP1 (7.2.1).

Yield: 155mg (99 %)
Empirical formula, molar mass: C98H171N23O23, M = 2040 g/mol
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1H-NMR (D2O, 250MHz): δ = 3.45 (br, 127H, H2), 3.01/2.86 (m, 3H, H1), 2.45 (br,
8H, H3,5,7) 2.00 (br, 88H, H6), 1.65 (br, 2H, H4) and 1.37 ppm (s, 11H, H8).

GPC (DMAc): Mn = 3190, PDI = 1.06

MALDI-TOF: Mn = 2055.5, PDI = 1.04

P(MeOx45PynOx5)BocPip, P6

Initiator: MeOTf 50 mg (0.3mmol, 1.0 equiv)
Monomers: MeOx 1.170 g (13.7 mmol, 45 equiv)

PynOx 208 mg (1.52mmol, 5 equiv)
Terminating reagent: N-Boc-piperazine 175mg (0.94mmol, 3.2 equiv)
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The initiator and monomers were added to 7.5 mL ACN in a microwave test tube
under nitrogen. Heating to 135 °C for 20 min was performed by mircowave heating
(150W). After cooling to RT the terminating reagent was added. Further handling
was according to GSP1 (7.2.1).

Yield: 1.345 g (94%)
Empirical formula, molar mass: C230H390N52O52, M = 4716 g/mol

ATR-IR: ν̃ = 3282 (≡C-H str)(w), 2938 (C-H str)(m), 1618 (C=O str, amide I)(vs),
1421 (δ(CH2-CO)(vs) and 638 cm−1 (≡C-H wag)(w).
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1H-NMR (D2O, 250MHz): δ = 3.46 (br, 273H, H2), 3.02/2.86 (m, 1H, H1), 2.46 (br,
15H, H4,7), 2.19 (br, 12H, H6), 2.00 (br, 190H, H3), 1.69 (br, 11H, H5) and 1.37 ppm
(s, 9H, H8).

GPC (DMAc): Mn = 7893 g/mol, 1.06

HPLC:10%B −→ 100%B(30 min), tr = 16.2 min
MALDI-TOF: Mn = 4956.3 g/mol, PDI = 1.03

P(MeOx35PynOx12)BocPip, P7

Initiator: MeOTf 13 mg (79µmol, 1.0 equiv)
Monomers: MeOx 234mg (2.7 mmol, 35 equiv)

PynOx 135 mg (0.98mmol, 12 equiv)
Terminating reagent: N-Boc-piperazine 58 mg (1.8mmol, 4 equiv)



7. Experimental 213

Synthesis according to GSP1 (7.2.1).

Yield: 315mg (81%)
Empirical formula, molar mass: C246H397N49O49, M = 4825.08 g/mol

ATR-IR: ν̃ = 3261 (≡C-H str)(w), 2935 (C-H str)(w), 1626 (C=O str, amide I)(vs),
1419 (δ(CH2-CO)(s) and 638 cm−1 (≡C-H wag)(w).
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1H-NMR (D2O, 250 MHz): δ = 3.46 (br, 240H, H2), 3.02/2.86 (m, 3H, H1), 2.41 (br,
35H, H4), 2.20 (br, 35H, H6), 2.01 (br, 135H, H3), 1.70 (br, 33H, H5) and 1.37 ppm (s,
9H, H7).

GPC (DMAc): Mn = 6962 g/mol, 1.17

P(EtOx20PynOx2)BocPip, P8

Initiator: MeOTf 0.1 g (0.6 mmol, 1 equiv)
Monomers: MeOx 1.19 g (12.0 mmol, 20 equiv)

PynOx 182 mg (1.33 mmol, 2.2 equiv)
Terminating reagent: N-Boc-piperazine 188 mg (1 mmol, 2.63 equiv)
Solvent ACN 15 mL
GC-standard Chlorobenzene 300µL

Before polymerization, an aliqout of 5mL (4.053 g, 30 % of reaction mixture) was taken
for parallel GC-online kinetic measurement. Polymerization of the remaining mixture
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was according to GSP1 (7.2.1) at 80 °C.

Yield: 953mg (92 %)
Empirical formula, molar mass: C126H222N24O24, M = 2457 g/mol

ATR-IR: ν̃ = 3247 (≡C-H str)(w), 2929 (C-H str)(m), 1630 (C=O str, amide I)(vs),
1418 (δ(CH2-CO)(vs) and 638 cm−1 (≡C-H wag)(w).
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1H-NMR (CDCl3, 250MHz): δ = 3.41 (br, 88H, H2), 2.98/2.92 (m, 3H, H1), 2.37 (br,
58H, H3,5,7, HPip), 1.99 (br, 3H, H8), 1.80 (br, 4H, H6), 1.40 (s, 9H, H9), 1.07 ppm (br,
57H, H4).
GPC (DMAc): Mn = 4004 g/mol, PDI = 1.04

PPynOx23BocPip, P9

Initiator: MeOTf 27 mg (0.17 mmol, 1.0 equiv)
Monomer: PynOx 523mg (3.81mmol, 23 equiv)
Terminating reagent: N-Boc-piperazine 90 mg (0.48 mmol, 3 equiv)

Synthesis according to GSP1 (7.2.1).

Yield: 400mg (72 %)
Empirical formula, molar mass: C194H273N25O25, M = 3355 g/mol
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ATR-IR: ν̃ = 3282 (≡C-H str)(w) and 2913 (C-H str)(w), 1627 (C=O str, amide I)(vs),
1423 (δ(CH2-CO)(s), 633 cm−1 (≡C-H wag)(s).
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1H-NMR (CD3OD, 250 Hz): δ = 3.48 (br, 100H, H2), 3.04/2.90 (br, 3H, H1), 2.46 (br,
53H, H3), 2.21 (br, 55H, H5), 1.76 (br, 54H, H4) and 1.39 ppm (s, 5H, H8).

GPC (DMAc): Mn = 6161, PDI = 1.09

P(MeOx47DPOx5)Pip, P10

Initiator: MeOTf 26 mg (0.16mmol, 1.0 equiv)
Monomers: MeOx 640 mg (7.52 mmol, 47 equiv)

DPOx 145mg (0.783mmol, 4.9 equiv)
Terminating reagent: piperazine 275 mg (3.2mmol, 20 equiv)

Polymerization was performed according GSP1 (7.2.1).

Yield: 0.8 g (99%)
Empirical formula, molar mass: C238H416N54O62, M = 5026 g/mol
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1H-NMR (D2O, 250MHz): δ = 4.89 (br, 6.5H, H1), 3.92 (br, 27H, H8), 3.45 (br, 248H,
H2), 3.02/2.96 (br, 3H, H1), 2.87 (br, 3H, H9), 2.55 (br, 4H, H10), 2.35 (br, 13H, H4),
2.04 (br, 182H, H3) and 1.64 ppm (br, 30H, H5,6).

GPC (DMAc): Mn = 9428 g/mol, PDI = 1.09

P(EtOx19DPOx3)Pip, P11

Initiator: MeOTf 105 mg (0.640mmol, 1.0 equiv)
Monomers: EtOx 1.194 g (12.04 mmol, 18.8 equiv)

DPOx 324mg (1.75 mmol, 2.7 equiv)
Terminating reagent: piperazine 1.15 g (13.4 mmol, 20.9 equiv)
Solvent ACN 10.4 g
GC-standard Chlorobenzene 100µL

Before polymerization, an aliqout of 2.605 g (21.7% of reaction mixture) was taken, the
internal standard was added and the mixture was used for parallel GC-online kinetic
measurement. Polymerization of the remaining mixture was according to GSP1(7.2.1)
at 80 °C.

Yield: 1.113 g (90%)
Empirical formula, molar mass: C127H228N24O28, M = 2539 g/mol
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1H-NMR (D2O): δ = 4.85(br, 2h, H8), 3.89 (br, 10H, H9), 3.44 (br, 86H, H2), 2.97/2.85
(m, 3H, H1), 2.29 (br, 46H, H3,5), 1.60 (br, 9H, H6,7) and 0.98 ppm (br, 63H, H4).

GPC (DMAc): 3560 g/mol, PDI = 1.06

HPLC: 10%B −→ 100%B(30min), tr = 15.5min

Polymerizations for Kinetik Investigations

Some polymerization reactions were performed only for kinetic measurements. These
were P(EtOx19PynOx2) P12, P(MeOx19PynOx2) P13 and P(MeOx20PynOx5) P14.
The reagents and solvents are combined in a 10 mL crimp vial and the crimp vials
were sealed in the glove box under dry and inert atmosphere.

Polymer m (EtOx/MeOx) m (2) m (MeOTf) V (ACN) V (PhCl)
[mg] [mg] [mg] [mL] [mL]

P12 187 26.7 16 5 0.3
P13 161 26.6 17 5 0.3
P14 813 305 80 8 0.6
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7.6.2 Star-like homo- and copolymers

P[(EtOx20DPOx2)-bl-(EtOx30PynOx3)]4, P20

Initiator: I3 149 mg (0.224 mmol, 1.0 equiv)
Monomers:
1stBlock EtOx 1.79 g (18.08 mmol, 80 equiv)

1 324 mg (1.75mmol, 7.8 equiv)
2ndBlock EtOx 2.29 g (23.09 mmol, 120 equiv)

2 317 mg (2.31mmol, 12 equiv)
Termination reagent: piperazine 1.086 g(12.6mmol, 80 equiv)
Solvent: ACN 15.53 g (19.75 mL)
GC standard: PhCl 370µL

The initiator and the monomers for the first block were dissolved in ACN. An aliquot
of 2.615 g (14.7 % of the batch) was removed for a GC kinetic study and sealed in a
crimp vial with 100µL PhCl. Both portions were polymerized at 80 °C for 6 d. After
cooling to 0 °C and removal of 66 mg of the main reaction mixture (for GPC analysis)
the monomers of the second block and 300 mg PhCl were added. Again an aliquot of
2.653 g (14.7 % of the batch) were removed and sealed in a crimp vial for GC kinetic
measurement. The second block was polymerized at 85 °C. After two days the typical
termination and work-up procedures were performed and the product is obtained as
a colorless solid.

Yield: 3.655 g (99%)
Empirical formula, molar mass: C1135H2027N228O224, M= 22453 g/mol
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1H-NMR (D2, 250 MHz): δ = 4.83 (br, 8H, H8), 3.88 (br, 37H, H9), 3.43 (br, 894H, H2),
2.76 (br, 6H, H1), 2.28 (br, 509H, H3,5,10,12), 1.66/1.58 (br, 65H, H6,7,11) and 0.96 ppm
(br, 655H, H4).

First Block: GPC (DMAc): Mn = 3712, PDI =1.32 (bimodal)
GPC (DMAc): Mn = 9395, PDI =1.22 (bimodal)
GPC (CHCl3, RI): Mn = 5145, PDI =1.30 (bimodal)
GPC (CHCl3, UV): Mn = 4555, PDI =1.45

HPLC: 10%B −→ 100%B(30min), tr = 18.7min

Polymerizations for kinetic investigations

According to the procedure described above (see 7.6.1), samples for the kinetic mea-
surements with multifunctional initiators were prepared. The polymerizations were
performed at 85 °C.

Polymer m (MeOx) Initiator m(I) V (ACN) V (PhCl)
[g] [mg] [mL]

P15 1.12 MeOTf 27 16.8 1
P16 0.51 I3 50 7.66 0.55
P17 1.123 I3 111 16.92 1
P18 1.085 I1 55 16.4 1
P19 1.076 I2 81 17.1 0.95



220 7. Experimental

7.7 Polymer analog modifications

7.7.1 Boc-deprotection

PMeOx48Pip, P21

Deprotection of 169 mg P1 in 1.8 mL DeMix was performed according to GSP2
(7.2.2).

Yield: 109mg (66 %)
Empirical formula, molar mass: C197H348N50O48, M = 4185.18 g/mol
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O 48
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1H-NMR (CDCl3, 300 MHz): δ = 3.40 (br, 240H, H2), 2.98 (br, 3H, H1) and 2.08 ppm
(br, 183H, H3).

GPC(DMAc): Mn = 6360 g/mol, PDI = 1.22

HPLC: 10%B −→ 100%B(30 min), tr = 9.1 min

PEtOx43Pip, P22

Deprotection of 0.21 g P2 in 1.8 mL DeMix was performed according to GSP2 (7.2.2).

Yield: 0.18mg (88 %)
Empirical formula, molar mass: C220H299N45O43, M = 4362.8 g/mol
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1H-NMR (CDCl3, 300MHz): δ = 3.38 (br, 222H, H2), 2.95/2.89 (br, 3H, H1), 2.33
(br, 121H, H3) and 1.04 ppm (br, 168H, H4).

GPC(DMAc): Mn = 6670 g/mol, PDI = 1.18

HPLC: 10%B −→ 100%B(30 min), tr = 14.8min

P(MeOx45PynOx5)Pip, P23

Deprotection of 0.3 g P6 in 3mL DeMix was performed according to GSP2 under
sonication (7.2.2).

Yield: 0.27 g (92 %)
Empirical formula, molar mass:C225H382N52O50, M = 4615.76 g/mol
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1H-NMR (CD3OD, 300 MHz): δ = 3.50 (br, 318H, H2), 3.05/2.9 (m, 3H, H1), 2.44 (br,
11H, H6) 2.23 (br, 8H, H4), 2.05 (br, 217H, H3) and 1.73 ppm (br, 17H, H5).

GPC (DMAc): Mn = 7127 g/mol, PDI = 1.04
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HPLC: 10%B −→ 100%B(30 min), tr = 14.4min

P(EtOx20PynOx2)Pip, P24

Deprotection of P(EtOx20PynOx2)BocPip (533 mg, 0.22 mmol) was performed in 3mL
DeMix according to GSP2 (7.2.2).

Yield: 477mg (93 %)
Empirical formula, molar mass: C121H214N24O22, M = 2357 g/mol
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1H-NMR (CDCl3, 250MHz): δ = 3.44 (br, 80H, H2), 3.02/3.94 (m, 3H, H1), 2.38 (b,
46H, H3,5,7), 2.01 (br, 2H, H8), 1.81 (br, 5H, H6) 1.09 ppm (br, 57H, H4).

GPC (DMAc): Mn = 3990 g/mol, PDI= 1.06

HPLC: 10%B −→ 100%B(30min), tr = 18.2 min; 10%B −→ 80%B(30 min), tr =
17.1 min; 0%B −→ 60%B(30 min), tr = 25.9min

MALDI-TOF-TOF: Mn = 2549 g/mol, PDI= 1.02
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7.7.2 Click-chemistry

P(MeOx45
TriazAc5)BocPip, P25

P6 (303mg, 64µmol, 1 equiv) was dissolved in 5 mL H2O and 42mg azidoacetic acid
(42 mg, 0.37 mmol, 5.7 equiv) were added. After addition of 6.7mg sodium ascor-
bate (33.8µmol, 0.53 equiv) and 4.8 mg copper(II) sulfate pentahydrate (19µmol,
0.3 equiv), the solution was stirred at RT for 2 days and dialysed. After lyophylisation
the product (290mg, 85 %) was still slightly colored. Of this colored product, 257mg
were dissolved in 4mL CHCl3/MeOH (1/1, v/v) and after filtration over celite, pre-
cipitation from diethylether and subsequent lyophylisation, the product was obtained
as a colorless solid.

Yield: 218mg (73 %)
Empirical formula, molar mass: C245H415N67O62, M = 5291.33 g/mol

ATR-IR: ν̃ = 2915 (C-H str)(s), 1737 (C=O str, ester)(m), 1630 (C=O str, amide
I)(vs), 1423 (δ(CH2-CO))(vs), 720 cm−1 (r(CH2)).
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1H-NMR (D2O, 300MHz): δ = 7.78 (br, 13H, H7), 5.27 (br, 27H, H8), 3.71 (br, 41H,
H9), 3.43 (br, 240H, H2), 2.92/2.82 (m, 3H, H1), 2.67 (br, 26H, H6,10), 2.27 (br, 34H,
H4), 2.01 (br, 161H, H3) and 1.37 ppm (br, 7H, H11).

GPC (DMAc): Mn = 7740 g/mol, PDI= 1.07
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P(MeOx45
TriazTMS5)BocPip, P26

P6 (100mg, 21µmol, 1 equiv) and 20 mg of (trimethylsilyl)methyl azide (0.15 mmol,
7.3 equiv) were added to 1 mL of a 1/1 (v/v) mixture of tert-BuOH and water . Sodium
ascorbate (2.2 mg, 11µmol, 0.5 equiv) and 1.6 mg CuSO4× 5 H2O (6.4µmol, 0.3 equiv)
were added and the mixture was stirred over night. Exchange of the solvent with 2mL
of a 1/1 mixture of MeOH/CHCl3 (v/v) and precipitation from 20mL cold diethylether
yielded the product as a colorless solid after lyophylization.

Yield: 54 mg (48%)
Emperical formula, molar mass: C250H445N67O53Si5, M = 5362.05 g/mol

ATR-IR: ν̃ = 2937 (C-H str)(m), 1616 (C=O str, amide I)(vs), 1423 (δ(CH2-CO))(s),
730 cm−1 (r(CH2))(w).
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1H-NMR (D2O, 300 MHz): δ = 7.63 (br, 4H, H7), 3.96 (br, 12H, H8), 3.45 (br, 310H,
H2), 2.91/2.82 (m, 3H, H1), 2.64 - 2.50 (br, 16H, H6,10), 2.23 (br, 17H, H4), 2.00 (br,
240H, H3), 1.37 (br, 9H, H11) and -0.01 ppm (br, 45H, H9).

GPC (DMAc): Mn = 8430 g/mol, PDI= 1.06
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P(MeOx45
TriazThioAc5)BocPip, P27

P6 (49.7mg, 10.5µmol, 1 equiv), 9.7 mg 5 (67µmol, 6.4 equiv), 1.1mg CuSO4× 5 H2O
(4.4µmol, 0.4 equiv) and 1.7 mg sodium ascorbate (8.6µmol, 0.8 equiv) were dissolved
in 2 mL degassed H2O and stirred over night at RT. After gel filtration and lyophyli-
sation a slightly yellowish solid was obtained.

Yield: 40 mg (70%)
Empirical formula, molar mass: C250H425N67O57S5, M = 5441.79 g/mol
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1H-NMR (CDCl3, 250MHz): δ = 7.55 (br, 5H, H7), 5.25 (br, 5H, H8), 3.45 (br, 200H,
H2), 2.93 (br, 9H, H1,9),2.77 (br, 7H, H1,9), 2.39 (br, 31H, H4,6,11), 2.10 (br, 158H,
H3), 1.44 (br, 9H, H12) and 1.26 ppm (br, 12H, H10).

GPC (DMAc): Mn = 7031 g/mol, PDI = 1.15

P(EtOx20
TriazThioAc2)Pip, P28

P24 (124mg, 53µmol, 1 equiv) and 29.3 mg 5 (0.2 mmol, 3.8 equiv) were dissolved
in 2.5 mL H2O/t-BuOH (1/1). After addition of 13.2 mg CuSO4×H2O (53µmol,
1 equiv) and 16mg sodium ascorbate (81µmol, 1.5 equiv), the reaction vessel was
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purged shortly with argon and sealed. The solvents were removed and the residue
was collected in 1 mL of a 1/1 mixture of CHCl3 and MeOH (v/v). After addition
of 46 mg 4,4´-dinonyl-2,2´dipyridyl (113µmol, 2, equiv), the mixture was stirred for
15min, filtered and the product precipitated from cold diethyl ether. This procedure
was repeated twice (adding 11mg 4,4´-dinonyl-2,2´dipyridyl the second time) and the
product was obtained as a colorless solid after lyophylization.

Yield: 114mg (84 %)
Empirical formula, molar mass: C129H228N30O24S2, M = 2647.51 g/mol
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1H-NMR (D2O, 250 MHz): δ = 7.56 (br, 2H, H8), 5.25 (br, 3H, H9), 3.44 (br, 88H,
H2), 3.00/2.94 (br, 9H, H1,10), 2.38 (br, 50H, H3,5,7), 2.00 (br, 4H, H6), 1.25 (br, 11H,
H11) and 1.10 ppm (br, 65H, H4).

GPC (DMAc): Mn = 3276 g/mol, PDI= 1.11

HPLC: 10%B −→ 100%B(30min), tr = 15.2min

7.7.3 Chelator coupling

PMeOx48PipBnDOTA, P30

P21 15 mg (3.57µmol, 1 equiv)
p-SCN-Bn-DOTA 5.1 mg (7.3µmol, 2 equiv)
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K2CO3 ∼10 mg
MeOH 500µL

Coupling was performed according to GSP3 (7.2.3) as described recently[417].

Yield: 10.2mg (60 %)
Empirical formula, molar mass: C209H360N52O53S, M = 4481.48 g/mol
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1H-NMR (D2O, 250 MHz): δ = 7.22/7.14 (br, 3H, H4), 3.87 (br, 3H, H5), 3.47 (br,
223H, H2), 3.16 (br, 10H, H6), 2.96/2.84 (br, 3H, H1) 2.62 (br, 5H, H7) and 2.00 ppm
(br, 161, H3).

GPC (DMAc): Mn = 7282 g/mol, PDI = 1.45

HPLC: 10%B −→ 100%B(30min), tr = 9.2 min.

PEtOx43PipBnDOTA, P31

P22 15.7 mg (3.6µmol, 1 equiv)
p-SCN-Bn-DOTA 5.7 mg (8.2µmol, 2.3 equiv)
K2CO3 ∼10 mg
MeOH 500µL

Coupling was performed according to GSP3 (7.2.3) as described recently[417].
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Yield: 11 mg (62%)
Empirical formula, molar mass: C244H432N50O51S, M = 4914.41 g/mol
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1H-NMR (D2O, 250 MHz): δ = 7.26/7.16 (br, 4H, H5), 3.95 (br, 8H, H6), 3.47 (br,
232H, H2), 3.2 (br, 18H, H7), 3.01/2.88 (br, 3H, H1), 2.67 (br, 8H, H8), 2.32 (br, 119H,
H3) and 1.02 ppm (180H, H4).

GPC (DMAc): Mn = 8093 g/mol, PDI = 1.45

HPLC: 10%B −→ 100%B(30min), tr = 14.5min.

P(MeOx45PynOx5)PipBnDOTA, P32

P23 100 mg (22µmol, 1 equiv)
p-SCN-Bn-DOTA× 4HCL 18 mg (26µmol, 1.2 equiv)
K2CO3 ∼ 30 mg
MeOH 2 mL

Preparation of P32 was according to GSP3 (7.2.3). Purification was performed by
dialysis against water instead of the sephadex G25 column.

Yield: 59 mg (54%)
Empirical formula, molar mass: C249H415N57O58S, M = 5167 g/mol
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1H-NMR (D2O, 250 MHz): δ = 7.21 (br, 4H, H7), 4.0 (br, 4H, H8), 3.45 (br, 221H,
H2,9, 3.01/2.87 (br, 3H, H1), 2.33 (br, 12H, H6), 2.19 (br, 7H, H4), 2.00 (br, 135H, H3)
and 1.70 ppm (br, 9H, H5).

GPC (DMAc): Mn = 22705 g/mol, PDI = 1.03; Mn = 6772 g/mol, PDI = 1.03

HPLC:10%B −→ 100%B(30min), tr = 14.7min

P(EtOx20PynOx2)PipBnDOTA, P33

P24 50 g (21µmol, 1 equiv)
p-SCN-Bn-DOTA×4HCl 18 mg (26µmol, 1.2 equiv)
K2CO3 ∼ 4 mg
MeOH 250µL

P(EtOx20PynOx2)PipDOTA was prepared according to GSP3 (7.2.3).

Yield: 42 mg (68%)
Empirical formula, molar mass: C145H247N29O30S, M= 2909.75 g/mol
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1H-NMR (D2O, 500MHz): δ = 7.24/7.14 (br, 3H, H9), 3,92 (br, 2H, H10), 3.43 (br,
101H, H2,11), 2.97/2.83 (m, 3H, H1), 2.67 (br, 3H, H8), 2.27 (br, 43H, H3,5,7), 1.67 (br,
5H, H6) and 0.97 ppm (br, 45H, H4).

GPC (DMAc): Mn = 3895 g/mol, PDI = 1.05

HPLC: 10%B −→ 100%B(30min), tr = 18.3 min; 10%B −→ 80%B(30 min), tr =
18.3 min (new column)

P(MeOx47DPOx5)PipBnDOTA, P34

P10 16.8 mg (3.34µmol, 1 equiv)
p-SCN-Bn-DOTA× 4HCL 2.8 mg (4µmol, 1.2 equiv)
K2CO3 ∼ 2.7 mg
MeOH 2 mL

Preparation of P34 was according to GSP3 (7.2.3). Purification was performed by
dialysis against water instead of the sephadex G25 column.

Yield: 15 mg (81%)
Empirical formula, molar mass: C262H449N59O70S, M= 5577.79 g/mol
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1H-NMR (D2O, 250MHz): δ = 7.25 (br, 3H, H10), 4.83 (br, 5H, H7), 3.88 (br, 24H,
H8,11), 3.45 (br, 283H, H2,12), 2.97/2.84 (br, 3H, H1), 2.66 (br, 2H, H9), 2.31 (br, 8H,
H4), 1.99 (br, 173H, H3) and 1.59 ppm (br, 26H, H5,6).

P(EtOx19DPOx3)PipBnDOTA, P35

P11 (58.1mg, 23.2µmol, 1 equiv) and 18mg p-SCN-Bn-DOTA (25.8µmol, 1.1 equiv)
were dissolved in 3.7 mL phosphate buffer (pH8.5) and 1 mL ACN and 10µL TEA
were added. HPLC control showed that no significant coupling occurred and the sol-
vents were removed by freeze drying. The residual was collected with 1 mL MeOH and
3 mL H2O and stirred for 6 h, but HPLC analysis suggested that still only very limited
coupling occurred. Subsequently, additional 17.8 mg p-SCN-Bn-DOTA (25.5µmol) of
a fresh batch of chelator were added. After 3 days at RT, gel filtration and lyophyli-
sation, the product was obtained as a colorless solid.

Yield: 41 mg (58%)
Empirical formula, molar mass: C132H223N29O36S, M= 2824.42 g/mol
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1H-NMR (D2O, 250 MHz): δ = 7.25 (br, 1.3H, H11), 4.83 (br, 2H, H8), 3.87 (br, 9H,
H8,12), 3.43 (br, 87, H2,13), 2.97/2.83 (m, 3H, H1), 2.6 (br, 1H, H10), 2.27 (br, 41H,
H4,5), 1.58 (br, 8H, H6,7) and 0.96 ppm (br, 55H, H3).

GPC (DMAc):

HPLC: 10%B −→ 100%B(30min), tr = 15.7min

P(EtOx20
TriazThioAc2)PipBnDOTA, P36

P28 46 g (17µmol, 1 equiv)
p-SCN-Bn-DOTA×4HCl 22 mg (34µmol, 2 equiv)
K2CO3 ∼ 4 mg
MeOH 250µL

P(EtOx20
TriazThioAc2)PipBnDOTA was prepared according to GSP3 (7.2.3).

Yield: 33 mg (61%)
Empirical formula, molar mass: C153H261N35O32S3, M= 3199.12 g/mol
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1H-NMR (D2O, 250 MHz): δ = 7.80 (br, 2H, H8,trans), 7.68 (br, 1H, H8,cis), 7.21/7.15
(br, 2H, H13), 5.40 (br, 3H, H9,trans), 4.90 (br, 2H, H9,cis), 4.1 (br, 2H, H14), 3.42 (br,
92H, H2,15), 2.96 (br, 2H, H1), 2.84 (br, 5H, H1,10), 2.68 (br, 6H, H7,12), 2.27 (br, 42H,
H3,5), 1.83 (br, 4H H6), 1.13 (br, 4H, H11) and 0.96 ppm (br, 56H, H4).

HPLC: 10%B −→ 100%B(30 min), tr = 15.5min

7.7.4 Aldehyde deprotection

P(MeOx47OBOx5)PipDOTA, P37

P34 (15 mg, 2.6µmol) was dissolved in 7 mL of 5 % TFA and dialysed against 500mL
5 % TFA for 2.5 h. The TFA was exchanged with 2L of water and the solution was
dialysed for 16 h and another 2.5 h against 2 L H2O. The product was obtained as a
colorless solid after lyophylisation.

Yield: 11 mg (76%)
Empirical formula, molar mass: C252H429N59O65S, M = 5357.52 g/mol
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1H-NMR (D2O, 250 MHz): δ = 9.54 (s, 3H, H7), 7.11 (br, 3H, H9), 4.90 (br, 3H,
H7,acetal, 3.40 (br, 239H, H2,10,11), 2.93/2.80 (br, 3H, H1), 2.48 (br, 4H, H5,8), 2.24 (br,
10H, H4), 1.94 (br, 154H, H3), 1.72 (br, 8H, H5) and 1.47 ppm (br, 12H, H5,6,acetal).

GPC (DMAc): Mn = 7205 g/mol, PDI = 1.06; Mn = 26492 g/mol, PDI = 1.05; Mn =
97657 g/mol, PDI = 1.06

HPLC: 10%B −→ 100%B(30 min), tr = 8.4 min

P(MeOx35OBOx5)Pid, P38

A solution of 124mg P(MeOx35DPOx5)Pid (41µmol) in 2mL of 5 % HClaq (w/w) was
dialysed against 1.3 L of the same HClaq. After 2 h, HClaq was exchanged and the
reaction was dialysed against water (1.5 L) twice for 2 h. After lyophylization, the
product was obtained as a colourless solid.

Yield: 260mg (82 %)
Empirical formula, molar mass: C181H313N41O45, M = 3783.67 g/mol
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1H-NMR (CDCl3, 250MHz): δ = 9.73 (br, 7H, H7), 3.43 (br, 237H, H2), 3.01/2.91
(br, 3H, H1), 2.52 (br, 17H, H6), 2.27 (br, 38H, H4), 2.11 (br, 159H, H3) and 1.91 ppm
(br, 16H, H5,P id).

GPC (DMAc): Mn = 6946 g/mol, PDI = 1.22

HPLC: 10%B −→ 100%B(30min), tr = 10.1min

P(MeOx50OBOx8)Pid, P39

P39 was prepared analog to P38 from 124 mg of P(MeOx50DPOx8)Pid.

Yield: 96.3mg (83 %)
Empirical formula, molar mass: C262H451N59O66, M = 5483.47 g/mol
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1H-NMR (CDCl3, 250MHz): δ = 9.72 (br, 7H, H7), 3.43 (br, 248H, H2), 3.01/2.92
(br, 3H, H1), 2.52 (br, 18H, H6) 2.3 (br, 18H, H4), 2.11 (br, 184H, H3) and 1.91 ppm
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(br, 28H, H5,P id).

GPC (DMAc): Mn = 11980 g/mol, PDI = 1.25
HPLC: 10%B −→ 100%B(30min), tr = 10.4min

7.8 Peptide coupling

7.8.1 Click Chemistry

P(EtOx20
TriazRGD2)PipBnDOTA, C1

P(EtOx20PynOx2)PipDOTA 7mg (2.4µmol, 1 equiv)
c[RGDfK(N3)] 6.7 mg (8.6µmol, 3.5 equiv)
4,4´-dinonyl-2,2´dipyridyl 18 mg (44µmol, 18 equiv)
CuBr 5.6 mg (39µmol, 16 equiv)

Under nitrogen, P33 (7mg, 2.4µmol, 1 equiv) and 6.7 mg of c[RGDfK(N3)] (8.6µmol,
3.5 equiv) were dissolved in 400µL of 60% aqueous THF (v/v). After addition of 18 mg
4,4´-dinonyl-2,2´-dipyridyl (44µmol, 18 equiv) and 5.6mg CuBr (39µmol, 16 equiv)
the mixture was stirred for 3 days at RT. The solvents were removed under reduced
pressure, the residual collected in 500µL 1/1 MeOH/CHCl3 (v/v) and the product
was obtained by precipitation in 10 mL cold Et2O. Repeating this procedure twice
(adding approx. 25 mg 4,4´-dinonyl-2,2´-dipyridyl to the polymer solution before pre-
cipitation) the product was obtained as a colourless solid after freeze drying from
t-BuOH/H2O.

Yield: 7mg (65%)
Empirical formula, molar mass: C213H349N55O48S, M = 4480.45 g/mol
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1H-NMR (D2O, 500 MHz): δ = 7.69 (br, 1H, H8), 7.23 (br, 3H, H10,13), 4.90 (br, 3H,
H9), 3.84 (br, 2H, H12), 3.42-3.2 (br, 87H, H2,11), 2.98/2.85 (m, 3H, H1), 2.68-2.52 (br,
10H, H5,7), 2.25 (br, 37H, H3), 1.82 (br, 4H, H6), 0.96 ppm (br, 43H, H4).

HPLC: 10%B −→ 80%B(30 min), tr = 17.0min (new column)

7.8.2 Oxim Ligation

P(MeOx47
OximRGD5)PipBnDOTA, C2

The protected peptide c[ṘGḊfK(Boc-AOAc)] (8.4mg, 7.7µmol, 6 equiv) was dissolved
in a mixture of 190µL TFA, 14µL TIBS and 5µL H2O and stirred for 3 h at RT. The
mixture turned blue after 1 h. P37 (6.8 mg 1.27µmol, 1 equiv) was dissolved in 2 mL
of buffer (CertiPurr, pH 4) and the solution, together with 1.8 mL of ACN, was added
to the peptide solution. The mixture was allowed to react for 3 days and then lyophyl-
ized. The residual was collected with 0.8 mL H2O and 0.3 mL ACN and purified by
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gel filtration. After two additional filtration and fractionations steps using sephadex
G25 the product was obtained as a colorless solid.

Yield: 6.2 mg (56 %)
Empirical formula, molar mass: C397H639N109O105S, 8651.05 g/mol
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1H-NMR (DMSO-d6, 250 MHz): δ = 8.3 - 7.2 (m/br, 60H, H1,2), 4.7 - 4.3 (br, 30H,
H3), 3.36 (br, 310H, H4) and 2.0 ppm (br, 97H, H5).

HPLC: 10%B −→ 100%B(30min), tr = 10.5min

P(MeOx50
OximRGD8)Pid, C3

P39 (0.82mg, 0.1µmol, 1 equiv) and 1.0 mg c(RGDyK(AOAc)) were dissolved in
600µL of phosphate buffer (100 mm, pH 2.5). After 3 h at RT, an aliquot was taken
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for HPLC analysis. After additional 2 h at RT, the solution was fractionated by gel
filtration (3 g)). The product was obtained as a colorless solid after lyophylization.

Yield: 2mg (quantitative)
Empirical formula, molar mass: C494H787N139O130, 10753.39 g/mol
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HPLC: 10%B −→ 100%B(30min), tr = 10.8min.

P(MeOx20
OximMTII2)Pid, C4

P(MeOx20OBOx2)Pid (4.9 mg, 2.4µmol, 1 equiv) was dissolved in 1.2 mL buffer (Certi-
Purr, pH 4) and 6mg of AOAc0-MTII (5.7µmol, 2.4 equiv) were added. The mixture
was stirred over night and subsequently fractionated by gel filtration. After lyophyl-
ization the product was obtained as a colorless solid.

Yield: 5mg (50 %)
Empirical formula, molar mass: C200H311N55O42, 4157.95 g/mol
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1H-NMR (H2O, 250 MHz): δ = 7.5 - 6.7 (br, 13H, H1), 4.9 (br, 4H, H2), 4.0 - 3.6
(br, 34H, Hα−CH), 3.45 (br, 103H, H3), 3.0 (br, 12H), 2.02 (br, H4), 1.7 - 0.7 ppm (br,
24H).

HPLC: 10%B −→ 100%B(30min), tr = 12.1min

P(MeOx35
OximMTII5)Pid, C5

P38 (4.6 mg, 1.2µmol, 1 equiv) and 7.7 mg AOAc0-MTII (7.3µmol, 6 equiv) were dis-
solved in 300µL of aqueous TFA (pH3). The mixture was allowed to stir over night.
After addition of 0.6mL H2O, the solution was filtrated over Sephadex G25 and the
product was obtained as a colorless solid after lyophylization.

Yield: 6.6 mg (61 %)
Empirical formula, molar mass: C431H653N121O90, 8969.55 g/mol
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1H-NMR (H2O, 250 MHz): δ = 7.5 - 6.7 (br, 76H, H1), 4.9 (br, 5H, H2), 4.4 - 4.1 (br,
34H, Hα−CH), 3.43 (br, 162H, H3), 3.2 - 2.2 (br, 84H), 2.00 (br, 105H, H4) and 1.7 -
0.7 ppm (br, 125H).

HPLC: 10%B −→ 100%B(30min), tr = 13.5min

P(MeOx50
OximMTII8)Pid, C6

P39 (3.9 mg, 0.71µmol, 1 equiv) and 7.6mg AOAc0-MTII (7.2µmol, 10 equiv) were
dissolved in 350µL of aqueous TFA (pH3). The mixture was allowed to stir over
night. After addition of 0.6 mL H2O, the solution was purified by gel filtration and
the product was obtained as a colorless solid after lyophylization.

Yield: 7.7 mg (79 %)
Empirical formula, molar mass: C662H995N187O138, 13781.15 g/mol
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1H-NMR (H2O, 250MHz): δ = 7.5 - 6.7 (br, 102H, H1), 4.9 (br, 22H, H2), 4.6 - 3.6
(br, 231H, Hα−CH), 3.43 (br, 276H, H3), 3.2 - 2.2 (br, 142H), 2.00 (br, 150H, H4) and
1.7 - 0.7 ppm (br, 182H).

HPLC: 10%B −→ 100%B(30min), tr = 14.4min

7.8.3 Native Ligation

P(EtOx20
NCLCREKA2)PipBnDOTA, C7

Under argonP36 (15 mg, 4.5 µmol, 1 equiv) and 6.2 mg CREKA (10 µmol, 2.2 equiv)
were dissolved in 250µL degassed carbonate buffer (pH7.2), the vial was sealed and
the mixture was stirred over night. After gel filtration the product was obtained as a
colorless solid.

Yield: 15.4mg (%)
Empirical formula, molar mass: C195H335N53O48S3, 4286.27 g/mol
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1H-NMR (H2O, 250 MHz): δ = 7.75 (br, 1.1H, H8,trans), 7.65 (br, 0.8H, H8,cis),
7.18/7.11 (br, 1H, H10), 5.19 (br, 1.6H, H9,trans), 4.88 (br, 2.5H, H9,cis), 4.3 - 3.6
(br, 24H, Hα−CH,12), 3.40 (br, 92H, H2,11), 3.07 (br, 9H, H1), 2.89 (br, 8H, H1), 2.65
(br, 9H, H7), 2.24 (br, 47H, H3), 1.8 - 1.2 (br, 15H, Haliph.−H,6) and 0.94 ppm (br, 60H,
H4).

HPLC: 10%B −→ 100%B(30min), tr = 11.5min
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7.9 68Ga labeling of P(MeOx45
OximRGD5)PipDOTA

The work described in this section was performed at the radiopharmaceutical labora-
tory of Prof. Dr. H.-J. Wester at the Nuklearmedizinische Klinik und Poliklinik of
the Klinikum rechts der Isar, TU München.
For radiometallation with 68GaCl3, the 68Ge/68Ga generator was eluted with 0.1 n

HCl. Typically an activity of 1 Ci/L was obtained. Varying amounts of C2 were
dissolved in water and the buffer (2.5 m HEPES or 2.44 m sodium acetate) and ap-
propriate amounts of 0.1 n HCl were added to obtain the desired pH value. Since the
radiometallation of the polymer-peptide conjugates could not be followed by TLC, the
degree of radiochelation was followed by HPLC.

# Conjugate [mg] Buffer [µL] 68GaCl3 [µCi] T [°C] time [min] RCY [%]

1 60 140 HEPES 245 65 15 0
2 120 140 HEPES 484 65 20 30
3 200 140 HEPES 230 95 25 50
4 60 140 HEPES 440 85 40 70
5 60 40 Acetate 9500 95 20 22a

6 60 40 Acetate 1150 95 20 15a

a after purification

After purification by chromatography over a Sep-Pak C18 cartridge, typically a radio-
chemical purity of > 95% was obtained. The radiometallation for the in vivo experi-
ments is shown as entry 6.
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7.10 Preparation of hydrogels

7.10.1 Azine Hydrogels

Preparation of hydrogels from aldehyde bearing polymers, H1 - H10

N N
O

N
On m

ran

N

Preliminary tests with 20 % and 30 % (w/w) weight solutions P38 in water to form
hydrogels cross-linked by hydrazine-hydrate (0.5 equiv per aldehyde) were successfull
as the mixture rapidly solidified upon hydrazine addition. It was projected to evalu-
ate swelling in deionized water. This was not possible since the hydrogels completely
dissolved over night.
Hydrogels from 10 % (w/w) solutions:
P39 (15.5mg, 2.8µmol) were dissolved in 160 mg H2O and the polymer was cross-
linked by addition of 0.5 mg hydrazine hydrate. The formed hydrogel was allowed to
swell in pH4 buffer (twice exchanged). The obtained hydrogel H1 (187.5 mg) was
dried and weighed (13.3mg, yield: 85.8 %, SW D = 13.1). The hydrogel was again
allowed to swell (pH 4) and 105 mg of hydrogel were recovered.
Hydrogels from 20 % (w/w) solutions:
Hydrogels from 20 wt% solutions of P39 were prepared in different buffers as fol-
lows:
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Table 7.1: Poly(2-oxazoline) azine hydrogels prepared from 20 % (w/w) polymer so-
lutions

mP39 Solvent Yielda Yield SW Dc

Entry [mg] [mg] dry [mg]b

H2 23.7 pH4 108 20.7 4.2
second cycle H2O 38 8.2 3.6
third cycle H2O 36.1 8.3 3.3
H3 29.5 pH6 140 26.8 4.2
second cycle H2O 61 13.2 3.6
third cycle H2O 53 11.8 3.5
H4 20 pH8 87 23.4 2.7
second cycle H2O 138 11 11.5d

third cycle H2O 45.5 10.2 3.5
a amount in obtained swollen gel
b after drying of swollen gel
c m(swollen)-m(dry)

m(dry)
d this value presumably represents an outlier

Hydrogels from 30 % (w/w) solutions:
P38 (Entries H5, H10, 11, Table 7.1) was dissolved in 100µL of the respective sol-
vent and 1.6mg hydrazine hydrate in 14.4 mg solvent was added and the mixture was
vortexed very shortly (approx. 2 s).
P39 (Entries H6 -H9, Table 7.1) was dissolved in 75µL H2O and 32mg of the re-
spective phosphate buffer were added. After addition of 1.7µL hydrazine-hydrate in
8.3µL H2O the mixtures were vortexed approx. 2 s.
All but the reaction in methanol became immediately solid.

Direct gelation of dioxolane polymers, H11

P(MeOx50DPOx8)Pid was dissolved in 150µL of the respective solvent and 1.4mg
hydrazine hydrate in 3.6µL of water were mixed in a syringe and injected into the
mould. Only with 2m HCl gelation occurred, however, in this case so rapidly that
only approx. 75 % of the reaction mixture could actually be injected into the mould.
The gel was removed and allowed to swell in 2m HCl for 3 h and weighed (Table 7.3).
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Table 7.2: Poly(2-oxazoline) azine hydrogels prepared from 30 % (w/w) polymer so-
lutions

mPolymer Solvent Yielda Yield dry SW De

Entry [mg] [mg] [mg]b

H5 50 pH4 159 30.6 4.2
H6 50 pH5 131.3 39.4 2.3
H7 50 pH6 86 24.6 2.5
H8 50 pH7 87.2 27.2 2.2
H9 50 pH8 76.1 32.4 1.4
H10 50 pH9 —c — —
11 50 methanol —d — —
a amount in obtained swollen gel
b after drying of swollen gel
c originally formed hydrogel was
not stable in buffer, but dissolved overnight
d no hydrogel formation was observed
e m(swollen)-m(dry)

m(dry)

Table 7.3: Attempts to prepare hydrogels from P(MeOx50DPOx8)Pid and hydrazine
hydrate as cross-linker

mPolymer Solvent Yielda Yield
Entry [mg] [mg] swollen [mg]b

1 40.7 buffer pH4.0 0 n.a.
2 40.3 buffer pH2.5 0 n.a.
3 40.2 0.1n HCl 0 n.a.
H11 40.3 2m HCl 150 187
a amount in obtained solid after gelation
b in the solvent of preparation
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After drying and weighing the procedure was repeated with other solvents (Table 7.4).

Table 7.4: Swelling of H11 in various aqueous solutions.

Solvent m (swollen) m (dry) SW Da

[mg] [mg]
2m HCl 187 29.7 5.3
0.1 n HCl 129 13.2 8.8
pH4.0 buffer 83.4 18.8 3.4
pH6.0 buffer 83.7 17.6 3.7
deionized H2O 93.6 16.2 4.7
a m(swollen)-m(dry)

m(dry)

7.10.2 Imine Hydrogel, H12/H13

P(MeOx35OBOx5)Pid (29 mg, 7.7µmol, 38µmol aldehyde groups) was dissolved in
120 mg buffer (pH4 or pH9) and combined with a solution of 44 mg MeOxP(EtOx51-
AEOx4)Pip (9µmol, 40µmol primary amine groups) in 177 mg H2O. The mixtures
were dried at 50 °C. Subsequently, the respective buffers were added and the hydrogel
was allowed to swell.
The pH4 gel H12 yielded 166mg and after drying 24.0 mg were collected (SW D 5.9).
For the pH9 gel 194 mg were obtained (dry: 23.8mg, SD 7.2).

7.10.3 Urethane Hydrogel, H14

1,6-Hexanediisocyanate (14µL/15mg, 87µmol, 9 equiv) were dissolved in 400µL ACN.
To this solution, 22 mg P(MeOx20AEOx5)Pid (9.3µmol, 1 equiv) were added and the
mixture was vortexed upon which a white polymer pellet was formed. After 20 min,
1 mL H2O were added. After 21 days, the water was removed and the hydrogel (H14)
weighed (125 mg). After thorough drying at 50 °C and at reduced pressure, 17.2 mg
of dry polymer were obtained. Again the polymer was added to water and 105.5mg
hydrogel were obtained. Subsequent drying yielded 18.4 mg (SW D = 4.7).
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7.10.4 Disulfide brigded hydrogel, H15

P27 (20 mg, 3.7µmol, 1 equiv) was dissolved in pH7 buffer. After addition of 2.2mg
cystein (18µmol, 4.8 equiv) to the solution was dried in air at 50 °C. Subsequent addi-
tion of 1.5mL of water led swelling of the product and 83.8 mg of hydrogel H15 were
obtained. The gel was dried and weighed (4.8 mg, yield: 22%, SW D 16.5). In another
cycle of swelling and drying SW D = 15.1 was obtained. Deionized water was added
(rapid swelling) before 4.6 mg 1,4-dithio-dl-threitol were added. After 3 h no hydrogel
could be observed anymore.
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Glossary

Medical terms are generally taken from the 260th edition of the Pschyrembelr (Pub-
lisher: de Gruyter, Berlin, New York) or from other encyclopedias such as Römpp and
Wikipedia.

agonist a molecule which binds to a receptor and is able to trigger a response/action,
thus mimicking the the natural ligand(s) of this receptor

affinity binding strength between two molecules (or particles), in this context typically
between a receptor and its ligand where only one mutual binding site is present
(in contrast to avidity).

antagonist a molecule that inhibits the function of a receptor, by binding (without
triggering response) or blocking the ligand binding site

antigen antibody generating substances; i.e. a substance that can induce an immune
response

aptamers are short (40 - 70 bases) single-stranded DNA or RNA sequences which
bind specifically to molecular targets through their 3D structure and electrostatic
interaction and hydrogen bonds. Their affinity ranges from pico- to nanomolar.

auger-electrons when an electron is removed from a core level of an atom (e.g. by
ionisation or electron capture), leaving a vacancy, an electron from a higher en-
ergy level may fall into the vacancy, resulting in a release of energy. Although
sometimes this energy is released in the form of an emitted photon, the en-
ergy can also be transferred to another electron, which is then ejected from the
atom[431]

avidity binding strength between particles with multiple binding motifs, in contrast
to affinity

basementmembrane structure that separates the endothelium from other tissue.

I
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B-cell are an important part of the humoral immune respone. These lymphocytes are
responsible for the production of antibodies against soluble antigens.

bystander effect when cells are killed because they are in close proximity to the
actual target, rather than being the actual target[13].

cancer general term for maligne neoplasia. More specific terms for various cancer
types typically refer to the origin of the corresponding cells, such as carcinoma
(epithelial cells), sarkoma (cells derived from the mesoderm)

cyclotron a device used to produce high-energy particles including electrons, protons,
alpha particles, and heavy ions. It consists of two hollow D-shaped sections
(known as dees) assembled with a space between them to form a circle. A
magnetic field is used to deflect the particles into a circular path inside the
circle. The particles are accelerated by alternating the voltage between the two
dees. The alternating voltage gives the particles a boost of energy as they pass
between the dees.[432]

endocytosis is the uptake of substances (solutes or solids) into the cell by engulfment
of the substance with the cell membrane.

endothelium term for the cell layer that coats (thus defines) the inner surface of
the circulatory system (both blood and lymphatic vessels), a specialized form of
epithelium

epithelium term for the cell layer that coats all outer and inner surfaces of an organ-
ism.

extracellular matrix (ECM) term for any part of a tissue that is not part of any cell.
The ECM is the defining feature of connective tissue.

fibronectin high-molecular weight glycoprotein and component of the extracellular
matrix and various extracellular fluids (e.g. blood, spinal fluid)

gastroenteropancreatic related to the organs of the digestive system (stomach =
gastro, intestines = entero and pancreas)

Gleevec trade name in the US (Glivec in europe) for imatinib (4-[(4-methylpiperazin-
1-yl)methyl]-N -[4-methyl-3- [(4-pyridin-3-ylpyrimidin-2-yl)amino]-phenyl]-benz-
amide), a potent inhibitor for tyrosine kinase enzyme for the treatment of e.g.
chronic myelogenous leukemia
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glomerulus a capillary inversion into the bowman capsule in the kidneys. In the
glomerular capillaries the blood is filtrated to produce the primary urine.

G-protein guanine nucleotide binding proteins, short G-proteins are a family of pro-
teins which is very important for the regulation of cell processes and signal
transduction. Usually G-protein refers to membrane receptor associated pro-
teins which become active upon ligand binding of the respective receptor.

hepatobiliary concerning the liver and bile, e.g. hepatobiliary excretion: excretion
via the liver and the bile

Herceptin trade name of trastuzumab, a humanized monoclonal antibody. It acts on
a receptor named HER2/neu and is used for the therapy of tumors overexpressing
this receptor (e.g. breast cancers).

immune response a part of the immune response involves cytosolic and extracellular
peptides which are degraded by the proteasome or in lysosomes respectively.
Fragments of 8 - 10 or 15 - 24 amino acids length are bound the MHC class I
or MHC class II molecules, respectively, and the complex is presented on the
cell surfaces. Recognition of these fragments in combination with the MHC
molecules by T-cells triggers the cellular immune response.

linear energy transfer (LET) the linear energy transfer describes the amount of en-
ergy that is dissipated by radiation per way (∆E/s∆ [LET] = keV/µm). The
LET depends on the type of radiation and its energy. The higher the LET, the
higher the biological impact.

lipid raft cholesterol and sphingolipid rich microdomains in cell membranes. Consid-
ered to be modulating a number of signaling pathways by protein sorting and
assemblance of signaling complexes[433].

Malpighian corpuscle consists of the glomerulus and the surrounding Bowman cap-
sule. In M. c. formation of the primary urine takes place.

Mylotarg trade name of gemtuzumab ozogamicin, a monoclonal anti-CD33 antibody
carrying calicheamicin, a cytostatic. Used to treat acute myelogenous leukemia.

neoplasia neoplasia (greek: new growth) is abnormal, disorganized growth in a tissue
or organ, usually forming a distinct mass. Such a growth is called a neoplasm,
also generally referred to as a tumor. The terms neoplasia and cancer are often
incorrectly used interchangeably. Neoplasia refers to both benign and malignant
growths, while ´cancer´ refers specifically to malignant[434].
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nephrotoxicity toxic for the kidneys

neuroendocrine originating from endocrine cells, which are characterized by the pres-
ence of secretory granules as well as the ability to produce biogenic amines and
polypeptide hormones.[435]

phage-display is a technique in which a library of phages displaying different proteins
are injected into a organism (e.g. mice). Some of these proteins will interact
with a target organ (e.g. tumor). The organ is resected and the phages are
collected. After several repetitions, this allows the isolation of phages (thus,
peptides), that bind highly specific to this organ.

pharmacokinetics the fate of substances and its metabolites brought into an or-
ganism, its distribution within the blood stream and the body tissues and its
excretion or accumulation within the body.

positron emission tomography (PET) is a imaging method in nuclear medicine. A
β+-emitting isotope is incorporated into a metabolically/pharmacologically ac-
tive molecule. Upon administration (typically intravenously) the molecule dis-
tributes and concentrates in areas/tissues/organs of interest. As the β+-particle
is emitted, it combines very rapidly in the vicinity of its origin, with an electron
of the surrounding matter. As a result, two annihilation (γ) photons are emitted
at almost 180° from another. Detectors around the patient detect the photon
pair and their origin can be calculated from the time difference in the impact.
As a result, a three dimensional image of the radionuclide distribution within the
body can be obtained. The most common PET-tracer is 18F-fluorodeoxyglucose
(FDG) which accumulates e.g. in tumor cells and can be therefore used for
diagnosis and staging of cancer and localization of metastasis.

prodrug a drug which becomes only active upon a external stimulus, typically cleavage
of a chemical bond to release the active form of the drug

renal concerning the kidneys

reticuloendothelial system (RES) is part of the immune system and consists of
phagocytic cells. These are closely related with the lymphatic system. Spleen
and liver are major organs which contribute to the RES.

SMANCS conjugate of neocarcinostatin (NCS) and copolymer containing styrene,
maleic acid as well as n-butylester and anhydride thereof (SMA)

single photon emission computed tomography (SPECT) imaging technique in nu-
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clear medicine using γ-emitter. SPECT gives three dimensional images in con-
trast to planar γ-cameras

transcription factors proteins involved in recognition by RNA polymerases of specific
regulatory sequences in eukaryotic genes, i.e. protein mediating the binding of
RNA polymerase to DNA, thus initiating transcription (reading) of the DNA.

tumor abnormal swelling of tissue which can be due to acute or chronical inflamma-
tion, edema, aneurysm or neoplasia.

Zevalin trade name of ibritumomab tiuxetan, an anti-CD20 monoclonal antibody
coupled to the chelator p-SCN-Bn-DTPA (carrying 111In for imaging and 90Y
for therapy).
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