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Abstract

In vivo tracking is crucial for the pre-clinical evaluation of drug delivery systems (DDSs), in order to
understand structure-property relationships of the DDSs and their resulting pharmacokinetic profile.
Among nuclear medical imaging tools, positron emission tomography (PET) is a powerful and
noninvasive technique, allowing for gquantification and providing an excellent spatial and temporal
resolution. Because of these advantages, PET bears great potential in the evaluation of DDSs. In the
herein presented work, different nanodimensional DDSs were evaluated via positron emission
tomography and/or biodistribution studies in mice and rats. By the utilization of the radionuclides *8F,

131 and ®Cu, various research questions could be answered.

First, random (ran) copolymers consisting of N-(2-hydroxypropyl)methacrylamide (HMPA) and lauryl
methacrylate (LMA), which had shown favorable short-term in vivo characteristics in former studies,
were radiolabeled with 31|, The longer-lived radioisotope 3| enabled tracking of their pharmacokinetics
intumor-bearing rats over three days. Despite a polymer clearance from the blood within this time span,
there was an increase in tumor uptake observable over time, which strongly emphasizes the enhanced
permeability and retention (EPR) effect. Regarding the stability of the *!I-label, ex vivo biodistribution

experiments, considering the uptake in the thyroid, indicated low metabolism rates.

Another part of this work focused on the in vivo evaluation of stealth liposomes. These spherical vesicles
exhibit an excellent biocompatibility as well as a low toxicity since phospholipids as their main
components are also the building blocks of cellular membranes. A polymer shell prevents them from
being detected by the mononuclear phagocyte system (MPS). For this purpose, one needs to ensure a
stable anchorage into the lipid bilayer, ideally paired with multifunctionality, which enables the linkage
of different modalities (e.g. radiolabel and targeting vector). Thus, different multifunctional
hyperbranched polyglycerols (hbPG) with a dialkyl anchor and their respective liposomal formulations
were investigated in PET and biodistribution studies in mice, with respect to liposome stability. To
compare hbPG and the gold standard PEG regarding their shielding properties, also a PEG lipid was
examined. The polyether lipids were rapidly cleared via the renal system, whereas the corresponding
liposomes circulated in the blood stream over the period of investigation. Overall, liposomes shielded
by the hbPG lipids exhibited a favorable biodistribution, rendering them promising novel nanovesicles

for drug transport and targeting.

Radiolabeling of the polyether lipids was carried out prior to the liposome formation via copper-
catalyzed alkyne-azide cycloaddition (CuAAC) using 1-azido-2-(2-(2-[*®F]fluoroethoxy)ethoxy)ethane

([*®F]F-TEG-Ns). This approach ensured the separation of cytotoxic copper, but entailed a time-



consuming radiosynthesis on the other hand. Thus, a direct radiolabeling of preformed liposomes was
tested. Herein, a main emphasis lay on the quantification of the retained amount of copper upon
purification. For this purpose, **Cu, produced at the TRIGA Mark Il research reactor Mainz, was utilized
as catalyst for the CUAAC between liposomes and non-radioactive F-TEG-Ns. In this way, the final copper
content of the liposomes could straightforwardly be quantified by gamma spectrometry, revealing that
only 0.018 % of the added radioactivity was still associated with the liposome after purification. The

ration of retained copper is so low, that an in vivo application of the liposomes is absolutely reasonable.

In the last part of this work, hbPG-shielded liposomes, bearing multiple carbohydratic trimannose
molecules on their surface, were investigated, regarding their potential to address dendritic cells (DCs)
in vivo. DCs are professional antigen-presenting cells, which initialize all antigen-specific immune
responses. Thus, they are a compelling target in cancer immunotherapy. The in vivo fate of the
trimannosylated liposomes was evaluated via in vivo PET and ex vivo biodistribution studies in mice and
the results were compared to similar liposomes bearing no trimannose on their surface. Here, the
multifunctionality of hbPG was beneficial, as the 8F-label for tracking and the trimannose-label for DC-
targeting could be implemented on the same molecule. It was found that the mannosylated liposomes
highly accumulated in liver, spleen and bone marrow, compared to their non-mannosylated
counterparts. These findings suggest, that the mannosylated liposomes were recognized by DCs,
expressed in the mentioned organs. However, it cannot be excluded that other antigen-presenting cells,
besides DCs, have also be targeted. Future cell studies on murine splenicimmune cells have to elucidate
which cell types are addressed in particular and to which extent. For this purpose, Oregon Green 488-

labeled polyether lipids and respective liposomal formulations have already been synthesized.



Zusammenfassung

Fir die Entwicklung von Wirkstofftransportsystemen ist eine praklinische in vivo Evaluierung
unerldsslich, um Informationen Uber deren Struktur-Wirkungsbeziehungen und die daraus
resultierende Pharmakokinetik zu erhalten. Die Positronen-Emissions-Tomographie (PET) ist ein
leistungsfahiges und nichtinvasives bildgebendes Verfahren, das die Moglichkeit der Quantifizierung
und eine ausgezeichnete rdumliche und zeitliche Auflosung bietet. Aufgrund dieser Vorteile birgt die
PET flr die Evaluierung von Wirkstofftransportsystemen ein groRes Potential. In der hier vorgestellten
Arbeit wurden verschiedene nanodimensionale Wirkstofftransportsysteme mittels Positronen-
Emissions-Tomographie und/oder Biodistributionsstudien an Mausen und Ratten evaluiert. Durch den

Einsatz der Radionuklide *8F, 31| und %Cu konnten verschiedene Fragestellungen beantwortet werden.

Zunachst wurden statistische Copolymere aus N-(2-Hydroxypropyl)methacrylamid (HMPA) und
Laurylmethacrylat (LMA), die in friheren Studien Uber einen kurzen Zeitraum gute in vivo-Eigenschaften
gezeigt hatten, mit ! radioaktiv markiert. Das lingerlebige Radioisotop !l erméglichte die
Untersuchung ihrer Pharmakokinetik in tumortragenden Ratten Uber drei Tage. Trotz einer
vollstandigen Clearance des Poylmers aus dem Blut innerhalb dieser Zeitspanne war eine Zunahme der
Tumoraufnahme zu beobachten, was sich mit dem sogenannten EPR-Effekt (engl. enhanced
permeability and retention) erklaren lasst. Untersuchungen zur Stabilitdt des *!I-Labels, mittels
Quantifizierung der Anreicherung der applizierten Radioaktivitdt in der Schilddrise, zeigten niedrige

Metabolisierungsraten.

Ein weiterer Teil dieser Arbeit konzentrierte sich auf die in vivo-Evaluierung von Stealth-Liposomen.
Diese kugelférmigen Vesikel weisen eine ausgezeichnete Biokompatibilitdt sowie eine geringe Toxizitat
auf, da Phospholipide, als deren Hauptbestandteile, auch als Bausteine fir Zellmembranen fungieren.
Eine Polymerhille um das Stealth-Liposom verhindert dessen Erkennung durch das mononukledre
Phagozytensystem (MPS). Dazu muss eine stabile Verankerung der Polymere in der Lipid-Doppelschicht
der Liposomen gewadhrleistet sein, idealerweise gepaart mit einer Multifunktionalitat der Polymere,
welche die Anbindung verschiedener Modalitdten (z.B. Radiolabel und Targeting-Vektor) ermoglicht.
Daher wurden unterschiedliche multifunktionale hyperverzweigte Polyglycerine (hbPG) mit einem
Dialkylanker und ihre jeweiligen liposomalen Formulierungen in PET- und Biodistributionsstudien an
Mausen untersucht. Dies geschah mit Fokus auf die in vivo-Stabilitat der Liposomen. Um hbPG und den
Goldstandard zur Abschirmung von Liposomen, PEG, hinsichtlich ihrer Eigenschaften zu vergleichen,
wurde auch ein PEG-Lipid untersucht. Die reinen Polyetherlipide unterlagen einer schnellen renalen
Ausscheidung. lhre entsprechenden liposomalen Formulierungen dagegen zirkulierten Uber den

Untersuchungszeitraum in der Blutbahn. Insgesamt zeigten Liposomen, die durch die neuartigen hbPG-



Lipide abgeschirmt waren, eine glinstige Biodistribution, so dass sie vielversprechende Kandidaten fur

Medikamententransport und aktives Targeting darstellen.

Die Radiomarkierung der Polyetherlipide mit 1-Azido-2-(2-(2-[*8F]fluorethoxy)ethoxy)ethan ([*8F]F-TEG-
Ns) erfolgte, vor der Liposomenbildung, ber eine kupferkatalysierte Alkin-Azid-Cycloaddition (CUAAC).
Dieser Ansatz stellte die Abtrennung von zytotoxischem Kupfer sicher, erforderte aber auf der anderen
Seite eine zeitaufwdndige Radiosynthese. Daher wurde eine direkte Radiomarkierung von vorgeformten
Liposomen getestet. Dabei lag der Schwerpunkt auf der Quantifizierung der nach der Reinigung der
Liposomen noch vorhandenen Kupfermenge. Dazu wurde ®*Cu, hergestellt am TRIGA Mark Il
Forschungsreaktor Mainz, als Katalysator flr die CUAAC zwischen Liposomen und nicht-radioaktivem F-
TEG-N; eingesetzt. Auf diese Weise lie sich der finale Kupfergehalt der Liposomen mittels
Gammaspektrometrie quantifizieren. Es zeigte sich, dass nach der Reinigung nur noch 0,018 % der
zugefihrten ®*Cu-Radioaktivitdt mit den Liposomen assoziiert waren. Der Anteil an zurlickgehaltenem

Kupfer ist demnach so gering, dass eine in vivo-Applikation der Liposomen absolut vertretbar ist.

Im letzten Teil dieser Arbeit wurden hbPG-abgeschirmte Liposomen, die mehrere Molekiile des
Kohlenhydrats Trimannose auf ihrer Oberflache trugen, hinsichtlich ihres Potenzials, dendritische Zellen
(DCs) in vivo zu targetieren, untersucht. DCs sind professionelle antigenprasentierende Zellen, welche
alle antigenspezifischen Immunantworten initialisieren. Damit sind sie ein vielversprechender
Ansatzpunkt fir eine aktive Krebsimmuntherapie. Die Pharmakokinetik der trimannosylierten
Liposomen wurde mittels in vivo PET und ex vivo Biodistributionsstudien an Mausen untersucht und die
Ergebnisse mit Liposomen verglichen, die keine Trimannose auf ihrer Oberflache trugen, sich aber
ansonsten nicht unterschieden. Hier war die Multifunktionalitdt von hbPG von Vorteil, da das *®F-Label,
fur Imaging-Zwecke, und das Trimannose-Label, fir die Targetierung von DCs, an ein und das selbe
Molekil angebunden werden konnten. Es zeigte sich, dass sich die mannosylierten Liposomen, im
Vergleich zu ihren nicht mannosylierten Pendants, stark in Leber, Milz und Knochenmark akkumulierten.
Diese Ergebnisse deuten darauf hin, dass die mannosylierten Liposomen von DCs, die in den genannten
Organen exprimiert werden, erkannt wurden. Es kann jedoch nicht ausgeschlossen werden, dass neben
DCs auch andere antigenprdsentierende Zellen targetiert wurden. Zuklnftige Zellstudien an murinen
Milz-Immunzellen missen daher klaren, welche Zelltypen adressiert werden und in welchem Ausmal.
Zu diesem Zweck wurden bereits Oregon Green 488-markierte Polyetherlipide und entsprechende

liposomale Formulierungen synthetisiert.



Graphical Abstract

HPMA-ran-LMA copolymers — short and long term in vivo fate (see chapter 3.1).
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Linear and hyperbranched polyether lipids for liposome shielding: synthesis, characterization, liposome

preparation and in vivo studies (see chapter 3.2).
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CuAAC on liposomes: Quantification of retained copper using %*Cu-spiked Cu(l) (see chapter 3.3).




Targeting of immune cells with trimannosylated liposomes (see chapter 3.4).
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Introduction

1 Introduction

15 years after the discovery of radioactivity by Henri Becquerel (1896), Ernest Rutherford asked George
de Hevesy in 1911 to isolate radium D from a sample of lead chloride. De Hevesy failed, but took
advantage of the inseparability by mixing lead with radium D of known radioactivity. In this way, he was
able to trace the path of the lead during chemical reactions.! The radiotracer method was born. Besides,
de Hevesy recognized the opportunity to trace metabolic processes in vivo using this method. In 1923
he studied the absorption and the transportation of lead in plants.? He used very small amounts of the
radioactive substance in order to not cause a pharmacological interaction. In 1943 de Hevesy received
the Nobel Prize in Chemistry “for his work on the use of isotopes as tracers in the study of chemical
processes”. The radiotracer method, discovered by de Hevesy, provides the basis for the modern nuclear

medicine.?

1.1 PET

Another breakthrough enroute to modern nuclear medicine was the development of the positron
emission tomography (PET) by Ter-Pogossian, Phelps und Hoffman.* PET is a non-invasive, functional
imaging technique, by which it is possible to trace biochemical and metabolic processes in vivo.®> Both,
a qualitative and a quantitative analysis of the acquired data is possible.® To perform a PET scan, it is
necessary to apply a radioisotope or a radioactively labeled pharmaceutical, which, according to the
respective question, either binds to a specific target or passively traverses or accumulates at the target
side. PET-radiopharmaceuticals utilize a positron-emitting radionuclide, whose proton-rich nucleus
stabilizes via a B*-conversion. In this process, a proton is transformed into a neutron, whereas a positron

and an electron neutrino are emitted. Formula 1 shows the general equation of a f*-conversion.

Xy = 7-4Xne1 + et + Qv + AE (1)

The energy, released during the conversion, is distributed randomly between positron and electron
neutrino. The emitted positrons therefore have energies between 0 and a maximum B*-energy (Eg+max),
which differs for different positron-emitting radionuclides. Once emitted, the positron travels through
the surrounding medium and continuously loses energy via elastic and inelastic collisions. After it has
lost almost all its kinetic energy, it annihilates with a nearby electron under the emission of their rest
energy of 1022 keV (corresponds to 2 x 511 keV = rest energy of the electron + rest energy of the
positron) (see Figure 1) in the form of y-radiation.” The distance traveled by the positron depends on its
kinetic energy. The higher this energy the larger is the distance between the place of origin and the

place of annihilation of the positron.



Introduction
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Figure 1. Schematic figure of a B*-conversion and subsequent annihilation of a para-positronium (not true to scale).

There are several possibilities for the annihilation to occur which have been described in detail by Ache.®
In the following, two of these possibilities will be highlighted. One possibility is a direct annihilation of a
“free” positron with an electron. This can happen for both “in flight” positrons as well as for thermalized
ones. Here, the spins of positron and electron can be parallel or antiparallel at the time of annihilation.
An antiparallel orientation results in the release of two photons with 511 keV each at an angle of
approximately 180°. With parallel alignment of the spins, an odd number of photons (usually three) is
emitted. Angular and energy distribution between the photons is more complex than for the two-
photon-annihilation. The ratio of the cross sections o of parallel to antiparallel orientation of the spins
upon the meeting of electron and positron is 1:372.8 A second possibility is the formation of a
positronium prior to the annihilation. A positronium can be considered as analogue of a hydrogen atom
in which the proton is replaced by a positron. Its formation takes place in a small energy range of the
positron of only a few eV, the so called Ore gap. The Ore gap is the energy range between the first
excited state (£*) of a substrate molecule and the difference between its ionization potential (V) and
the binding energy of the positronium which is 6.8 eV (see Formula2).® Above the ore range,
competitive processes such as ionization and electronical excitation of the substrate molecules
dominate the formation of a positronium. Below the Ore range, the positron does not have enough

energy to form a positronium with an electron of a substrate molecule.

Ao =E*—(V—-68¢eV) (2)

The positronium can exist in two possible configurations, which differ in the orientation of their spins.
The configuration with antiparallel spins, called para-positronium, forms with a probability of 25 %.
Annihilation occurs with the emission of two y-quants with 511 keV respectively at an angle of almost

180° (Figure 1). The mean lifetime t of a free para-positronium is 1.25:10° 5.2 In case the positronium
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exhibits parallel spins, the configuration is known as ortho-positronium and forms with a probability of
75 %. Annihilation leads to the emission of three y-quants with a summed energy of 1022 keV, but
neither with a defined angular nor energy distribution. t of free para-positronium is 1.4-107 5.2 Of these
two, only the annihilation of the para-positronium which forms in just 25 % of all cases can be used for
PET measurements. However, through interaction with a paramagnetic surrounding, a spin conversion
between the two states is possible. The much longer lifetime of the ortho-positronium results then in a
higher amount of para-positronium annihilations. However, spin conversion is only one mechanism that
decreases the rate of three-photon-annihilations and ultimately <1 % of the positrons annihilate into

three photons.®

The objective of PET is the detection of the point of origin of an annihilation. In order to do so, one
makes use of the coincidence and of the emission angle of approximately 180° of the two y-quants
derived from of a two-photon-annihilation. A PET scanner consists of multiple circularly arranged
scintillation detectors coupled to photomultipliers (Figure 2). To date, bismuth germanate (BGO) and
lutetium based scintillators like lutetium oxyorthosilicate (LSO) are the most common detector
materials.'® In case that opposing detectors recognize two y-quants in a timeframe of approximately
6-12 ns'! (depending on the detector material), the event is recorded in a data set as so called “Line of
Response” (LOR). A LOR is an imaginary line between the two detectors, on which the annihilation did
occur somewhere. Using a reconstruction algorithm, a computer can generate an activity profile by
superposing the LORs and accomplishing a variety of other corrections to e.g. eliminate random
coincidences. Common reconstruction algorithms are for example filtered back projection (FBP) and

ordered subsets expectation maximization (OSEM).*?

In order to quantify a PET measurement, it is necessary to conduct a transmission scan with an external
radiation source prior or after the emission scan. In this way it is possible to calculate the attenuation
of the photon radiation by the body.* More recent combined systems, like PET/computed
tomography'* (CT) scanners or PET/magnetic resonance tomography®® (MRT) scanners allow for a
calculation of the attenuation using the CT*® or MRTY data, which is relatively easy in case of PET/CT

but still challenging for PET/MRT.
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Figure 2. PET detection ring with indicated annihilation of a positronium (left) and single detector block from close up (right).

1.1.1 PET radionuclides

There are numerous radionuclides which are positron emitters. Not all of them are suitable as PET
radionuclides. Besides the essential property of B*-conversion, other nuclear aspects like half-life, f*-
conversion ratio and Eg+max are of major importance. Moreover, it is necessary to consider parameters
like specific activity (As) and availability of the radionuclides. Table 1 summarizes nuclear properties and

production routes of some frequently used positron emitters for PET.

Table 1. Nuclear properties and production routes of some important PET nuclides.18-23

Nuclide Half-life Eg+max [MeV]  B*-ratio [%] Exemplary production route
e 20.37 min 0.96 99.8 “N(p,a)**C

1By 9.967 min 1.20 99.8 150(p, ) 3N

150 2.041 min 1.74 99.9 1N(d,n)150

18¢ 109.7 min 0.63 96.9 180 (p,n)5F

4sc 3.97h 1.47 94.3 44Ti/**Sc generator

®4Cu 12.7 h 0.65 17.9 3Cu(p,n)®Cu

%8Ga 67.71 min 1.90 89.1 8Ge/%®Ga generator

82Rb 1.273 min 3.38 95.5 825r/82Rb generator

87r 78.41 h 0.90 22.3 8Y(p,n)®zr

The half-life significantly determines the radiation exposure of the patient, the window for in vivo
imaging and the duration of the radiosynthesis. Short-lived radionuclides like **N and O render it
impossible to perform a time-consuming radiosynthesis. Furthermore, they are unsuitable to be used
with a radiotracer which needs an extended amount of time to accumulate at the target side. That is
why they are predominantly used as perfusion tracers in the form of [**N]NH; and [*O]H,0.%

Advantageous is the low radiation exposure of the patient because of the short half-life of these positron



Introduction

emitters. However, radionuclides with longer half-lives, like ®Ga and F, enable sophisticated
radiosyntheses and feature even after a certain amount of time a sufficient activity for PET
measurements. Besides a longer half-life allows for an investigation of slower biochemical processes,

which causes a slower accumulation at the target side.

Since exclusively B*-conversions can be used for PET, a high ratio of B*-conversions is desirable.
Concomitant gamma radiation, e.g. emitted from an excited daughter nucleus derived from an electron
capture (EC), can interfere with the measurement, if it is detected within the coincidence energy
window of the scanner.?> Moreover, unusable concomitant radiation means a higher radiation burden

for the patient.

Only if the point of origin and the point of annihilation are close to each other, a good spatial resolution

can be achieved. As the travel distance correlates with Eg:max, this should be low.

Another important point is the availability of the radionuclide. Many PET nuclides are cyclotron-
produced, limiting their utilization to clinics and research centers with associated or nearby cyclotron,
especially when it comes to short-lived radionuclides like N, 0 or *C. A few PET nuclides can be
produced by a radionuclide generator in which a mother nuclide exhibits a longer half-life than its
daughter nuclide. The mother is immobilized on a stationary phase whereas the daughter, which
accumulates over time, can be separated and utilized as PET nuclide. A radionuclide generator enables
the independent production of PET nuclides at a comparatively cheap rate. The most important

generator system for PET is the ®Ge/%®Ga generator.

The specific activity of a radionuclide must be considered as well. It is defined as the activity divided by
the mass of the sum of all radioactive and stable isotopes of the element involved.?® The unit of the As
is Bg-mol? or Bg-kgt. When the A is low, the patient inevitably obtains a high amount of non-
radioactive but still pharmacologically active substance in order to reach a reasonable amount of
radioactivity for a PET scan. This is particularly an issue, when the tracers are toxic or highly potent.
Highest As can be reached under carrier free conditions (c.f.). Carrier free conditions relate to a
radioisotope, which is free of other radioactive or stable isotopes of the same element, so called carriers.
This can only be accomplished, when the radionuclide does not have any naturally-occurring isotopes.
During the production and further processing of nuclides with naturally-occurring isotopes, the sample
is inevitably contaminated with these isotopes, although they are not added on purpose. These
conditions are called no carrier added (n.c.a.). In an n.c.a. production or synthesis the As strongly
depends on the abundance of the naturally-occurring isotopes. For example, it is challenging to reach a

high As working with *C, since *C occurs ubiquitously. Under specific circumstances it can be necessary
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to add carriers on purpose, which is called carrier added (c.a.). A c.a. production (e.g. (n,y)-production

pathways) or a c.a. synthesis leads to a very low A..

1.2 Radiofluorination with F

From Table 1 it can be seen, that ®F prohibits excellent properties for a usage as PET nuclide. A
disadvantage is though, that fluorine in contrast to carbon, nitrogen and oxygen occurs rather rarely in
biomolecules. This means, that introducing F almost always causes a structural alteration of the
underlying biomolecule, which potentially affect its chemical properties, biological function, selectivity,
affinity and metabolism.?” As a result, every new ®F-labeled radiotracer needs to be evaluated

thoroughly.

In many cases, '8F can successfully introduced in a biomolecule by substituting either a hydrogen or a
hydroxyl group. A hydrogen-fluorine exchange is possible since the van der Waals radii of both elements
are comparable (rw(fluorine)=1.47 A; rw(hydrogen)=1.2 A), causing only slight structural alterations to
the molecule.?” However, hydrogen and fluorine strongly differ in their electronical properties, why an
exchange leads to a major shift in the polarity of the chemical bond. A hydroxyl-fluorine exchange is
feasible because of the similarity of their electronical properties. Besides, both can function as hydrogen
bond acceptors and the bond length of the hydroxyl-carbon bond (1.43 A) is comparable to the bond

length of the fluorine-carbon bond (1.39 A).?

Production of *8F

Historically produced at a nuclear reactor?®, nowadays ‘®F is produced at a cyclotron. Table 2 provides
an overview of important production routes of ¥F. Depending on the target, two different chemical
forms can be obtained. The usage of a water target ([*¥0]H,0 or [*0]H,0) leads to the formation of
[*F]Faq (n.c.a.). In order to produce [*F]F,, gas targets with for example °Ne filling are used. Here, ®F
radicals, formed during irradiation, firstly adsorb on the surface of the target. The release is then

effected by the addition of [**F]F, gas. This is why [*8F]F, comes c.a., resulting in a low A..

Table 2. Important production routes of 18F.2°

Nuclear reaction Target Chemical form of 8F
180(p’n)18|: [180“_'20 [18F]F—aq
160(*He, p)*F [1°0]H,0 [8FF 5
ONe(d,a)BF Ne (0.1-0.2 % F») [*8F]F,
B0(p,n)*8F [*80]0,, Kr (1 % F,) [*8F]F,
Methods for 8F-labeling

Biomolecules can be radiolabeled with 8F in three different ways: electrophilic fluorination, nucleophilic

fluorination or indirect fluorination using a synthon.
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In an electrophilic fluorination c.a. [*®F]F; is used. Therefore, the As of the fluorinated molecules is low
and it is necessary to use high concentrations in order to reach a sufficient signal. Though, the
electrophilic fluorination is limited to molecules which are non-toxic and do not affect the investigated
biochemical process even at a high concentration. Another disadvantage is the low selectivity of the
reaction caused by the high reactivity of the [*F]F, gas. To overcome this problem silyl or stannyl
compounds are used as precursors to introduce F in a defined position by demetallization. Aromatic
amino acids such as 6-L-[*®F]Fluordopa or 6-[*¥F]Fluorotyrosine are prominent examples for clinically

used radiotracers which are routinely produced via an electrophilic fluorination.*

Nucleophilic fluorination with [*F]F is the most common method to introduce ®F into molecules.®
Advantages over electrophilic fluorination are a better A, because [*®F]F,q can be produced n.c.a. and
the greater selectivity of the nucleophilic fluorination. Due to the manufacturing process, [*¥F]F comes
in water, where it exhibits a large hydrate shell. This makes it inactive for a nucleophilic substitution.
Therefore, it must be dried prior to the actual labeling reaction. For drying purposes, the [8F]F is fixed
on an anion exchange cartridge and then eluted with a suitable mixture of base and typically acetonitrile
(MeCN). If necessary, a phase transfer catalyst is added, too. Small amounts of remaining water are
removed by repeated azeotropic distillation with MeCN. For labeling purposes, the dry [*®F]F is
redissolved usually in a dipolar, aprotic solvent which can dissolve both non-polar and polar compounds.
The absence of acidic protons suppresses the formation of hydrofluoric acid. Common solvents are
MeCN, dimethyl sulfoxide (DMSO) and dimethylformamide (DMF).32 The added base should be non-
nucleophilic, but capable of trapping free protons which would otherwise lead to the formation of
hydrofluoric acid. Potassium carbonate is usually used as base. The addition of phase transfer catalyst
causes a complexation of the base cation (potassium if potassium carbonate is used). This "enlarges"
the cation, which makes it softer, according to the Pearson acid base concept (HSAB concept).
Consequently, the nucleophilia and solubility of [*¥F]F, which is small and hard according to the HSAB
concept, increases. 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix®222) is a
frequently used phase transfer catalyst in radiofluorination reactions.3® Instead of “enlarging” the
counter ion of [¥F]F by complexation, it is also possible to use large base cations like
tetrabutylammonium or caesium cations directly. Lastly, if the precursor has acidic protons they must
be protected prior to the labeling reaction and deprotected afterwards. When the fluorination reaction
is carried out on aromatic compounds, it follows an SyAr mechanism. The introduction of fluorine into
an alkyl chain is carried out according to an Sy2 mechanism, which is why a Walden inversion occurs
during the fluorination of chiral centers. In order to fluorinate alkyl chains, halogens (Br, 1) and sulfonic
acid esters (triflates, tosylates, mesylates) are used as nucleofugues, while nitro or trialkyl ammonium

groups are often substituted when fluorine is introduced in aromatic compounds.*
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In some cases, it is not possible to fluorinate a precursor molecule directly. For example, if base labile
or temperature sensitive precursors like proteins are used. In these instances, fluorination can be
performed with the help of a synthon, which usually is a small and easy to radiolabel molecule. For
radiofluorination it is labeled with [*F]F in a first step and linked to the precursor in a second step.
Through this two-step process, it is possible to circumvent the harsh reaction conditions (high
temperature, basic conditions) of a direct fluorination, as the ¥F-synthon can be attached to the
sensitive precursor molecule under mild conditions. Besides mild reaction conditions, the second
reaction should be fast and tolerate several functional groups. A prominent class of reactions that meets
all these criteria are click reactions. This term refers to a set of powerful, highly reliable and selective
reactions which allow for a rapid synthesis in high yields.3* One of them is the Cu(l)-catalyzed azide-
alkyne cycloaddition (CUAAC) whose scope was firstly recognized by Huisgen in 1961.% In this reaction,
a terminal azide is coupled to a terminal alkyne with the aid of a Cu(l) catalyst to form a 1,2,3-triazole.
A mechanism proposed by Worrell et al. in 2013 is shown in Figure 3.3¢ They assume that the reaction
starts with the formation of a m-complex between Cu(l) and the acetylide species. Subsequently a o-
bound copper acetylide is formed enabling the coordination of a second copper atom to the triple bond.
This compound then reversibly coordinates the azide species, followed by a nucleophilic attack of the
B-carbon of the acetylide at terminal nitrogen of the azide forming a covalent C-N bond. The ring closure

occurs after a second C-N bond is formed, resulting in a triazolide ring. Protonation then yields the 1,2,3-

triazole.
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Figure 3. Proposed mechanism for the CuAAC involving two Cu atoms.3¢

The outstanding advantages of the CUAAC are its great efficiency, its regiospecificity and its rapidity
even at ambient temperatures which is particularly useful if sensitive biomolecules are involved.?” It is
orthogonal with most organic functional groups and works with a great variety of both azide and alkyne
reactants. Furthermore, it tolerates many different solvents and a wide range of pH values.®® Besides

that, the resulting 1,2,3-triazole structure exhibits excellent biological properties since it mimics a
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peptide bond.> If an ¥F-containing terminal azide or alkyne is used as a prosthetic group, it can be
coupled to a biomolecule via a CUAAC in high yields and under mild reaction conditions.?”° This

approach has been published in 2006 by Marik and Sutcliffe for the first time.*°

The Cu(l) species can be added directly as Cu(l) salt, most commonly copper iodide, or it can be
generated in situ by comproportionation of Cu(0) and Cu(ll) or by reduction of a Cu (II) salt.®® Here Cu(ll)
sulfate together with sodium ascorbate as reducing agent is a widely used system.®” Problematic with
the usage of copper is its cytotoxicity.** This requires a complete removal of the copper prior to an
application. An alternative is the strain-promoted alkyne-azide cycloaddition (SPAAC), which makes use
of strained, cyclic alkynes, whose ring strain drive the reaction and obviates the usage of the copper

catalyst.*?

1.3 Radioiodination

The half-life of 8F limits the detection window of *¥F-fluorinated compounds to a few hours. Longer-
lived radioisotopes can be advantageous over ¥F to image slower physiological processes or to
investigate the long term fate of new chemical entities (NCEs). With the PET isotope 24| (t1, = 4.15 d),
the y-emitters 23| (t1, = 13.2 h) and %I (t1, = 59.41 d) and the B-emitter 3| (ti, = 8.02 d)*3, iodine

offers a whole series of longer-lived radioisotopes suitable for imaging, therapy or in vitro studies.

The introduction of radioiodine into molecules is mainly accomplished either by electrophilic
demetalation, e.g. radioiodo-destannylation, or by direct electrophilic aromatic substitution. In both
cases itis necessary to generate a reactive electrophilic iodine species, since radioactive iodine is usually
available as sodium iodide. This is accomplished in situ by the addition of oxidants, most commonly
chloramine-T (CAT; N-chloro tosylamide sodium salt) and lodogen™ (1,3,4,6-tetrachloro-3a,6a-diphenyl
glycoluril) (Figure 4).4* CAT is soluble in water. Thus, precursor molecules are exposed to relatively harsh
oxidizing conditions, which promotes the formation of byproducts. The usage of insoluble oxidants like
lodogen™ or lodobeads, which consist of CAT immobilized on spherical polystyrene particles, can
prevent byproduct formation since the oxidants have less contact with the precursor molecules and can
be removed more quickly. In comparison to a direct electrophilic radioiodination as depicted in Figure 4,
electrophilic demetalation allows for a radioiodination of less reactive precursor molecules and provides
a greater regioselectivity.*® On the other hand, the synthesis of the precursors might be challenging and

the inherent toxicity of many organometallic species urges a careful purification of the final product.

In general, the aliphatic carbon-iodine bond is relatively weak (D%gs(CHs-1)=238.9 kJ/mol)*® and in vivo
deiodination occurs fairly easy. Although, the bonding of iodine to aromatic carbon atoms is stronger
(D°98(CeHs-1)=272.0 kl/mol)*, in vivo deiodination must always be taken into account, making an

investigation of the released iodine, e.g. by measuring the thyroid uptake, inevitable.
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Figure 4. Direct radioiodination via electrophilic aromatic substitution. The reactive electrophilic iodine species is generated in
situ via an oxidant like CAT or lodogen™. Asteriks indicates a radioactive isotope.

1.4 Nanoparticulate and polymeric drug delivery systems

Many highly effective NCEs fail during development since they exhibit a poor bioavailability, short
circulation times or a lack of selectivity leading to an unwanted systemic effect.*’ To achieve the
required effect the dose has to be heightened resulting in an increase of undesirable side effects. In
other words they have a low therapeutic index (Tl). The Tl is the ratio between the dose of a therapeutic
that induces adverse effects that are intolerable relative to the indication and the dose that leads to the
desired pharmacological effect.*® To overcome this disadvantage, various drug delivery systems (DDS)

which can improve the pharmacological properties of therapeutics have been developed during the last

decades (see Figure 5).474972
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Figure 5. Drug delivery systems which are of importance in nanomedicine.>3
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According to the database clinicaltrials.gov, 808 nanomedicine formulations (search terms ‘liposome’,

‘nanoparticle’, ‘micelle’) were registered for clinical trials by February 2018. They exist in various shapes,

such as spheres, rods, discs, filaments, cylinders, tubes, cubes, etc.>** and can consist of lipids,

polymers, carbon or a great variety of inorganic compounds.>® Although they are quite different in

structure and components, they all serve one or more of the following purposes: 1. Dispersibility and

protection in vivo, 2. Targeted delivery, 3. Controlled release.

1.

Dispersibility and protection in vivo: Therapeutics that exhibit a low water solubility can be
transferred in a stable aqueous dispersion prior to injection with the help of a DDS. This
improves their bioavailability and thus enhances their efficacy. After the injection the
therapeutic is exposed to enzymatic degradation, excretion and uptake by the immune system.

A suitable DDS can prevent or at least delay this processes.

Targeted delivery: The encapsulation of a therapeutic can increase its concentration at the
target side. There are two different mechanisms by which the targeting can proceed, passively
and actively. Passive targeting relates to the enhanced permeability and retention (EPR) effect
associated with tumor tissue. It was firstly described by Matsumura and Maeda in 1986.%” The
EPR effect refers to the phenomenon that macromolecules of a sufficient size and circulation
time accumulate at much higher concentrations in tumor tissues than in normal tissues or
organs.®® This is caused by pathological alterations of tumorous tissue. Due to the rapid growth
of tumors, the endothelial cell layer that normally separates the bloodstream from the
surrounding tissue has fenestrations that allow macromolecules and nanoparticles to penetrate
into the tumor tissue without hindrance. Once inside the tumor, a reduced or completely
missing lymph drainage causes that they are not removed and accumulate in the tumor tissue.
Active targeting relies on specific targeting vectors crafted on the surface of the DDSs, which
bind to receptors expressed on targeted cells or tissues. This method is not limited to tumor

tissue but enables the targeting of all types of cells.

Controlled release: Controlled release is an umbrella term for any type of effect DDSs have on
the release of a cargo. Principal forms are sustained release, internal or external stimuli-
sensitive release.®® Sustained release means that the encapsulated drugs are released
successively from the nanoparticle over an extended period of time. For this purpose the
nanoparticle must be biodegradable, so that they are degraded over time. If they are non-
biodegradable, they must be permeable, so that a slow diffusion of the cargo can occur. In this
way it is possible to maintain a constant plasma level of the drug without multiple
administrations. Furthermore it enables the administration of lower doses for therapeutics with

a high initial excretion or metabolization rate. However, a substantial deficit of sustained release
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systems is that they are not specific to a target site. To overcome this drawback, stimulus
responsive DDSs have been developed.>>® Here, the stimulus can be internal, like a change in
pH in pathological areas or an increase in temperature caused by an inflammation. A second
approach is the usage of an external stimulus. Magnetic fields can concentrate magneto-
sensitive DDSs in desired areas for instance or exposure to ultrasound can facilitate the

penetration of DDSs into cells and releases the cargo of ultrasound-sensitive DDSs.>®

1.4.1 Liposomes

One prominent class of DDSs are liposomes, which have been first described in 1965 by Bangham et
al.5! Since then they have been actively investigated with success. In the 1970s pioneers as Gregory
Gregoriadis understood their potential as drug delivery systems.®?® In 1995 Doxil®, liposome-
encapsulated doxorubicin, became the first FDA-approved nano-drug.®® Others like DaunoXome® (1996)
and Depocyt® (1999) followed.®” In 2017 there have been 15 liposomal drugs on the market.®’
Liposomes are spherical vesicles which mainly consist of phospholipids. Phospholipids are amphiphilic
molecules with a hydrophilic head and two hydrophobic tails. In an aqueous environment they arrange
in such way, that the hydrophilic heads are exposed to the aqueous surrounding whereas the lipophilic
tails interact with one another. To “avoid edges”® they tend to form closed structures such as liposomes
(Figure 6) which can vary in size and lamellarity. Because of the hydrophilic core and the lipophilic bilayer
they enable both the transportation of hydrophilic and lipophilic drugs. Besides that and the afore
mentioned advantages of DDSs in general, liposomes additionally are biodegradable and have an
excellent biocompatibility as well as a low toxicity since phospholipids as their main components are
also the building blocks of cellular membranes.®® To modulate the stability of a liposome, the
composition and the phase transition temperature (Tm) of the phospholipids are especially important.
Below their Tm phospholipids exist in the gel state, which makes the liposomes more stable and less
leaky for encapsulated therapeutics. Above their Ty phospholipids are in the fluid state. This means for
an increased water permeability and more leaky liposomes.”® The stability can be further enhanced by
adding cholesterol, which increases the packing of phospholipid molecules, making the liposomes less
permeable.”’2 Moreover, the tendency to aggregate is reduced in cholesterol-containing liposomes’?
and they better withstand severe shear stress.”* Frequently used phospholipid/cholesterol ratios are 1:1
ore 2:1.7° Another important issue affecting the behavior of liposomes is their size. For a utilization as
drug delivery system an elongated circulation time is favorable. A lower size limit for maximization of
the circulation time is the renal filtration cutoff size. Particles with an hydrodynamic radius (Rn)<5.5 nm
are rapidly cleared via the renal pathway.”® A second lower size limit is given by the vascular fenestration
of the liver. Here the filtration cutoff is 50-100 nm, thus particles smaller than 50 nm will interact with

hepatocytes.”” The upper limit of particle size is determined by splenic filtration. Particles exceeding
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200 nm tend to accumulate in the spleen.”® Liposome fate is not only affected by size and composition
but also by charge. Depending on the composition, liposomes can be positively, negatively or neutrally
charged. Positively charged liposomes interact well with negatively charged cell membranes and DNA,
which is why these types of liposomes are used in gene therapy. A negative charge in many cases leads

to a much more rapid clearance from the blood.”!

Hydrophilic therapeutics
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Figure 6. Schematic cross section of a unilamellar liposome with encapsulated therapeutics. DOPC: 1,2-dioleoyl-sn-glycero-3-
phosphocholine, DPPG: 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol, SM(d18:1/18:0): N-stearoyl sphingomyelin, DSPC: 1,2-
distearoyl-sn-glycero-3-phosphocholine, DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine.

Although liposomes are made from phospholipids and mimic biomembranes, they are still foreign to
the body. On intravenous injection, conventional liposomes are rapidly detected by the mononuclear
phagocyte system (MPS) and are taken up in liver and spleen.8? As a result, the in vivo circulation time
is minimized which is unfavorable if the MPS is not the target site.® A breakthrough was achieved by
using poly(ethylene glycol) (PEG) chains as a stabilizing polymer shell (stealth liposomes) (Figure 7B).84
In this approach PEG is linked covalently to cholesterol or phospholipids to ensure anchoring in the lipid
bilayer. The hydrophilic polymer layer of the stealth liposomes prevents detection by the MPS via steric
repulsion, resulting in prolonged retention in the blood, reduced MPS uptake and reduced aggregation

86-88 stealth liposomes are now an established system used

in serum. First described in the early 1990s
in clinical practice.® Current research aims to make the PEG shell cleavable upon a stimulus thus
facilitating the release of the cargo at the target site (Figure 7C).°°°% Additionally, effort is put into the
development of other shielding polymers advantageous over PEG (Figure 7A). For example, Frey and
coworker reported the synthesis of different branched polyether lipids based on polyglycerol (PG) for

liposome preparation.®* Romberg et al. evaluated poly(amino acid)s as coating polymers for stealth
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liposomes® and Whiteman et al. successfully tested poly(N-(2-hydroxypropyl)methacrylamide) (HPMA)

for steric protection of liposomes.®

Figure 7. Schematic cross section of stealth liposomes consisting of phospholipids and cholesterol (in yellow), shielded by
hyperbranched PG (A), shielded by linear PEG (B) and shielded by cleavable PEG (C).

1.4.2 HPMA-based polymers

Shielding of liposomes is not the only scope of HPMA polymers. They can also be utilized as DDSs by
themselves. By binding a therapeutic covalently on a synthetic polymer backbone, it is possible to
improve the pharmacological properties of a drug. This concept was firstly proposed by Helmut
Ringsdorf in 1975.%7 He elaborated a polymer therapeutic consisting of at least three different units.
One area serves the solubility of the whole macromolecule. Hereby, the solubility can either be
mediated by possible side chains or by the polymeric backbone itself. The second area is the region
where the therapeutic is bound. Here either a cleavable or firm bond is possible. The third area includes
the targeting moiety, which can either be an attached molecule or a non-specific resorption enhancer
like a polycationic structure or just an increased molecular weight for the exploitation of the EPR effect.
Figure 8 shows the conceptual design of such a polymer therapeutic. In this regard, poly(HPMA) and

PEG are up to now the most widely investigated polymeric backbones.®®

Poly(HPMA) satisfies major requirements for utilization in the clinical. It is non-toxic, non-immunogenic
and highly water soluble.®® In comparison to PEG, which is most commonly functionalized at the end

groups only, poly(HPMA) has the advantage of multifunctionality holding a high drug-carrying capacity.

14



Introduction

Poly(HPMA) was initially investigated as plasma expander in the 1970s.1° Subsequently, collaborative
research of Duncan and colleagues in the 1980s resulted in two HPMA copolymer-doxorubicin
conjugates (PK1 and PK2).29t PK1 (Figure 9) became the first polymer-anticancer drug conjugate to enter

clinical trials in 1994.1%2
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Figure 8. Conceptual design of a polymer therapeutic conceived by H. Ringsdorf.
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Figure 9. Molecular structure of the HPMA copolymer-doxorubicin conjugates PK1 (molecular weight: ~30,000 Da, doxorubicin
content: ~8 wt%) with peptidyl Gly-Phe-Leu-Gly side-chains which are amenable to degradation by lysosomal enzymes.103

Despite the various advantageous properties of HPMA as backbone for polymer therapeutics and
several HPMA drug conjugates entered clinical trials, there is no HPMA-based polymer therapeutics on
the market up till now. One reason for this is, that poly(HPMA) is not inherently biodegradable. Thus,

the molecular weight of first generation HPMA-based polymer-drug conjugates was limited to 45 kDa

15



Introduction

(limit for renal excretion).’®® The application of molecular weights above 45 kDa leads to an
accumulation of the polymer in the body whereas a lower molecular weight by implication lowers the
circulation time of the polymer conjugate, which simultaneously decreases its pharmaceutical
efficiency. In conclusion, the lack of biodegradability confined the molecular weight of first generation
HPMA-based polymer-drug conjugates to suboptimal molecular weights. A second reason is the broad
distribution of molecular weight during synthesis of poly(HPMA) via free radical polymerization, which
was applied for the production of the clinically tested HPMA therapeutics.’® From the clinical
standpoint, polymer therapeutics are NCEs that must be well characterized and whose production and
purification must be reproducible to guarantee homogeneity of the final conjugates. To archive narrow
molecular weight distributed HPMA copolymer precursors, further fractionation methods were
applied.’® However, advances in polymer chemistry opened the doors for a second generation of HPMA
polymers. The introduction of controlled radical polymerization techniques like atom transfer radical
polymerization  (ATRP)¥® or reversible addition-fragmentation chain  transfer  (RAFT)
polymerization?”1% enabled the synthesis of well-defined HPMA-based polymers with a narrow
molecular weight distribution.1®!% The combination of RAFT polymerization with reactive ester
chemistry by using functional reactive ester monomers allowed for the straightforward introduction of
multiple functionalities.!'! Here, a precursor polymer is synthesized via RAFT polymerization and the
desired functionalities are introduced afterwards via polymeranalogous reaction (Figure 10). RAFT
polymerization followed by polymer coupling with a biodegradable coupling agent allowed for the
synthesis of well-defined backbone-degradable HPMA polymer conjugates.*'?™1* This approach enables
the application of HPMA-based polymer-drug conjugates with molecular weights above the renal

threshold.
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Figure 10. RAFT polymerization with reactive ester monomers, followed by polymeranalogous reaction, yielding in
functionalized HPMA polymers. R = any functionality.

1.4.3 Imaging of drug delivery (systems)

In addition to an exclusively therapeutic utilization, increasing effort is put in the imaging of
nanomedicine formulations. Non-invasive, functional imaging techniques are of great value, when it
comes to the evaluation of DDSs. Frequently used techniques are optical imaging (Ol) as well as single

photon emission computed tomography (SPECT) and PET.
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Fluorescence reflectance imaging, which is by far the most extensively used Ol technique employed in
drug delivery research, requires the attachment of near-infrared fluorophores. Different emission
wavelengths of the fluorophores allow to image multiple fluorophores at the same time in the same
animal. Compared to PET and SPECT it is less expensive and less time-consuming. However, its poor
penetration depth (<1 cm) and its lack of 3D information, which make an absolute quantification
impossible, are major drawbacks of this technique.'>!® Fluorescence molecular tomography, which is
a 3D Ol technique, allowing for a more in-depth (<10 cm) and more quantitative investigation, was
developed to overcome the afore-mentioned deficits. However, the diffusive scattering of fluorescence
signals in the body, as well as the strong light absorption by highly perfused organs and tissues remain

challenging, when it comes to quantification.*>**

SPECT requires gamma-emitting radionuclides (primarily *™Tc (t1/, = 6.006 h)).2*> The emitted gamma
radiation of a specific energy is detected by a rotating gamma camera, which acquires 2-D images.
Mechanical collimation, generated by lead septa in front of the scintillation detectors of the gamma
camera, allow for a spatial allocation of the detected radiation. Computer-assisted reconstruction gives
a 3D image of the distribution of the radiolabeled molecules. Although more expensive than Ol, SPECT
as well as PET, which is described in detail in chapter 1.1, have a much higher penetration depth and
are quantifiable. So far, a spatial resolution of 1-2 mm?> (small animal scanners) is achievable with both

methods, yet PET resolution exceeds SPECT resolution in the clinic.

The mentioned techniques enable the non-invasive tracking of labeled drug delivery systems in vitro
and in vivo, obtaining detailed information on their stability, blood circulation time, clearance
mechanism, clearance rate as well as accumulation at the target side. These information are crucial
during preclinical development, as they reveal structure-property relationships in order to design the
most suitable system. Figure 11 shows examples in which PET was utilized to analyze the biodistribution
of nanomedicine formulations varying in size or composition in order to reveal structure-property

relationships.
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Figure 11. PET images of different DDSs varying in size or composition. Panel A™7: Summed whole body PET images in different
depths 120-135 min after intravenous (i.v.) injection of HPMA-based polymers radiolabeled with 18F. The lightweight
homopolymer (left) showed renal excretion via the kidneys (K), whereas the heavier homopolymer (middle) exhibited a much
lesser renal excretion and uptake in spleen (S) and liver (L) instead. For the random (ran) HPMA copolymers consisting of HPMA
and hydrophobic lauryl methacrylate (LMA) comonomers the blood circulation time (A: aorta, H: heart) was elongated. Panel
B118: Summed whole body PET images 18-18.5 after i.v. injection of long circulating liposomes containing ®*Cu-labeled
distearoyl and dipalmitoyl phosphatidylethanolamine (DSPE and DPPE). PET images show that ®#Cu-DSPE remained associated
with the liposomes which was not the case for 4Cu-DPPE. Panel C119: Whole body PET images revealing the pharmacokinetics
of 89Zr-labeled long circulating liposomes in a time span of 168 h. The blood clearance rate of all three liposomal formulations
was similar. Radioactivity from 89Zr-desferrioxamine (df)-PEG2k liposomes exhibited a longer retention in the tumors (T; right
and left flank) than radioactivity from 8Zr-df and 89Zr-df-PEG 1k liposomes.

However, the approach is not limited exclusively to the imaging of drug delivery systems. It is also
possible to image the drug delivery, meaning the release of encapsulated molecules from DDSs. By
loading radiolabeled therapeutics into evaluated DDSs, it is possible to gain information about drug

release as well as drug accumulation at the target side. For comparability reasons it is inevitable to

investigate the in vivo behavior of the unloaded DDS and the non-encapsulated therapeutic as well.

In conclusion, imaging is of great value in the development process of DDSs and significantly assists in

predicting the therapeutic potential of nanomedicine formulations.
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Drug delivery systems (DDSs) gain more and more attention in medicine, as they possess several
advantageous features, which can improve the pharmacological properties of therapeutics.
Encapsulated drugs are protected from metabolization and excretion, which enlarges their blood
circulation time. On the other hand the body is protected from a systemic and potentially toxic effect of
the drugs, as they are released in a controlled manner. The linkage of targeting vectors on the surface
of DDSs also enables active targeting, which further minimizes toxic side effects and significantly lowers
the required dose of the therapeutic. However, the design of a successful DDS remains challenging, as

problems with e.g. in vivo stability, rapid detection by the MPS or size control occur frequently.

In the developmental process of novel DDSs, a preclinical in vivo evaluation is essential, as many
guestions about the final performance of a DDS (depictured in Figure 12) can only be answered reliably
in this way. In short, in vivo tracking reveals the influence of physicochemical properties of the

nanoparticles on their pharmacokinetic profile.

Organ
distribution?

Accumulation

Circulation at the target

time?

Excretion
pathways?

Metabolism?

Release
kinetics?

Figure 12. Questions that arise during the developmental process of DDSs and which can be answered by in vivo evaluation.

In order to follow the systems though the body, suitable imaging techniques are needed. In this regard,
non-invasive, nuclear imaging techniques are of great value. Among them, PET is a powerful technique,
providing an excellent spatial and temporal resolution and the possibility of quantification. Because of

these advantages PET has a great potential in the examination of DDSs.
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Against this background, this work concentrated on the in vivo evaluation of nanodimensional drug

delivery systems via PET.

1. Novel dialkyl-based polyether lipids with different architectures of the polyether block (hbPG with
molecular weights of 3000 and 5000 g mol™* and PEG with 3000 g mol?) should be evaluated for the
sterical stabilization of liposomes, with a special focus on in vivo stability. Structure-property
relationships regarding size and architecture of the polyether block should be investigated in small
animal PET and ex vivo biodistribution studies, involving a radiolabeling with *F. A direct comparison

with cholesterol-based polyether lipids of a comparable architecture should be drawn as well.

2. Additionally there was a great interest in improving the liposome preparation process, regarding size
reproducibility, time and radiation exposure for the experimentalist. Therefore, an automation of the

liposome preparation should be attempted.

3. To ensure a complete removal of the cytotoxic copper, ¥F-radiolabeling of the polyether lipids via
CuAAC was accomplished prior to the liposome preparation process, which entailed a time-consuming
radiosynthesis. To overcome this problem, the radiolabeling of preformed liposomes should be tested.
However, the cytotoxic properties of the utilized copper demanded for a close investigation of the
amount of copper still associated with the liposome sample after purification, as there was a possibility,

that copper is retained by the liposomes.

4. Based on former studies revealing favorable in vivo characteristics for F-labeled HPMA-ran-LMA
copolymers, including prolonged plasma half-life as well as an enhanced tumor accumulation, another
aspect of this work should focus on the investigation of the long-term in vivo tracking of these polymers.
In this respect, a replacement of 8F against the longer-lived radioisotope 3!l was requested. The ex vivo
biodistribution of the *!I-labeled HPMA-ran-LMA copolymer should be examined over a time span of
three days. Since in vivo deiodination is an issue, this should be investigated as well. Furthermore a
direct comparison between physicochemical properties of the F- and the I-labeled polymer should be

drawn. For this purpose, non-radioactive versions of the F- and I-labeled polymer were requested.

Active cancer immunotherapy implies the utilization of the immune system to trigger a tumor-specific
immune response. In this context, DDS could be of great value. Instead of using the nanoparticles to just
deliver therapeutics towards the tumor, they can be loaded with tumor-specific antigens and
immunostimmulatory molecules. In this way they could be utilized to activate the innate and adaptive
immune systems, to modulate immune tolerance and to induce an inflammation limited to the tumor.
This very approach is also pursued by the Collaborative Research Center 1066, in whose context this
work was carried out. In particular, it aims to develop new, multifunctional nanoparticulate drug carriers

for the immunotherapy of the malignant melanoma. In order to effectively deliver loaded DDS to
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immune cells, suitable targeting vectors are needed, which are able to address immune cells in vivo.
These targeting vectors can be coupled to the surface of DDSs by which tumor-specific antigens or
activating molecules are transported. Trimannose, which is known to be recognized by immune cells,

represents a promising targeting vector.

5. Against this background, liposomes bearing trimannose on their surface should be evaluated in cell
and animal studies, regarding their ability to address immune cells. Trimannose should be coupled to
polyether lipids in a first step, followed by fluorescent or radiolabeling and subsequent liposome
preparation. Fluorescent polyether lipids and their corresponding liposomal formuations should be
evaluated in cell studies on different immune cell types, in order to gain information on which immune
cells bind the targeting vector preferably. Radiolabeled polyether lipids and respective liposomes should

be examined in small animal PET and biodistribution studies, to reveal their pharmacokinetic profile.
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The following chapters are based on different manuscripts, which are listed below. The contributions of

the individual authors are described as well.

3.1 “Long-term biodistribution study of HPMA-ran-LMA copolymers in vivo by means of

1Bl |abeling”

Karolin Wagener, Dorothea Moderegger, Mareli Allmeroth, Achim Reibel, Stefan Kramer, Barbara

Biesalski, Nicole Bausbacher, Rudolf Zentel, Oliver Thews, Frank Rosch
in Nuclear Medicine and Biology 2018, 58, 59-66.

Polymer syntheses and fluorescence labeling for fluorescence correlation spectroscopy measurements
were performed by M. Allmeroth. Polymeranalogous reactions to obtain *?’I- and *°F-labeled polymers
were carried out by K.Wagener. Corresponding CMC and DLS measurements were conducted by S.
Kramer. The main section on **!l-radiolabeling and respective animal experiments is based on work by
K. Wagener, D. Moderegger and A. Reibel. Animal experiments were conducted in cooperation with B.
Biesalski and N. Bausbacher. Ex vivo metabolism studies, especially regarding the thyroid uptake, were

performed by K. Wagener.

3.2 “Comparison of Linear and Hyperbranched Polyether Lipids for Liposome Shielding

by '8F-Radiolabeling and Positron Emission Tomography”

Karolin Wagener', Matthias Worm”, Stefanie Pektor, Meike Schinnerer, Raphael Thiermann, Matthias

Miederer, Holger Frey, Frank Résch
* both authors contributed equally
in Biomacromolecules, 2018, dx.doi.org/10.1021/acs.biomac.8b00115.

Polymer syntheses were conducted by M. Worm. Radiosyntheses and liposome preparation were
performed by K. Wagener, animal studies were conducted by K. Wagener and S. Pektor. Cryo-TEM
measurements were carried out by R. Thiermann. DLS measurements were performed by M. Schinnerer

and evaluated by K. Wagener.
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3.3 “Copper-catalyzed click reactions: Quantification of retained copper using ®*Cu-

spiked Cu(l), exemplified for CUAAC reactions on liposomes”

Karolin Wagener, Dennis Renisch, Meike Schinnerer, Matthias Worm, Yvonne Jakob, Klaus Eberhardt,

Frank Rosch
submitted to Radiochimica Acta.

1,2-Bis(hexadecyl)glycerol-hbPGs;-alkyne was provided by M. Worm. Liposome preparation,
radiosyntheses and CuAAC reactions were performed by K. Wagener. DLS measurements were
performed by M. Schinnerer and evaluated by K. Wagener. Synthesis of F-TEG-N3 was conducted by Y.
Jakob under the supervision of K. Wagener. Planning of the irradiation at the TRIGA reactor was carried
out by K. Wagener and K. Eberhardt. Gamma spectrometry was performed by K. Wagener and D.

Renisch.

3.4 “Targeting of immune cells with trimannosylated liposomes”

Karolin Wagener, Matthias Krumb, Jens Langhanki, Matthias Bros, Stefanie Pektor, Matthias Worm,

Meike Schinnerer, Matthias Miederer, Holger Frey, Till Opatz, Frank Rdsch
in progress for submission.

Synthesis of trimannose was conducted by M. Krumb and J. Langhanki. Polyether lipids were provided
by M. Worm. Their postmodification with trimannose and Oregon Green 488 was conducted by K.
Wagener. Furthermore, radiosyntheses and liposome preparation were performed by K. Wagener,
animal studies were conducted by K. Wagener and S. Pektor. DLS measurements were performed by M.

Schinnerer and evaluated by K. Wagener.
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Abstract

Background: For the evaluation of macromolecular drug delivery systems suitable pre-clinical
monitoring of potential nanocarrier systems is needed. In this regard, both short-term as well as long-
term in vivo tracking is crucial to understand structure-property relationships of polymer carrier systems
and their resulting pharmacokinetic profile. Based on former studies revealing favorable in vivo
characteristics for F-labeled random (ran) copolymers consisting of N-(2-hydroxypropyl)methacryl-
amide (HPMA) and lauryl methacrylate (LMA) —including prolonged plasma half-life as well as enhanced
tumor accumulation — the presented work focuses on their long-term investigation in the living

organism.

Methods: In this respect, four different HPMA-based polymers (homopolymers as well as random
copolymers with LMA as hydrophobic segment) were synthesized and subsequent radioactive labeling

13 In vivo results, concentrating on the

was accomplished via the longer-lived radioisotope
pharmacokinetics of a high molecular weight HPMA-ran-LMA copolymer, were obtained by means of
biodistribution and metabolism studies in the Walker 256 mammary carcinoma model over a time-span
of up to three days. Besides, a direct comparison with the ®F-radiolabeled polymer was drawn. To
consider physicochemical differences between the differently labeled polymer (*8F or 311) on the critical
micelle concentration (CMC) and the size of the polymeric micelles, those properties were determined
using the F- or '¥|-functionalized polymer. Special emphasis was laid on the time-dependent

correlation between blood circulation properties and corresponding tumor accumulation, particularly

regarding the enhanced permeability and retention (EPR) effect.

Results: Studies revealed, at first, differences in the short time (2 h) body distribution, despite the very
similar properties (molecular structure, CMC and size of the micellar aggregates) of the non-radioactive
PF- and 'I-functionalized polymers. Long-term investigations with the 3!|-labeled polymer
demonstrated that, despite a polymer clearance from the blood within 72 hours, there was still an
increase in tumor uptake observed over time. Regarding the stability of the *!I-label, ex vivo

biodistribution experiments, considering the uptake in the thyroid, indicated low metabolism rates.

Conclusion: The observed in vivo characteristics strongly underline the EPR effect. The findings illustrate
the need to combine information of different labeling approaches and in vivo evaluation techniques to

generate an overall pharmacokinetic picture of potential nanocarriers in the pre-clinical setting.

Advances in knowledge and implications for patients: The in vivo behavior of the investigated HPMA-

ran-LMA copolymer demonstrates great potential in terms of an effective accumulation in the tumor.
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Introduction

Polymeric nanocarrier systems are of emerging interest regarding their potential for anticancer therapy.
Low molecular weight free drugs such as chemotherapeutic agents often suffer from short plasma half-
lives, high clearance rates and undesirable side effects in healthy tissue. Macromolecular drug delivery
vehicles can significantly improve the pharmacokinetic profile of those drugs. Prolonged blood-
circulation times, enhanced tumor accumulation due to the enhanced permeability and retention (EPR)
effect! as well as a decrease of toxic side effects are only some advantages to be named. The EPR effect
has been proposed to lead to a further increase in intratumoral drug concentration over a longer period

of time even with a decreasing plasma level.

Regarding clinical implementation, a polymeric drug carrier has to be non-toxic, non-immunogenic,
biodegradable or at least biocompatible with appropriate molecular weight to ensure body excretion.
Furthermore, narrow molecular weight distributions are needed to guarantee homogeneity of the final
conjugates.>® Poly(N-(2-hydroxypropyl)methacrylamide) (HPMA) as one class of various clinically
investigated polymer structures additionally has the advantage of multifunctionality of the polymeric
intermediate which allows a concomitant binding of drugs and targeting residues.* Therefore it is not
surprising that already six poly(HPMA) anticancer conjugates entered clinical trials as reported in a
recently published review® — demonstrating the potential of this multifunctional synthetic polymer in

tumor treatment.

In terms of their therapeutic application area, it is essential that the utilized polymers are as well-defined
as possible.® The introduction of controlled radical polymerization techniques like atom transfer radical
polymerization (ATRP)” or reversible addition-fragmentation chain transfer (RAFT)®° facilitated the
synthesis of narrowly-distributed and well-defined polymer structures. Notably, the synthetic route to
the used HPMA-based polymer systems, i.e. a combination of RAFT with reactive ester chemistry'©*?, is

an elegant route to diverse polymer architectures.?>°

Besides the aforementioned high demands on the macromolecular carrier system, especially adequate
diagnostic screening tools are crucial in order to plan an appropriate therapy for the individual
patient.’® In this regard, non-invasive molecular imaging techniques such as positron emission
tomography (PET) or single photon emission computed tomography (SPECT) constitute helpful
diagnostic tools enabling detailed information on the body disposition as well as tumor accumulation of
the polymer-drug conjugate in the living organism. The diagnostic time frame can be adjusted from early
phase accumulation, using isotopes with a short half-life, to long-term imaging over days or weeks by

selecting radionuclides with a sufficiently longer half-life.
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Former studies in our group already illustrated the successful radiolabeling of various HPMA-based
polymers by means of the positron emitters 7#7*As'® and '®F'° thereby establishing pPET imaging for
time-efficient screening of potential drug delivery systems. Further investigations on ®F-labeled HPMA-
based polymer systems revealed the major impact of molecular weight and aggregate formation?® as

1Y on the body distribution in the living animal. The

well as the importance of the chosen tumor mode
examined polymer structures included homopolymers, random copolymers as well as block copolymers
composed of a hydrophilic poly(HPMA) and a hydrophobic poly(lauryl methacrylate) (LMA) segment.
These polymer architectures demonstrate a quiet different uptake by cells’3?22® gnd a different
interaction scheme with plasma proteins.?* While homo- and blockcopolymers show little interaction
with cellular membranes??®, the statistical copolymers interact well with cellular membranes!*?223 and

very low density lipoproteins.?* This makes them e.g. interesting to transport hydrophobic drugs over

the blood-brain-barrier.?>23

In direct comparison, the high molecular weight random (ran) copolymer (M., = 55 kDa; LMA ratio 25 %)
exhibited the most favorable in vivo characteristics — combining prolonged blood circulation times with
the highest tumor uptake among the tested polymers as well as low liver accumulation and renal
excretion properties.?®?! However, this specific pharmacokinetic profile was investigated by means of
18F (t1/, = 110 min) as the radioactive marker, whose short half-life is suitable to display the beginning of
the EPR effect but cannot cover its whole time span. The significantly enhanced plasma half-life of the
high molecular weight HPMA-ran-LMA copolymer however warranted investigation into its long-term
biodistribution properties with respect to a possible sustained EPR effect. This would notably allow a
sustained release and accumulation of drugs over days or weeks.?>2® To evaluate the EPR effect for the
previously presented HPMA-ran-LMA copolymer system, we decided on its radioactive labeling by
incorporating the longer-lived B-emitter 3! (t1, = 8.1 days). We intended to use 3!| because iodine is
conveniently incorporated at tyramine groups which are also used for ®F-labeling via
[*8F]fluoroethylation. In this way a direct comparison to former 8F-studies with the identical polymer
batch was possible. For a detailed comparison of the radiolabeling process by means of **!I, HPMA
homopolymers (P1 and P2) as well as random copolymers (P3 and P4) — varying in molecular weight —
were investigated. Furthermore radiolabeling using lodogen™ (1,3,4,6-Tetrachloro-3a,6a-
diphenylglycoluril) and Chloramine-T (N-chloro-4-methylbenzenesulfonamide sodium salt, CAT) as two

different in situ oxidants were examined.

The aim of the present study focused on radiolabeling of HPMA-based polymers via 3! and the
consequent long-term monitoring of an HPMA-ran-LMA copolymer in vivo, particularly regarding its

blood residence time as well as its tumor accumulation/retention properties over a time-window of
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three days. In addition a direct comparison to former studies with an ¥F-labeled HPMA-based random

copolymer at the short time interval (2 h) was drawn.?%%

Material and methods

Materials

All solvents were of analytical grade, as obtained by Sigma Aldrich and Acros Organics. Dioxane was
distilled over a sodium/potassium composition. LMA was distilled to remove the stabilizer and stored at
-18 °C. 2,2’-Azo-bis-(isobutyronitrile) (AIBN) was recrystallized from diethyl ether and stored at - 18 °C

as well. 1] was obtained from GE Healthcare (Braunschweig, Germany).

Polymer synthesis
Synthesis of 4-cyano-4-((thiobenzoyl)sulfanyl)pentanoic acid (CTP)
4-cyano-4-((thio- benzoyl)sulfanyl)pentanoic acid was used as chain transfer agent (CTA) and

synthesized according to the literature.’

Synthesis of pentafluorophenyl methacrylate (PFPMA)

Pentafluorophenyl methacrylate was prepared according to reference.?’

Synthesis of random copolymers

RAFT polymerization of PFPMA with LMA by the help of CTP was performed in a Schlenk tube.1*1320 As
an example, 4 g of PFPMA dissolved in 5 ml dioxane, LMA, AIBN and CTP were mixed. The molar ratio of
CTP/AIBN was chosen to be 8:1. After three freeze-vacuum-thaw cycles, the mixture was immersed in
an oil bath at 65 °C and stirred overnight. Afterwards, poly(PFPMA)-ran-poly(LMA) was precipitated
three times in hexane, centrifuged and dried under vacuum at 40 °C overnight. A slightly pink powder
was obtained. Yield: 54 %. 'H-NMR (300 MHz, CDCl5) §/ppm: 0.84 (br t), 1.20-1.75 (br), 2.00-2.75 (brs).
19F-NMR (400 MHz, CDCls) 6/ppm: -162.01 (br), -156.95 (br), -152 to -150 (br).

Removal of dithioester endgroups

The dithiobenzoate endgroup was removed using the protocol reported by Perrier et al.”® Therefore a
25-fold molar excess of AIBN was added to the polymer dissolved in dioxane. After four hours of heating
the solution in an oil bath at 70 °C, the polymer was precipitated twice in hexane, collected by
centrifugation and dried under vacuum overnight. A colorless powder was obtained. Yield: 75 %.

Removal of the dithioester endgroup could be proven by UV-Vis spectroscopy.

Polymeranalogous reaction of random copolymers
For radioactive labeling of random copolymers the protocol was applied as follows. 100 mg of PFPMA-

ran-LMA copolymer were dissolved in 2 ml of absolute dioxane. As example, for the polymeric system
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P3-R (see Table 1) 5 mg of tyramine and 10 mg of triethylamine were diluted in a DMSO/dioxane mixture
and added to the vessel. After stirring for four hours at 35 °C, 30 mg of 2-hydroxypropylamine as well
as 40 mg of triethylamine were added and the solution was stirred overnight. For the final removal of
the reactive ester side groups further 30 mg of 2-hydroxypropylamine were added the next morning.
The solution was precipitated two times in diethyl ether, centrifuged and finally dissolved in a
DMSO/water solution for dialysis. After lyophilization a white powder could be obtained. Yield: 51 %.
IH-NMR (400 MHz, d. DMSO) &/ppm: 0.70-0.90 (br), 0.90-1.40 (br), 1.40-1.90 (br), 2.75-3.10 (br), 3.50-
3.80 (br), 4.50-4.75 (br), 6.60-6.75 (br) and 6.85-7.00 (br). For additional fluorescent labeling, 100 mg
of polymeric precursor were diluted in 2 ml of absolute dioxane and 2.9 mg of Oregon Green 488
cadaverine were added. Afterwards tyramine and 2-hydroxypropylamine were added, as described by

the procedure above.

For ¥/|-functionalization 12.5 mg of P4b (see Table 1) were dissolved in 833 pl of DMSO and 29 ul of
phosphate buffered saline (PBS). Subsequently 55 pl of a Nal solution in PBS (10 mg/ml) and 83 pl of a
CAT solution in PBS (10 mg/ml) were added, giving a final ratio of DMSO/PBS of 5:1. The reaction mixture
was stirred at room temperature for three days. Afterwards it was diluted with water and dialyzed using
a dialysis tube with a pore size of 3.5 kDa. *H-NMR (400 MHz, d. DMSO) &/ppm: 0.70-0.90 (br), 0.90-
1.10 (br), 1.15-1.40 (br), 1.40-2.10 (br), 2.75-3.10 (br), 3.55-4.00 (br), 4.50-4.80 (br), 6.60-6.73 (br), 6.73-
6.85 (br) and 6.85-7.05 (br).

For ¥F-functionalization 12.5 mg of P4b (see Table 1) were dissolved in 668 pl of DMSO. Subsequently
6 ul of a 5 N NaOH solution and 332 pul of a 2-fluoroethyl 4-methylbenzenesulfonate (FETos) solution
(20 mg/ml) were added. The reaction mixture was stirred at 60 °C for one day, then at room
temperature for another two days. Afterwards it was diluted with water and dialyzed using a dialysis
tube with a pore size of 3.5 kDa.*H-NMR (400 MHz, d. DMSQ) &/ppm: 0.70-0.90 (br), 0.90-1.10 (br),
1.10-1.40 (br), 2.75-3.10 (br), 3.55-3.90 (br), 4.20 (br, d, J = 29.1 Hz), 4.40-4.80 (br, m), 6.75-6.95 (br),
7.12 (d, /= 8.5 Hz), 7.48 (d, J = 8.0 Hz). *F-NMR (400 MHz, d. DMSO, H-decoupled) 6/ppm: -223.2 (s).

More details on the polymer syntheses as well as polymer characterization data (including experimental
setups, NMR data and fluorescence correlation spectroscopy (FCS) measurements) are provided as

supporting information.

Critical micelle concentration (CMC) by pyrene fluorescence spectroscopy

Stock solutions of HPMA-ran-LMA copolymer P4b (see Table 1), non-, 1°F- and *?/I- functionalized, were
prepared at a concentration of 1 mg/ml by dissolving in PBS buffer supported by sonication for 1 h. The
polymer stock solutions were then diluted to ten different concentrations down to 2.5*107 mg/ml using

further PBS. Each sample was prepared by carefully dropping 60 ul of a pyrene solution (2.5*10° mol/!
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in acetone) into 2 ml Eppendorf tubes and evaporating the solvent overnight. On the next day, 2 ml of
the polymer/PBS solutions was added, affording pyrene solutions of 7.5*107 mol/Il. The mixtures were
incubated for 24 h at room temperature with shaking. Steady-state fluorescence spectra of the air-
equilibrated samples were recorded using a PerkinElmer luminescence spectrometer LS-50B (right angle
geometry, 1 cm x 1 cm quartz cell) using the following conditions: excitation at 333+3 nm, detected
emission spectrum from 350 to 450 nm. The intensities of pyrene's first and third vibronic band at 373
and 384 nm in PBS were evaluated, and their ratio was plotted versus the logarithmic polymer
concentration. Linear extrapolations of steady ratio and decrease of ratio were done, and their intercept

was determined as CMC.

Dynamic light scattering (DLS)

Dynamic light scattering measurements were performed using a Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, UK). Mean particle diameter (z-average) and polydispersity index (PDI) were
calculated from 10 subruns. Measurements were taken at a scattering angle of 173° and at a

temperature of 25 °C.

Radiolabeling

Radiolabeling procedures applied to study *!l-radiolabeling of different HPMA-based polymers are
provided as supplementary information. Radioiodination of the HPMA-ran-LMA copolymer P4 (see
Table 1) for in vivo experiments was performed using the following optimized labeling conditions
applying the CAT procedure: 1 mg P4 in 100 pl of DMSO, 200 ul CAT solution (1 mg/mlin 0.9 % sodium
chloride solution), 200 ul PBS and 96+16 MBq of [**!]iodide solution yielding 49+3 % (decay corrected)
of B!l-labeled P4 after 4 min reaction time and subsequent preparative size exclusion chromatography

(SEC) purification.

In vitro stability

Stability of the radiolabel was ensured by means of SEC purification in combination with thin layer
chromatography after 2 days of storage in isotonic NaCl solution at 4 °C. SEC purification was
accomplished using a disposable PD-10 column (GE Healthcare) which was preconditioned and eluted
with 0.9 % (w/v) sodium chloride solution. Thin layer chromatography was done using Tec Control
chromatography strips (Biodex Medical Systems, Inc., USA) with 0.9 % (w/v) sodium chloride solution as

the mobile phase.

Tumor and animal model
Tumor experiments were performed with the Walker 256 mammary carcinoma cell line of the rat.
Tumors were used when they reached a volume between 0.3 to 2.2 ml approximately 5 to 8 days after

tumor cell inoculation. All experiments had previously been approved by the regional animal ethics
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committee and were conducted in accordance with the German Law for Animal Protection and the

UKCCCR Guidelines.? Detailed information are provided in the supporting information.

Ex vivo biodistribution

In order to assess the distribution of the radiolabeled polymers in different organs of the animals, the
polymer (1 mgin 1 ml of isotonic saline) was injected i.v. in anaesthetized tumor-bearing rats via the tail
vein with a mean activity of 8.6+0.3 MBq (for **!I) or 5.2+0.3 MBq (for 8F). After 2, 24, 48 and 72 hours,
the animals were sacrificed and different organs (kidney, liver, lung, spleen, blood, thyroid) as well as
tumors were removed. The tissue samples were weighed and minced. Finally, the 31I- or ®F-activity in

the organs was measured in a y-counter (2470 WIZARD? Automatic Gamma Counter, PerkinElmer).

Ex vivo metabolism studies

Blood samples (ca. 200 pl), collected during the biodistribution, were mixed with heparin solution
(150 ul) to avoid coagulation. Blood samples were weighed and the activity was measured in a y-
counter. 500 pl of PBS were added and the blood was centrifuged at 5000 rpm for 5 min in order to
separate blood cells and plasma. The activity of the plasma fractions were measured in a y-counter.
Proteins were precipitated by adding 1000 ul of cold acetonitrile. To separate the proteins from plasma
water the samples were centrifuged at 5000 rpm for 5 min. The activity of the supernatants were
determined in a y-counter. The percentage of radioactivity in the blood cell, protein and plasma water
fractions was calculated by subtracting the activities of the supernatants from the activity of the whole
blood sample. Efforts that were made to distinguish between free polymer and free 31| in the plasma
water fraction are provided in the supporting information. Ultimately the deiodination rate was

estimated via the uptake in the thyroid.

Results and discussion

For the investigation of the long-term in vivo distribution of HPMA-based polymer structures — with
special focus on tumor accumulation characteristics — two HPMA-based polymer architectures
(homopolymers and random copolymers with LMA as hydrophobic group) were synthesized by
combining reactive ester chemistry with the RAFT polymerization technique®®?’ followed by
radiolabeling with 1311 For a detailed comparison of the radiolabeling process, HPMA homopolymers (P1
and P2) as well as random copolymers (P3 and P4) — varying in molecular weight — were investigated.
The polymer synthesis and the radioactive labeling procedure are depicted in Figure 1. The
characterization data of the corresponding polymers are listed in Table 1. The precursor homopolymers
P1-R and P2-R were synthesized starting from pentafluorophenyl methacrylate. By simultaneous

addition of LMA the precursor random copolymers P3-R and P4-R were obtained. The polymerizations
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were accomplished according to the literature.’***?” Through polymeranalogous reactions with 1-
aminopropan-2-ol and tyramine the precursor polymers (P1-R — P4-R) were converted into the HPMA-
based polymers (P1 —P4) in a clean conversion. Tyramine moieties were included with a percentage of
2-4 %. This approach gains access to well-defined and narrowly distributed polymer systems and

polymeranalogous reactions with primary amines facilitate the incorporation of imaging moieties such

as fluorescent dyes or radiolabels.
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Table 1. Analytical data of reactive ester precursor polymers (P1-R - P4b-R) as well as final polymeric structures (P1 - P4b).

Notation  Polymeric structure ~ HPMA:LMA M, [g/mol] M, [g/mol]  PDI® Ry [nm]
P1-R Homopolymer 100:0? 18000 23000 1.29 n.d.
P2-R Homopolymer 100:0? 87000 130000 1.49 n.d.
P3-R Random copolymer ~ 80:20% 17000 21000 1.26 n.d.
P4-R Random copolymer ~ 80:20° 57000 80000 1.41 n.d.
P4b-R Random copolymer ~ 82:18? 61000 98000 1.59 n.d.
P1 Homopolymer 100:09 90007 120009 1.29 1.1
P2 Homopolymer 100:09 520009 770009 1.49 3.0
P3 Random copolymer ~ 82:18 110009 140009 1.26 334
P4 Random copolymer ~ 75:25¢ 39000 550009 1.41 39.9
P4b Random copolymer ~ 80:20° 410009 65000% 1.59 45.0"

a) Calculated monomer ratio.
)

b) Determination by gel permeation chromatography (GPC) in tetrahydrofuran (THF) as solvent.

9 Monomer ratio determined by *H-NMR spectroscopy after polymeranalogous reaction with 2-hydroxy-propylamine.
d) Calculated from the molecular weights of the reactive ester polymer P1-R as determined by GPC in THF as solvent.

e) Hydrodynamic radii determined by fluorescence correlation spectroscopy (FCS).
) Hydrodynamic radii determined by using a Zetasizer Nano ZS.

Former 8F-labeling of HPMA-based polymer systems has been accomplished via [*¥F]fluoroethylation

of tyramine groups®?° ([R-4 % incorporation as determined by *H-NMR) which provide highly activated
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phenolic rings. Hence, -incorporation can be accomplished by means of electrophilic aromatic
substitution; enabling *!I-labeling of the same HPMA-based polymers without prior derivatization of
the polymer structure. This approach allows for chemically nearly identical polymers functionalized with

isotopes for short- 18F or long-term 31| detection.

To look — despite the chemical similiarity — for possible consequences of the different types of label
prepared by fluoroethylation or iodination we modified a reference polymer P4b (see Tab. 1) nearly
identical to P4 with cold fluorine or iodine to prepare P4b-F and P4b-I. Thereby we modified P4b with
less than 20 % of iodine or fluorethyl-groups to get, on one side, a chemically detectable effect and, on
the other side, to deviate not too strongly from the radiolabeled compound, for which modification is
extremely low. For both these polymers we determined the CMC by pyrene spectroscopy and the
hydrodynamic radius (Rn) with the help of a Zetasizer. These values are listed in Table 2 together with
the data of the unmodified polymers P4b and P4. The comparison shows that both P4b-F and P4b-| are
a bit more hydrophilic (higher CMC values) and they form slightly larger micellar aggregates then the
“parent polymer” P4b which in turn is highly comparable with P4. In direct comparison P4b-F and P4b-|
are however very similar to each other. Thus, the radiolabeled polymers, whose modification is
extremely low, should be even more comparable to each other and to the non-functionalized polymer
P4. This should allow a direct correlation of structure-property relationships between the F- and the

131 |abeled HPMA-ran-LMA copolymer in vivo as done in this paper.

Table 2. CMCs and hydrodynamic radii of the polymeric structures P4, P4b, P4b-l and P4b-F.

Notation Polymeric structure CMC? [mg/ml] R [nm]
P4 Random copolymer 1.6 x 103? 39.99
P4b Random copolymer 2.0x103 45.0
P4b-F Random copolymer 7.2x103 88.2
P4b-| Random copolymer 1.9x 1072 79.1

@ Determination by pyrene fluorescence spectroscopy.

b Determination by surface tension versus concentration applying the ring method of the “du Noily” ring
tensiometer.

<) Hydrodynamic radii determined by using a Zetasizer Nano ZS.

9 Hydrodynamic radii determined by fluorescence correlation spectroscopy.

In order to promote incorporation of 3! via direct electrophilic aromatic substitution, reaction
conditions were studied to optimize the labeling technique for different HPMA-based architectures.
Since direct electrophilic radioiodination requires the generation of an electrophilic radioiodine species
by oxidation from [**}]Nal, two different in situ oxidants were tested, being commonly applied for
radioiodination of proteins: CAT and lodogen.3%3! Investigations on type and amount of oxidant revealed
highest radiochemical yields (RCYs) for CAT regarding *!I-labeling of the HPMA homopolymers (P1
My =12 and P2 M, =77 kDa respectively) (see Figure S1 supporting information). Concerning the

random copolymers, the low molecular weight random copolymer P3 showed highest RCYs (41 %, decay
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corrected) for lodogen whereas its high molecular weight counterpart P4 exhibited best RCYs (44 %,
decay corrected) using CAT (see Figure S3 supporting information). Radioiodination of the HPMA-ran-
LMA copolymers (P3 M., = 11 kDa; P4 M., = 55 kDa) additionally concentrated on the appropriate choice
of reaction solvents since the hydrophobic LMA side chains avoid complete dissolution of the polymers
in pure PBS (solvent dependency see Figure S2 and S3 supporting information). In vitro stability tested
by means of SEC purification in combination with thin layer chromatography, indicated less than 1 %

radioiodine detachment from the polymer after 2 days of storage in isotonic NaCl solution at 4 °C.

Since former short-term studies by means of [*F]fluoroethylation had shown that the high molecular
weight HPMA-ran-LMA copolymer could be a suitable candidate for polymer drug delivery because of

its long blood circulation?%?

, we here aimed to investigate its potential as polymeric nanocarrier in more
detail and with respect to long-term pharmacokinetics. Hence [**!lJradioiodination of HPMA-ran-LMA
copolymer P4 for subsequent in vivo evaluation was accomplished using CAT as oxidizing agent as well
as a mixture of DMSO and PBS in order to promote !I-incorporation in sufficient high yields — using

1 mg of polymer precursor in a total synthesis time (including SEC purification) of less than 20 min.

Biodistribution studies of 3!|-labeled polymer were carried out in Walker 256 tumor bearing rats. In
order to follow the long-term biodistribution and tumor accumulation, time points were chosen to be
2h, 24 h, 48 h and 72 h post injection. Radioiodination efficiencies were determined to be 49£3 %
(decay corrected) after preparative SEC purification. Figure 2 shows the biodistribution of *3!|-P4 in
organs of interest (liver, spleen, kidney, lung, heart, blood as well as thyroid), investigated over up to
72 h in comparison to short-term pharmacokinetics observed using 8F-P4.2%2! Numeric values are

provided in Table S1.
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Figure 2. Biodistribution of the large HPMA-ran-LMA copolymer P4 in different organs (liver, spleen, kidney, lung, blood and
thyroid) 2 h p.i. using 18F-P4 (n=3) and up to 72 h p.i. by means of 131|-P4 (n=9, thyroid n=3 (2, 24 h) n=4 (48, 72 h)). Data is

expressed as % ID/g tissue (meanzstandard error of the mean (SEM)). (*) p<0.05 vs. 131|-2 h; (**) p<0.01 vs. 131]-2 h.

Concerning relevant organs for drug clearance — i.e. liver, spleen and kidney — significant differences

between the short-term distribution (2 h) obtained with *®F-P4 and with the *3!|-labeled analog were

observed, despite their physicochemical similarity (see above). Hepatic and splenic uptake of *3!|-labeled

P4 were much higher after 2 h when comparing to the data measured with the ®F-labeled polymer.

After 2 h the liver concentration of the 3!-labeled compound was 5-times higher compared to 8F-
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labeling whereas the spleen showed 12-times higher values for *31I-P4 (Figure 2A/B, Table S1). Given the
similarity of the iodinated or fluoroethylated “cold” polymers P4b-F and P4b-I the accumulation of 3}
P4 in the liver may be related to an active uptake of iodine functionalized thyramine. Since the liver is
the most active organ for recycling and removal of thyroid hormones like e.g. thyroxine from the blood
stream??, it is likely that there are active uptake routes for this class of materials. An inverse pattern for
the short-term distribution was observed regarding kidney concentrations of the high molecular weight
random copolymer. Kidney uptake (Figure 2C) of 13-4 was significantly reduced, displaying about
10-times lower concentrations compared to ¥F-P4. This may be a result of the reduced blood
concentration, as only a 1.8-times lower concentration of ¥-P4 was found in the blood compared to
18E.p4 (1.67+0.14 % ID/g vs. 2.96+0.03 % ID/g, respectively) 2 h after the injection (Figure 2E).
Investigation of the polymer concentration in the blood over up to three days (Figure 2E) revealed a
continuous clearance of 131|-P4. Major blood clearance was observed within the first 24 h after injection,
with 28 % (0.47+0.04 % ID/g) of the polymer remaining in the blood compartment after one day. These
findings demonstrate even higher blood levels compared to a study of Lammers et al.* determining the
blood residence time of an 3!|-labeled HPMA copolymer of 31 kDa. In addition, concentrations at 72 h
(0.0840.01 % ID/g) indicated a total blood clearance of P4 in less than three days. The lung as highly
blood supplied organ reflected the already investigated course of the **!I-labeled polymer 13!|-P4 in the
blood (Figure 2D). In order to have a closer look on the distribution of *3!|-P4 in the blood, the blood
samples obtained during the biodistribution were separated into different fractions (blood cells,
proteins as well as plasma water). Figure 3 shows the amount of radioactivity in the different fractions
with reference to the amount of radioactivity of the whole blood sample. After 2 h 50.5+£0.1 % of the
radioactivity was present in the plasma water which stayed relatively stable during the complete
observation period of 72 h. In the fraction containing the proteins 41.1+0.1 % of the radioactivity was
found which decreased to 21.3+2.9 % after 72 h. The amount of radioactivity in the blood cells followed
a reverse pattern, starting with 8.5+0.2 % after 2 h through to 29.0+10.1 % after 72 h. These findings
suggest, that the random copolymer interacts with serum proteins and with blood cells. From former
studies in our group we know that HPMA-ran-LMA copolymers interact with very low density

2223 \which is in accordance with what we found

lipoproteins in the blood?* and with cell membranes
herein. In order to examine the deiodination rate of '3-P4 the thyroid uptake (Figure 2F) was
investigated. The amount of radioactivity in the thyroid gland increased strongly upon injection,
reaching a maximum of 22.38+3.73 % ID/g at 24 h p.i. Thereafter it decreased slowly so that still
10.7740.79 % ID/g were present in the thyroid after 72 h. The conversion of these values into % ID by

multiplying with the mass of the thyroid reveals a percentage of <1 % of the injected dose being present

in the thyroid at all timepoints. Together with the percentage of the injected dose in the kidneys which
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was also <1 % during the whole observation time, it suggests a low deiodination rate of the polymer in

vivo.
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Figure 3. Distribution of the large HPMA-ran-LMA copolymer P4 and its metabolites in the blood for up to 72 h using 131|-P4
(n=3 (2, 24 h), n=4 (48, 72 h)). Data is expressed as percentage of the amount of radioactivity which was present in the whole
blood sample (mean+SEM).

The tumor uptake of the random copolymer P4 was studied in the Walker 256 carcinoma model. Even
though a significant blood clearance of the copolymer was observed, the concentrations found in the
tumor was gradually increasing over one day (Figure 4) and only slowly decreasing thereafter. After 72 h
0.6410.08 % ID/g were still present in the tumor. Since more than 95 % of the polymer is being cleared
from the blood within this time frame (Figure 2E), the increased retention of P4 in the tumor indicates
directly the EPR-mediated passive tumor accumulation of polymeric nanocarrier systems.?%3* Former
studies in our group already revealed a significant cellular uptake of the high molecular weight random
copolymer P4 in the Walker 256 mammary carcinoma cell line?! hence assuming that the in vivo
observed tumor characteristics are related to a combination of increased extravasation of polymer to
the tumor tissue (EPR effect) as well as polymer-cell specific interactions at the tumor site. The highest
tumor uptake of !3!-P4 was observed 24 h after administration (0.93+0.06 % ID/g). However, the
tumor/blood ratio increased over the complete observation period of 72h (Figure5) thus
demonstrating the suitability of this HPMA-based copolymer system for anticancer treatment.
Noteworthy, both 8F-P4 and 31|-P4 show similar tumor concentrations at 2 h of about 0.6 % ID/g. With
these findings, both labeling strategies are assumed to be suitable to determine the tumor targeting
ability of polymer based drug carrier systems. Although the shorter half-life of ¥F (1110 min) limits the
diagnostic time frame to few hours, [*®F]fluoroethylation allows to assess the distribution of the drug
carriers by PET imaging as valuable short-term preclinical tool. However, despite fast and efficient
screening of potential polymeric drug delivery vehicles is enabled — with respect to assessing

intratumoral distribution — careful interpretation regarding initial organ distribution has to be
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accomplished. Here application of diverse labeling approaches, not demanding for a prior variation of
the polymer structure, are crucial, in order to reveal an overall pharmacokinetics as well as a long-term

distribution, facilitating the choice of promising drug delivery compounds in the future.
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Figure 4. Tumor uptake of the large HPMA-ran-LMA copolymer P4 in the Walker 256 mammary carcinoma model. Distribution
was studied 2 h p.i. using 8F-P4 (n=3) and for up to 72 h by means of 131|-P4 (n=12 (2 h), n=18 (24, 48, 72 h)). Data is expressed
as % ID/g tissue (mean+SEM).
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Figure 5. Tumor/blood ratios of the large HPMA-ran-LMA copolymer P4 in the Walker 256 mammary carcinoma model.
Distribution was studied 2 h p.i. using 18F-P4 (n=3) and for up to 72 h by means of 131|-P4 (n=9). Errors were calculated via error
propagation of the SEMs. (*) p<0.05 vs. 131|-2 h, (**) p<0.01 vs. 131]-2 h.

Conclusion

In order to effectively deliver drugs to the tumor, a suitable drug carrier system has to meet unique
requirements — particularly prolonged retention in the blood pool as well as an EPR mediated
accumulation in the tumor tissue. In the present study we successfully introduced **!| into HPMA-ran-
LMA copolymer structures. Ex vivo biodistribution studies of the high molecular weight HPMA-based

random copolymer 31-P4 over 72 h proved firstly a low accumulation of the radioactivity in the thyroid,
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suggesting that the polymer is deiodinated only to a minor degree and secondly an enhanced retention
of the polymer in tumor tissue, despite its concurrent clearance from the blood pool. These
characteristics can be directly correlated to the well-known EPR effect and underline the significance of
tracking the pharmacokinetic profile of polymers in the long run. Furthermore a comparative short-term
study of ®F-labeled copolymer P4 indicated a good accordance regarding tumor uptake of 13!|-P4 at the
same time point (2 h p.i.). This observation is of major importance since initial organ distribution of the
differently labeled copolymers revealed strong differences in organ accumulation, although, an identical
polymer batch was used for both **!|- and *¥F-labeling. Moreover, the investigation of “cold” P4b-l and -F
revealed similar physicochemical properties (CMC, aggregate size). In this regard it is obvious that an
investigation of the in vivo behavior is crucial. The results of the present study underline the significance
of applying multiple and versatile labeling approaches to determine the potential of polymeric carrier
systems for an efficient anticancer therapy. Although the statistical copolymers will have limited
potential for a targeted transport of drugs which are just hydrophobically embedded, they might be

great carriers for covalently bound drugs.
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1. Experimental section

|. Characterization of polymers

'H-NMR spectra were obtained by a Bruker AC-300 spectrometer at 300 MHz or on a Bruker Avance I
at 400 MHz, **F-NMR analysis was carried out with a Bruker DRX-400 or with a Bruker Avance Il HD-400
at 400 MHz. All measurements were accomplished at room temperature and spectroscopic data were
analyzed using ACDLabs 9.0 1D NMR Manager or MestReNova Software (Version: 10.0.2-15465). The
synthesized polymers were dried at 40 °C under vacuum overnight, followed by gel permeation
chromatography (GPC). GPC was performed in tetrahydrofuran (THF) as solvent, using following
equipment: pump PU 1580, autosampler AS 1555, UV detector UV 1575 and refractive index (RI)
detector RI 1530 from Jasco as well as a miniDAWN Tristar light scattering detector from Wyatt. Columns
were used from MZ Analysentechnik, 300x8.0 mm: MZ-Gel SDplus 106 A 5 pm, MZ-Gel SDplus 104 A
5 pum and MZ-Gel SDplus 102 A 5 pm. GPC data were evaluated by using the software PSS WinGPC Unity

from Polymer Standard Service Mainz. The flow rate was set to 1 ml/min with a temperature of 25 °C.
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Analytical size exclusion chromatography (SEC) of *!l-labeled polymers was performed using a HiTrap™
Desalting Column, Sephadex G-25 Superfine and a HPLC system consisting of a Waters pump (1500
series), a Waters UV-detector (2487 A absorbance detector) and a Berthold LB 509 radiodetector.
Radiochemical purity was determined using Tec Control chromatography strips (Biodex Medical
Systems, Inc., USA). Preparative SEC for removal of free iodine was accomplished using disposable PD-
10 Desalting Columns (GE Healthcare) which were preconditioned and eluted with 0.9% (w/v) sodium

chloride solution.

Il. Synthesis of reactive ester homopolymers

Reversible addition-fragmentation chain transfer (RAFT) polymerization of pentafluorophenyl
methacrylate (PFPMA) with 4-cyano-4-((thiobenzoyl) sulfanyl)pentanoic acid (CTP) was carried out in a
Schlenk tube.? For this purpose 4 g of PFPMA were dissolved in 5 ml of absolute dioxane, furthermore
CTP and 2,2’-Azo-bis-(isobutyronitrile) (AIBN) were added. The molar ratio of CTP/AIBN was chosen to
be 8:1. After three freeze-vacuum-thaw cycles, the mixture was immersed in an oil bath at 65 °C and
stirred overnight. Afterwards, the polymeric solution was precipitated three times in hexane,
centrifuged and dried under vacuum at 40 °C overnight. A slightly pink powder was obtained. Yield:
52 %. H-NMR (300 MHz, CDCls) &/ppm: 1.20-1.75 (br), 2.00-2.75 (br s). *F-NMR (400 MHz, CDCls)
6/ppm: -162.03 (br), -156.92 (br), -152 to -150 (br).

lll. Polymer analogous reaction of homopolymers

Depending on the labeling technique necessary, either for a fluorescent or radioactive marker, two
different routes were applied. For subsequent radioactive labeling, the protocol was carried out as
follows. As example, 100 mg of the polymeric precursor (M, = 18000 g/mol) were diluted in 2 ml of
absolute dioxane. 5 mg of tyramine, diluted in a DMSQO/dioxane mixture, and 10 mg of triethylamine
were added. After stirring for four hours at 35 °C, 30 mg of 2-hydroxypropylamine as well as 40 mg of
triethylamine were added and the solution was stirred overnight. For final removal of reactive ester side
groups, further 30 mg of 2-hydroxypropylamine were added the next morning. The solution was
precipitated two times in diethyl ether, centrifuged and finally dissolved in a DMSO/water solution for
dialysis. After lyophilization a white powder could be obtained. Yield: 79%. *H-NMR (400 MHz, d. DMSO)
5/ppm: 0.60-1.40 (br), 1.45-2.20 (br), 2.75-3.10 (br), 3.50-3.80 (br), 4.60-4.80 (br), 6.60-6.70 (br) and
6.85-7.00 (br). For additional fluorescent labeling, the fluorescent marker Oregon Green 488 cadaverine
was used. 100 mg of polymeric precursor were diluted in 2 ml of absolute dioxane and 2.75 mg of
Oregon Green 488 cadaverine were added. Afterwards tyramine and 2-hydroxypropylamine were

added, as described by the procedure above.
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IV. Analytical data obtained in isotonic NaCl solution

Isotonic NaCl solution 0.9 % was obtained by B. Braun Melsungen AG and used without any purification.

Stock solutions were prepared using 1 % of absolute DMSO in isotonic sodium chloride solution.

V. Size determination by fluorescence correlation spectroscopy (FCS)

The hydrodynamic radii of the polymeric systems were determined by FCS using a commercial FCS setup
(Zeiss, Germany) consisting of the module ConfoCor 2 and an inverted microscope model Axiovert 200
with a Zeiss C-Apochromat 40 x/1.2 W water immersion objective. The fluorophores were excited with
an Argon laser (A = 488 nm) and the emission was collected after filtering with a LP505 long pass filter.
For detection, an avalanche photodiode, enabling single-photon counting, was used. As sample cell,
eight-well, polystyrene-chambered cover glass (Laboratory-Tek, Nalge Nunc International) was applied.
For sample preparation, stock solutions of 1 mg fluorescently labeled polymer/ml NaCl were applied,
diluted to a final concentration of 0.1 mg/ml. The solution was kept at room temperature over night.
For reference reason, free Oregon Green 488 cadaverine dye in NaCl-solution was studied, too. The
calibration of the FCS observation volume was done using a dye with known diffusion coefficient, i.e.
Rhodamine 6 G. For each solution, five measurement cycles with a total duration of 150 seconds were
applied. Time dependent fluctuations of the fluorescence intensity 6l(t) were detected and evaluated
by autocorrelation analysis, yielding the diffusion coefficient and the hydrodynamic radius of the

fluorescent species.*

VI. Radiolabeling of polymers

In order to optimize the 3!|-radiolabeling of HPMA-based polymers, two different in situ oxidants were
investigated. For radiolabeling using lodogen™ (1,3,4,6-Tetrachloro-3a,6a-diphenylglycoluril) as
oxidizing agent, the reaction vials were coated prior to the radiolabeling with the respective amount of
lodogen™. Consecutively 50 pl of 0.5 M phosphate buffer (pH = 7.4), 450 ul phosphate buffered saline
(PBS), 100 pl of the respective polymer as well as 3-10 MBq of [*311]1" (0.05 N NaOH solution) were placed
into the coated vial. At t =4 min, 100 ul of an aqueous ascorbic acid solution (25 mg/ml, pH = 5.0) were
added and after 1 min of shaking, the labeling mixture was transferred onto a PD-10 column for

subsequent purification using fractionated elution with 0.9 % sodium chloride solution.

Radiolabeling procedure using Chloramine-T (N-chloro-4-methylbenzenesulfonamide sodium salt, CAT)
was started by placing 3-10 MBq of [**}1]I" (0.05 N NaOH solution) in a reaction vial, followed by 50 ul of
0.5 M phosphate buffer (pH = 7.4) and 400-x ul (x = volume of the CAT solution) of PBS. After addition
of 200-500 pg of the respective polymer in 100 pl of a variable solvent, the radiolabeling reaction was

started by adding x ul of a CAT solution (1 mg/mlin 0.9 % sodium chloride solution) resulting in a final
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volume of 550 ul for the radiolabeling mixture. After 4 min, the reaction was quenched and purified

according to the lodogen procedure.

VII. Tumor and animal model

Walker 256 mammary carcinoma cells were grown in culture in RPMI medium supplemented with
10 mM L-glutamine and 10 % fetal calf serum at 37 °C under a humidified 5 % CO, atmosphere and sub-
cultivated twice per week. For tumor implantation male Sprague-Dawley rats (Charles River Wiga,
Sulzfeld, Germany; body weight 150 to 300 g) housed in the animal care facility of the University of
Mainz were used in this study. Solid carcinomas were heterotopically induced by injection of cell
suspension (0.4 mlapproximately 10* cells/ul) subcutaneously into the dorsum of the hind foot. Tumors
grew as flat, spherical segments and replaced the subcutis and corium completely. Volumes were
determined by measuring the three orthogonal diameters (d) of the tumors and using an ellipsoid

approximation with the formula: tumor volume = d; x d, x d3 x /6.

VIII. Ex vivo metabolism studies

In order to separate free polymer from free 3! in the plasma water, 100 pl of a 5 M potassium iodide
solution were added to the plasma water fractions followed by 2 ml of a 1 M silver nitrate solution. The
precipitated silver iodide was separated by centrifugation at 5000 rpm for 5 min. The percentage of
radioactivity in the blood cell, protein, silver iodide and free polymer plasma water fractions was

calculated by subtracting the activities of the supernatants from the activity of the whole blood sample.

Nevertheless this procedure suggested high amounts of free [**U]I" in the plasma water which
contradicted the low amounts of radioactivity found in the thyroid. We believe, that the deiodination
we quantify in terms of *l-uptake in the thyroid is the parameter we can trust in. Enzymatic

Y] into the thyroid, and so we correlate the enzymatic chemistry of

deiodination transfers [
deiodination with the ¥Y|-utilisation in the gland. We believe therefore, that there is an alternative
mechanism to explain the results of our precipitation experiment and this is “adsorption”. During our
precipitation experiment we assumed that direct precipitation of [**!l]Iis not possible, since the amount
of 3% (either free or polymer bound) in the blood is very small (picomolar). Thus we added (0.5 mmol)
of “cold” KI to the plasma water fractions in order to have a precipitable amount of iodide. So we
precipitated in fact about 120 mg of Agl, which can absorb on its surface both free iodine, but also
polymers. This latter aspect is reasonable as there are reports showing that polymers in fact readily
adsorb on silver iodide surfaces.>” Here we have to consider in addition (i) the huge excess of the freshly

forming Agl (~0.5x10° mol) and (ii) the small amount of polymer (<<2.4x10® mol). So the adsorption of

such a small amount of polymer to a massive excess of cold Agl can well explain the high accumulation
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of radioactivity in the precipitate as this represents not only free [*3!]I" but also 3!l still bound to

polymers.

2. Figures
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Figure S1. Corrected radiochemical yields for radioiodination of HPMA-based homopolymers P1 and P2 using 25 ug lodogen™
or 200 ug CAT as determined using SEC.
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Figure S2. Influence of the solvent on the radioiodination of the HPMA-ran-LMA copolymer P3 using 75 pg of lodogen™ as
determined using SEC.
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Figure S3. Corrected radiochemical yields of the HPMA-ran-LMA copolymers P3 and P4 using lodogen™ and CAT for 13-
radiolabeling as determined by means of SEC.
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Figure S4. CMC measurements of functionalized P4b polymers by pyrene fluorescence spectroscopy; a) non-functionalized
polymer b) fluorine functionalized polymer c) iodine functionalized polymer.
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Figure S5. Size distribution intensity graph of P4b, P4b-l and P4b-F as revealed by DLS; black: non functionalized polymer; red:
iodine functionalized polymer; green: fluorine functionalized polymer.
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Figure S6. 'H-NMR spectrum of non-functionalized P4b measured in DMSO-dg at 400 MHz.

+550
+500
Hg -~ F450
400
350
300
+250

~200

r150

L\J r100

0

=50
T

T T T T T T T T T T T T T T T T

8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S7. 'H-NMR spectrum of 1°F-functionalized P4b (P4b-F) measured in DMSO-ds at 400 MHz.
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Figure S8. °F-NMR spectrum (*H-decoupled) of 1°F-functionalized P4b (P4b-F) measured in DMSO-ds at 400 MHz.
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Figure S9. 'H-NMR spectrum of 127I-functionalized P4b (P4b-I) measured in DMSO-ds at 400 MHz.
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3. Tables

Table S1. Biodistribution data of the 18F- and 31l-labeled HPMA-ran-LMA copolymer P4 after i.v. administration in Walker 256
carcinoma bearing rats studied over a time course of up to three days. Data is represented as % ID/g tissue (meanSEM).

18F_p4 131_pg
organ 2 h? 2 h? 24 h? 48 hP) 72 h?
lung 1.56+0.17 1.90+0.31 0.78+0.11 0.63+0.11 0.47+0.05
blood 2.96+0.03 1.67+0.14 0.47+0.04 0.14+0.02 0.08+0.01
liver 0.80+0.08 4.36+0.12 4.74+0.22 4.56+0.41 4.46+0.20
spleen 0.74+0.09 8.80+0.71 8.37+0.69 7.97+0.75 10.43+1.43
kidney 5.3240.17 0.50+0.04 0.38+0.06 0.28+0.04 0.32+0.06
thyroid - 3.14+0.58? 22.38+3.73%  14.46+1.48° 10.7740.799
W 256 tumor | 0.63+0.03 0.72+0.06% 0.93+0.06° 0.61+0.04° 0.64+0.08°

an=3,% n=9, ) n=4, d n=12, ¢ n=18.
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Abstract

Multifunctional and highly biocompatible polyether structures play a key role in shielding liposomes
from degradation in the bloodstream, providing also multiple functional groups for further attachment
of targeting moieties. In this work hyperbranched polyglycerol (hbPG) bearing lipids with long alkyl chain
anchor are evaluated with respect to steric stabilization of liposomes. The branched polyether lipids
possess a hydrophobic bis(hexadecyl)glycerol membrane anchor for the liposomal membrane. hbPG
was chosen as a multifunctional alternative to PEG, enabling the eventual linkage of multiple targeting
vectors. Different hbPG lipids (M, = 2900, 5200 g mol™) were examined. A linear bis(hexadecyl)glycerol-
PEG lipid (M, =3000 g mol!) was investigated as well, comparing hbPG and PEG with respect to
shielding properties. Radiolabeling of the polymers was carried out using 1-azido-2-(2-(2-
[*®F]fluoroethoxy)ethoxy)ethane ([*8F]F-TEG-Ns) via copper-catalyzed alkyne-azide cycloaddition with
excellent radiochemical yields exceeding 95 %. Liposomes were prepared by the thin-film hydration
method followed by repeated extrusion. Use of a custom automatic extrusion device gave access to
reproducible sizes of the liposomes (hydrodynamic radius of 60-94 nm). The in vivo fate of the
bis(hexadecyl)glycerol polyethers and their corresponding assembled liposome structures were
evaluated via non-invasive small animal positron emission tomography (PET) imaging and
biodistribution studies (1 h after injection and 4 h after injection (only for liposomal formulations) in
mice. Whereas the main uptake of the non-liposomal polyether lipids was observed in the kidneys and
in the bladder after 1 h due to rapid renal clearance, in contrast, the corresponding liposomes showed
uptake in the blood pool as well as in organs with good blood supply, i.e. heart and lung over the whole
observation period of 4 h. The in vivo behavior of all three liposomal formulations was comparable,
albeit with remarkable differences in splenic uptake. Overall, liposomes shielded by the branched
polyglycerol lipids show a favorable biodistribution with greatly prolonged blood circulation times,

rendering them promising novel nanovesicles for drug transport and targeting.

Introduction

One of the main objectives in the development of therapeutics is the improvement of the therapeutic
index to maximize the efficiency in relation to the toxicity of a therapeutic agent. Commonly, small
molecules exhibit a poor therapeutic index, showing fast renal clearance and short retention times in
the blood pool. To achieve the desired therapeutic effect, the dose has to be enhanced, resulting in an
increase of harmful side effects. To overcome this disadvantage, a large variety of drug delivery systems
(DDSs) with a higher molecular weight and therefore prolonged circulation in the blood have been

1-3

developed in the last decades,”™ and to date more than 200 related products have been either
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approved or are under clinical investigation.* One prominent class of DDSs are liposomes, which have
been intensively investigated as drug carriers.>® Several formulations are currently approved and
commercially used.”® Liposomes mimic endogenous biomembranes, as they consist of phospholipids
and cholesterol. However, conventional liposomes suffer from fast detection by the mononuclear
phagocyte system (MPS) via macrophages and uptake in liver and spleen.>®'° As a result, in vivo
circulation times are short as recognition, binding and uptake processes occur with half lives on the
order of a few minutes or longer.™ It has been reported that liposome size, composition and charges
are the main parameters affecting recognition by the MPS.>1%'2 However, when polyethylene glycol
(PEG) chains are linked covalently to cholesterol or phospholipids and anchored in the lipid bilayer,
detection by the MPS can be prevented, resulting in prolonged retention in the blood and a reduced
MPS uptake.'*® However, the “gold standard” PEG used to achieve “stealth liposomes” lacks functional
groups offering further functionalization, because commonly methoxyPEG (mPEG) is used. One
promising alternative is the highly biocompatible and water-soluble hyperbranched polyglycerol
(hbPG).1”*8 The multiple hydroxyl groups of hbPG facilitate functionalization with fluorescent markers,
radiolabels or targeting ligands for directed drug delivery. Beyond its multifunctionality, which enables
linkage to targeting vectors, it has been shown that hbPG reveals enhanced protein repulsion compared
to PEG.2% To evaluate the potential of those novel systems in terms of correlating structural and
chemical features of new hbPG-shielded liposomes with their behavior in vivo, positron emission
tomography (PET) can be employed to quantify the pharmacokinetic properties in vivo, as it proved to

21,22

be an excellent method to measure the fate of radiolabeled nanoparticles?*?2, among them 8-

radiolabeled liposomes.?*%

In 2010 Frey and coworkers introduced a synthetic approach for linear-hyperbranched polyether lipids.
Cholesterol is directly used as an initiator for the oxyanionic ring-opening polymerization of various
epoxide monomers. In this manner, a variety of polyether architectures with an adjustable number of
hydroxyl groups can be synthesized.” Recently, our group investigated the in vivo fate of a
multifunctional hyperbranched cholesterol lipid (Ch-PEGz0-hbPG4-F) in comparison with a linear
PEGylated lipid (Ch-PEG27-'8F) and “naked” 8F-cholesten. In addition, the liposomal formulations of
these two polymers were compared with liposomes labeled with 8F-cholesten.?® In this study the
desired stealth effect could not be demonstrated, which motivated us to conduct further investigations

into structural modification of the components of the liposomes.

The key objective of this work was an improved stability of the liposomes. To this end, the cholesterol
anchor of the polymers was exchanged for a 1,2-bis(hexadecyl)glycerol (BisHD) anchor, as recent results
suggest fast intermembrane exchange of cholesterol anchored polyether lipids.?” A strategy for the

synthesis of bis(alkyl)glycerol polyether lipids was reported by Hofmann et al. in 2011.%28 In the present
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work, we focus on investigating the properties of hbPG lipids (BisHD-hbPGs,, M, = 2900 g mol* and
BisHD-hbPGes, M, = 5200 g mol™) employed for the steric stabilization of liposomes. To compare hbPG
with PEG with respect to the liposome shielding properties, a BisHD-PEGss (M, = 3000 g/mol) lipid was
examined in addition. Radiolabeling was carried out using the prosthetic group 1-azido-2-(2-(2-
[*8F]fluoroethoxy)ethoxy)ethane ([*®F]F-TEG-N3) via copper-catalyzed alkyne-azide cycloaddition
reaction (CuAAC), which allows for high specificity and excellent yields under mild conditions and is
frequently used to synthesize PET tracers.? Three different radiolabeled polyether lipids were obtained:
BisHD-hbPG3,-CHa-triazole-TEG-'8F  (BisHD-hbPG3,-*8F), BisHD-hbPGes-CH,-triazole-TEG-'8F  (BisHD-
hbPGe3-'8F) and BisHD-PEGss-CH,-triazole-TEG-*8F (BisHD-PEGse-'8F). Size and shape of the liposomes
were analyzed via dynamic light scattering (DLS) and cryo-transmission electron microscopy (cryo-TEM).
To achieve reproducible sizes of the liposomes, an automated liposome preparation process was
established. Temperature-dependent stability profiles were tested via DLS. Finally, in vivo evaluation of
the non-associated polyether lipids and their corresponding liposomal formulations (Figure 1) was

performed in small animal studies via in vivo PET and ex vivo organ distribution.

—o BisHD-PEG4,

BisHD-hbPG,

ﬁ 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)

\ / cholesterol

v radiolabel ('éF)

Figure 1. lllustration of the liposomal formulations containing te three different polyether lipids, BisHD-PEGse, BisHD-hbPGs;
and BisHD-hbPGgs; the radiolabel is fluorine-18; the polymer chains inside the liposome are omitted for clarity, and the
illustration is not drawn to scale.
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Experimental

Materials

All chemicals were obtained from Sigma Aldrich, TCI Europe, VWR or Acros Organics unless stated
otherwise. Deuterated solvents (C¢Dg, CD,Cl,, DMSO-ds, pyridine-ds) were purchased from Deutero
GmbH. THF used for the anionic ring-opening polymerization of ethylene oxide (EO) was dried and
stored over sodium/benzophenone. EO was purchased from Sigma Aldrich. Care must be taken when
handling the flammable, toxic, and gaseous ethylene oxide. EO must be stored in pressure-proof gas
bottles and used only in an appropriate fume hood with the respective safety precautions.
Polymerizations of EO are carried out in flame-dried glassware, allowing for secure handling by using
cryo-transfer techniques to transport EO inside the evacuated and sealed glass apparatus. Batch-sizes
must not exceed 5 g of EO in a 250 ml flask to prevent spontaneous detachment of the septum and
release of EO. Ethoxyethyl glycidyl ether (EEGE) was synthesized according to known literature
protocols.3® Glycidol was stirred over CaH, and freshly distilled prior use. Dry NMP (N-
methylpyrrolidone) was stored over molecular sieve before use. Particle-free phosphate buffered saline

(PBS) enabling exact light scattering experiments was obtained from Gibco™ by Thermo Fisher Scientific.

Methods

Characterization

'H NMR and diffusion-ordered NMR (DOSY) spectra were measured on a Bruker Avance Il 400 MHz
(5 mm BBO probe, 256 Scans, and B-ACS 60 auto sampler) at 294 K. *3C NMR spectra were recorded on
a Bruker Avance 11 400 (100.5 MHz, 5 mm BBO probe, and B-ACS 60 auto sampler) at 294 K. All spectra
were processed with MestReNova v9.0 software. DOSY spectra were analyzed using MestReNova
Bayesian DOSY Transform Software. Gel permeation chromatography (GPC) data were obtained using
Agilent 1100 Series endowed with a PSS HEMA-column (108/10%/10% A porosity), LiBr/DMF (1 g/l) as
eluent using refractive index (RIl) detection. Molecular weights and dispersity (D = Mw/M,) were
determined with monodisperse PEG standards from Polymer Standard Service GmbH (PSS). MALDI-ToF
mass spectrometry was conducted on an Axima CFR MALDI-ToF mass spectrometer using a-cyano-4-

hydroxy-cinnamonic acid (CHCA) as matrix and potassium trifluoroacetate (KTFA) as a source for cations.

For multi-angle DLS cylindrical quartz cuvettes (Hellma Analytics, Mihlheim, Germany) were cleaned by
dust-free distilled acetone and transferred to a dust free flow box. Solutions were diluted 1:100 with
PBS and filtered into the cuvettes through Millex-LCR filters, 0.45 um pore size (Merck Millipore). DLS
measurements were performed by the following instruments at 20 °C. Apparatus 1 consists of a

Uniphase He/Ne Laser (22.5 mW output power at A =632.8 nm) and an ALV/CGS-8F SLS/DLS 5022F
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goniometer with eight simultaneously working ALV 7004 correlators and eight ALV/High QEAPD
avalanche photodiode detectors. Apparatus 2 consists of a Uniphase He/Ne Laser (22.5 mW output
power at A = 632.8 nm), an ALV/SP125 goniometer with an ALV 5000/E/PCl correlator and an ALV/High
QEAPD Avalanche photodiode detector. The correlation functions of the particles were fitted using a
sum of two exponentials. The z-average diffusion coefficient D, was calculated by extrapolating Dgpp for
g = 0. By formal application of Stokes law, the inverse z-average hydrodynamic radius is Ry = (Rn™), .

The experimental uncertainties are estimated to +2 % for Rh.

Cryo-transmission electron microscopy imaging was performed using a Zeiss Libra® 120 (Carl Zeiss AG),
operating at 120 kV acceleration voltage. The images were taken with a 2k x 2k CCD-camera (UltraScan
1000XP, Gatan, Inc.). The samples were vitrified in a plunge freezer (Leica EM GP, Leica Microsystems)
with liquid ethane at -180 °C on holey carbon-coated copper grids (Quantifoil® R2/1, Quantifoil Micro
Tools). Vitreous ice grids were transferred into the electron microscope using a Gatan 626 holder

(Gatan, Inc.), that maintains the grids at a temperature below -170 °C.

Radio-thin-layer chromatographys (radio-TLCs) were run on silica-coated aluminum-backed TLC plates
(Merck) using EA/Hex 1:1 as mobile phase. The chromatograms, acquired on a RITA detector (Raytest),

were analyzed using Gina Star TLC software (Raytest).

Polymer syntheses

1,2-Bis(hexadecyl)glycerol (BisHD-OH). The synthesis protocol has been described in previous reports.?

Ethoxyethyl glycidyl ether (EEGE). This compound has been synthesized according to known literature

protocols.®

1,2-Bis(hexadecyl)glycerol-linPG (BisHD-linPG). BisHD-/inPGis and BisHD-/inPG,; were synthesized
according to the same procedure. As an example, the synthesis of BisHD-/inPGis is described. BisHD-OH
(100 mg, 0.155 mmol) and cesium hydroxide mono hydrate (15.6 mg, 0.139 mmol) were dissolved in
benzene (6 ml) and stirred in a dry Schlenk flask under slightly reduced pressure at 60 °C for 15 min
keeping the stopcock closed. Moisture was removed by azeotropic distillation of benzene and
subsequent drying at 60 °C in high vacuum for 16 h. Under argon atmosphere, dry dioxane (10 ml) was
added via syringe and the solution was heated to 40 °C. EEGE (1.09 ml, 7.42 mmol) was injected and the
reaction mixture was stirred at 80 °C for 3 d. After removal of the solvent in vacuum, the resulting
polymer was dissolved in a mixture of methanol (20 ml) and hydrochloric acid (2 ml, 2 mol I') and stirred
for 2d at 40 °C. The solvent was partially removed under reduced pressure and the polymer was
precipitated two times in cold diethyl ether. The pure polymer was obtained after drying in high vacuum.

(Yield: 82 %) *H NMR (400 MHz, DMSO-ds): & [ppm] 4.85-4.20 (m, 18H, OH), 3.70-3.10 (m, 99H, CH»-O
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and CH,-CH-0), 1.50-1.38 (m, 4H, CH,-CH,-0), 1.34-1.10 (m, 52H, CH,), 0.84 (t, 6H, Jas = 6.4 Hz, CHs-
CHa).

1,2-Bis(hexadecyl)glycerol-hbPG (BisHD-hbPG). BisHD-hbPGs, and BisHD-hbPGgs were synthesized
according to the same procedure. As an example, the synthesis of BisHD-hbPGs; is described. In a dry
Schlenk flask, the BisHD-/inPGis (600 mg, 0.321 mmol) and cesium hydroxide mono hydrate (102 mg,
0,61 mmol) were dissolved in benzene (6 ml) and stirred at 60 °C for 1 h. The macroinitiator was freeze-
dried in vacuo for 16 h, dissolved in dry NMP (0.5 ml) and heated to 100 °C. A solution of glycidol in dry
NMP (6.8 ml, 5 wt%, 4.59 mmol) was added within 8 h via a syringe pump and subsequently stirred for
2 h. After cooling to 22 °C, the polymerization was terminated with methanol (0.5 ml). The crude
polymer was dialyzed (MWCO 500 Da) against methanol for 24 h and dried under vacuo. (Yield: 740 mg,
80 %) '*H NMR (400 MHz, pyridine-ds): § [ppm] 6.66-5.76 (m, 32H, OH) 4.61-3.28 (m, 169H, CH--0 and
CH»-CH-0), 1.78-1.59 (m, 4H, CH-CH,-0), 1.54—1.20 (m, 52H, CH,), 0.88 (t, 6H, Jas = 6.4 Hz, CH3-CH).
13C NMR (100 MHz, pyridine-ds): & [ppm] 79.92—62.73 (101C, CH,0, CHO), 32.48 (2C, O-CH,-CH»-CHs),
31.01-29.97 (22C, CH,), 26.96 (2C, -CH>-CH»-CHs), 23.30 (2C, CH»>-CHs), 14.65 (2C, CHa-CHs).

1,2-Bis(hexadecyl)glycerol-hbPG-alkyne (BisHD-hbPG-alkyne). BisHD-hbPGs,-alkyne and BisHD-hbPGes-
alkyne were synthesized according to the same procedure. The synthesis of BisHD-hbPGs,-alkyne is
described as an example. BisHD-hbPGs; (300 mg, 0.102 mmol) was dissolved in dry DMF (10 ml) under
argon atmosphere. The solution was cooled to 0 °C, sodium hydride (18.0 mg, 0.75 mmol) was added,
and the mixture was stirred for 10 min. Propargyl bromide (31.7 mg, 0.21 mmol, 80 wt% in toluene) was
injected via syringe and the reaction proceeded at 22 °C for 20 h. After the suspension was diluted with
water (1 ml), the solvent was removed in vacuo and the final polymer was obtained via dialysis (MWCO
500 Da) against methanol for 5 h. (267 mg, 89 %) *H NMR (400 MHz, pyridine-ds): 6 [ppm] 4.98-4.37
(m, 31H, OH), 4.29-4.09 (m, 2H, OCH»-CCH), 3.80-3.04 (m, 169H, CH,0 and CH,-CH-0), 1.53-1.38 (m,
4H, CH,-CH,-0), 1.35-1.11 (m, 52H, CH>), 0.85 (t, 6H, Jag = 6.4 Hz, CH3-CH;).

1,2-Bis(hexadecyl)glycerol-PEGss (BisHD-PEGss). BisHD-OH (200 mg, 0.371 mmol) was dissolved in
benzene (10 ml) and stirred in a dry Schlenk flask under slightly reduced pressure at 60 °C for 15 min
keeping the stopcock closed. Moisture was removed by azeotropic distillation of benzene and
subsequent drying at 70 °C in high vacuum for 16 h. After cooling to 22 °C, dry THF (15 ml) was cryo-
transferred into the Schlenk flask and potassium naphthalenide in THF (0.37 ml, 0.18 mmol,
c=0.5 mol IY, prepared from potassium (235 mg, 6.0 mmol) and naphthalene (770 mg, 6.0 mmol) in
dry THF (12 ml) in a glovebox under argon) was added via syringe. Generated hydrogen was removed in
vacuum and ethylene oxide (1.11 ml, 22.3 mmol) was cryo-transferred via a graduated ampule into the
initiator solution. The reaction was allowed to proceed at 40 °C for 3 h and subsequently continued at

60 °Cfor 3 d. The polymerization was quenched with methanol (2 ml), and the polymer was precipitated
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in cold diethyl ether. After removing all volatiles under vacuum, the pure polymer was obtained. (Yield:
82 %) *H NMR (400 MHz, DMSO-de): 6 [ppm] 3.70-3.20 (m, 257H, CH>-0 and CH,-CH-0), 1.50-1.38 (m,
4H, CH,-CH,-0), 1.34-1.10 (m, 52H, CH,), 0.84 (t, 6H, Jas = 6.4 Hz, CH3-CH,).

1,2-Bis(hexadecyl)gycerol-PEGses-alkyne (BisHD-PEGss-alkyne). In a dry Schlenk flask, BisHD-PEGse
(300 mg, 0.115 mmol) was dissolved in dry THF (15 ml) under argon atmosphere. The solution was
cooled to 0 °C, sodium hydride (8.3 mg, 0.34 mmol) was added, and the mixture was stirred for 10 min.
Propargyl bromide (51.1 mg, 0.34 mmol, 80 wt% in toluene) was injected via syringe and the reaction
proceeded at 22 °C for 20 h. After filtration the solution was reduced to a small volume and the polymer
was precipitated in cold diethyl ether (280 mg, 92 %). *H NMR (400 MHz, C¢De¢): & [ppm] 3.94 (d, 2H,
*Jag = 2.4 Hz, OCH>-CCH), 3.86—3.25 (m, 190H, CH,0 and CH»-CH-0), 2.14 (m, 1H, OCH,-CCH), 1.71-1.54
(m, 4H, CH»-CH,-0), 1.52-1.19 (m, 52H, CH,), 0.90 (t, 6H, Jag = 6.4 Hz, CH5-CH,). *C NMR (100.6 MHz,
CsDs): & [ppm] 100.46 (1C, 02CH-CHs), 80.47 (1C, OCH,-CCH), 78.86 (1C, CH-CH,0), 74.70 (1C, OCH,-
CCH), 73.24-64.97 (87C, CH,0), 58.38 (1C, OCH,-CCH), 32.36 (2C, CH3-CH»-CH.), 30.86-29.85 (24C, CH,),
26.76 (2C, CH>-CH-CH10), 23.14 (2C, CH»>-CH3), 19.96 (1C, 0,CH-CHs), 14.40 (2C, CHy-CHs).

Precursor synthesis

2-(2-(2-Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate (Ts-TEG-N3). The synthesis was accomplished

according to published procedures.?®

Radiosyntheses

1-azido-2-(2-(2-[*F|fluoroethoxy)ethoxy)ethane. [*F]F-TEG-N3 was synthesized on a semiautomatic
custom modular system with radiochemical yields (RCY) up to 91 % (TLC, EA/nHex 1:1, Ry 0.8)

(Figure S-7) according to a previous report.2®

BisHD-polyether-CHx-triazole-TEG-F. The radiolabeling of the BisHD polyethers via CUAAC was adapted
from Reibel et al.?® A solution of the respective BisHD polyether (7 mg BisHD-PEGss-alkyne, 6 mg BisHD-
hbPGsz-alkyne or 6 mg BisHD-hbPGes-alkyne) was dissolved in 1 ml of PBS buffer and the solution was
added to a [*®F]F-TEG-Ns-coated vial with a stir bar. Subsequently, 12.5 pul DMSO, 15 pl CuSO4 (1 M in
MilliQ water, 15 umol) and 25 pl sodium ascorbate (2.4 M in PBS buffer, 60 umol) were added in this
order. The mixture was heated at 70 °C for 10 min. The RCY was determined via radio-TLC (EA/nHex 1:1,
R Q). To remove cytotoxic copper, the reaction mixture was passed through Chelex 100 (Bio-Rad)
(600 mg in a 3 ml SPE tube, preconditioned with 0.8 ml HCI (1 M), 5 ml H,0, 0.8 ml NaOH (1 M), 5 ml
H,0). The cartridge was eluted with 1.5 ml of abs. ethanol, and the solvent was removed using a
miniature rotating evaporator. For the animal studies the polyether lipids were subsequently dissolved

in PBS buffer.
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Liposome formation

Liposomes were prepared by the thin film hydration method followed by several extrusion steps.
Liposome components were 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol and
radiolabeled BisHD polyether (BisHD-hbPG3,-8F, BisHD-hbPGe3-*8F or BisHD-PEGse-18F) at molar ratios of
55:40:5 mol%. M, values, determined by H NMR spectroscopy, were used to calculate the lipid
compositions. A solution of DOPC in ethanol, cholesterol in ethanol and the radiolabeled polyether lipid
were blended, and the solvent was evaporated in a miniature rotating evaporator to obtain a thin film
of the liposome components. 0.8 ml of PBS were added resulting in large multilamellar vesicles. To
obtain small unilamellar vesicles, the liposome suspension was sonicated at 50 °C for 10 min, followed
by extrusion through polycarbonate membranes (400 nm, 21 times then 100 nm, 21 times. Liposomes
containing BisHD-hbPGes-18F were additionally extruded through a 50 nm membrane 21 times) using a
Mini-Extruder (AVESTIN Europe GmbH) driven by a custom-built device (Figure S-9 in the Supporting
Information). Finally, the liposomes were purified via size exclusion chromatography (SEC) using
Sephacryl S-400 HR as a resin (~4 ml packed in a 6 ml empty SPE tube with 20 um PTFE frits at top and
bottom) and PBS as a mobile phase. Fractions of 0,5 ml were collected. Liposomes eluted in the fractions

3-5.

Liposome stability

Experiments regarding storage stability and temperature stability of the liposomes are provided in the

Supporting Information.

Animal studies

Male C57BL/6 mice (Janvier Labs; body weight: 23.3+2.2 g; age: 6-8 weeks) housed in the animal care
facility of the University of Mainz were used in this study. The anesthetization of the animals was
accomplished using an isoflurane vaporizer, where 2.5 % of isoflurane were admixed with air.
Anesthetized animals were injected with 6.05+0.67 MBq of the respective radiolabeled compound in
100-150 pl of PBS via a tail vein (1 h animals) or retroorbital (4 h animals). The applied masses of
polyether lipids alone were <0.34 mg for BisHD-PEGse-'8F and <0.18 mg for BisHD-hbPG3,-'8F. For the
corresponding liposomal formulations the applied masses were <0.084 mg for BisHD-PEGse-'%F,
<0.047 mg for BisHD-hbPG3,-8F and <0.055 mg for BisHD-hbPGes-18F. All experiments had previously
been approved by the regional animal ethics committee and were conducted in accordance with the

German Law for Animal Protection and the UKCCCR Guidelines.?!

In vivo UPET studies
PET scans were run on a microPET Focus 120 (Siemens). For the dynamic PET scans of 1h data

acquisition was started at the time of injection. For the 3.5to 4 h static PET scans the mice were
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anesthetized for the injection, but were awake in the timespan between injection and PET scan. During
the PET scan the animals lay in a head first prone position. The list mode data files were reconstructed
using a filtered-backprojection reconstruction algorithm. The reconstruction was done using ASIPro 1.2.
software. AMIDE software was utilized for image processing purposes. To accomplish the analysis of the

PET data PMOD 3.6 software was used.

Ex vivo biodistribution

In order to assess the distribution of the radiolabeled compounds in different organs, injected animals
were sacrificed after 1 h or 4 h and organs of interest were collected. The tissue samples were weighed
and the radioactivity in the samples was measured in a y-counter (2470 WIZARD? Automatic Gamma

Counter, PerkinElmer).

Results and discussion

Synthesis of 1,2-Bis(hexadecyl)glycerol-hbPG and -PEG lipids

In a previous work, we aimed at elucidating the in vivo behavior of liposomes endowed with cholesterol-
based polyether lipids.?® However, recent findings have highlighted the importance of a stable lipid
anchorage of polyether lipids in the liposomal membrane and revealed superior stability of dialkyl-
functional lipids compared to cholesterol-derived lipid structures.?” This motivated us to investigate the
performance of dialkyl-based polyether lipids in liposomal formulations with different architectures of
the polyether blocks. In this study, we focused on examining the in vivo biodistribution of dialkyl-
functional lipids containing hyperbranched polyglycerol (hbPG) and polyethylene glycol (PEG). To ensure
comparability between the shielding properties of hbPG and PEG, molecular weights were chosen to be
~3000 g mol™. In order to study the impact of the polyether size, also an hbPG-lipid with a molecular
weight of ~5000 g mol™* was investigated. To this end, we synthesized polyether lipids based on a 1,2-
bis-n-hexadecyl glycerol anchor unit following the synthesis routes illustrated in Scheme 1. First,
BisHD-OH was obtained according to literature protocols?® and was used as an initiator for the anionic
ring-opening polymerization (AROP) of ethoxyethyl glycidyl ether (EEGE) to generate a BisHD-PEEGE
prepolymer. The PEEGE precursor could be converted into BisHD-/inPG by acidic hydrolysis of the acetal
protecting groups. Using the /inPG macroinitiator for the slow addition of glycidol, BisHD-hbPG lipids
were accessible (see Scheme 1, right path). The synthesis of dialkyl-based hbPG lipids has been reported
in a previous work that built upon a poly(isopropylidene glyceryl glycidyl ether) lipid precursor used as
an initiator for the “hypergrafting” of glycidol.?® Here, we employed a novel oligo(EEGE) precursor as an
alternative macroinitiator, extending the scope of dialkyl-derived PG-lipids. For comparative purposes,

a PEG-functional BisHD lipid of similar molecular weight was synthesized utilizing BisHD-OH to initiate
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the AROP of ethylene oxide. The polymerization was conducted in THF using potassium naphtalenide to

deprotonate the initiator (See Scheme 1, left path).
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Scheme 1. Synthesis of novel BisHD-PEG (left) and BisHD-hbPG lipids (right).

Table 1 summarizes the molecular characteristics of the polymer lipids discussed in this study. Average
molecular weights were determined by 'H NMR spectroscopy via end group analysis and SEC in DMF
using PEG calibration. A detailed description of the procedure is provided in the Supporting Information.
BisHD-/inPG macroinitiators were obtained with molecular weights M, of 1800 g mol™* and 2200 g mol*

and were used for the hypergrafting of glycidol to generate hbPG-functional lipids.

Table 1. Molecular characteristics of hyperbranched and linear bis(hexadecyl)glycerol lipids.

Sample M, (NMR) / g mol? M, (SEC) / g mol™? b

BisHD-/inPG1g 1950 1800 1.06
BisHD-hbPGs; 2910 2200 1.21
BisHD-/inPG21 2100 1800 1.18
BisHD-hbPGes 5210 3500 1.36
BisHD-PEGse 3010 2200 1.05

M, (NMR): Molecular weights of polymers calculated from 'H NMR via end group analysis. M, (SEC): Molecular weights of
polymers obtained from SEC using PEG standards for calibration. = M\,/M,: Molecular weight distribution determined from
SEC using PEG standards.

BisHD-hbPG lipids were synthesized with molecular weights of 2900 and 5200 g mol? exhibiting

moderate dispersities & below 1.4. Figure 2 includes SEC traces of the PEEGE prepolymers (black traces),
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linPG macroinitiators (red traces) and BisHD-hbPG lipids (blue traces) revealing monomodal molecular
weight distributions for all polymers with shifts to lower elution volume for increasing molecular
weights. As a linear PEG analog, BisHD-PEGs¢ was synthesized with a molecular weight of 3000 g mol?

to allow for comparative studies.

BisHD-PEEGE ‘[ BisHD-PEEGE,,
BisHD-/inPG | BisHD-/inPG,,
BisHD-/bPG,, —— BisHD-/6PG,,

T T T T T T T T T T T T T 1
15 16 17 18 19 20 21 22 23 24 256 26 27 28 14 16 18 20 2 24 26 28

vV, /mL V,/mL

Figure 2. SEC traces of BisHD-PEEGEs (black), BisHD-/inPGs (red), BisHD-hbPGs (blue) using DMF as eluent and RI detection.

To enable radioactive labeling of the polyether lipids via CUAAC, alkyne moieties were introduced in a
post-modification step. To this end, PEG and hbPG lipids were functionalized by transformation of
terminal hydroxyl groups with propargyl bromide, as depicted in Scheme 2. This reaction has been

reported in the literature,® and was adapted for the dialkyl-based lipids in this study.
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Scheme 2. Post-modification of BisHD-hbPG (top) and BisHD-PEG (bottom) with propargyl bromide to attach alkyne
functionalities.

Figure 3 shows typical 'H NMR spectra of BisHD-hbPGs before and after alkyne functionalization. The
proton signals of the initiator (6 =0.8 — 1.7 ppm) are clearly separated from the polyether backbone
(6=3.2—4.4 ppm) and the multiple hydroxyl groups (8§ =6.0—6.7 ppm). Molecular weights were

calculated from the spectra by comparing the integrals of the backbone resonances and the hydroxyl
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groups with the methyl proton signals of the dialkyl chains (6 =0.91 ppm). Successful functionalization
of lipids was confirmed by the appearance of the characteristic resonances for the propargyl methylene
protons (6 =4.5-4.7 ppm). B3C NMR and diffusion-ordered NMR spectroscopy (DOSY) provided
additional evidence for the attachment of alkyne moieties to the polymers (See Supporting Information,
Figure S-2 and Figure S-3). Two alkyne-functional, hyperbranched lipids with the following structures
BisHD-hbPGs3,-(CH,CCH)4, BisHD-hbPGes-(CH,CCH)4 were obtained and used in this study. NMR spectra

of BisHD-PEG are included in the Supporting Information (Figure S-4).
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Figure 3. 'H NMR spectra of BisHD-hbPGes (top) and BisHD-hbPGe3 alkyne (bottom) measured in pyridine-ds at 400 MHz.

Radiosyntheses

The required [*®F]F-TEG-Ns was prepared by nucleophilic fluorination of Ts-TEG-Ns; using a semi-
automatic custom modular system (Supporting Information Figure S-6) in yields up to 91 %. A
representative radio-TLC of the reaction mixture prior to HPLC purification is provided in Figure S-7 in
the Supporting Information. Subsequently, the respective polyether lipid was radiolabeled using
[*®F]F-TEG-N3 via CuAAC, which works reliable in radiochemical yields (RCYs) above 95 % after 10 min
(Scheme 3). In order to start the CuAAC, the last component added was sodium ascorbate, which
reduces Cu(ll) to Cu(l). The success of the CUAAC within 10 min strongly depends on the amount of

alkyne functionalities relative to the amount of [*F]F-TEG-Ns. For example 3 mg BisHD-PEGss alkyne
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resulted in yields of 20.3 % whereas 7 mg gave RCYs of 97 % when 4 GBq of [*F]F-TEG-N; were used.
This finding gives evidence, that a certain ratio of the reactants is needed in order to obtain quantitative

yields in a short time.
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Scheme 3. Radiolabeling of BisHD-hbPG-alkyne and BisHD-PEG-alkyne via CuAAC.

Fluorine-18 was chosen because it combines ideal properties for PET imaging like a sufficient half-life of
109.7 min, a low energy of the emitted positron (Eg+max=0.63 MeV) and a high ratio of B*-decay
(96.9 %).3? Because of its small size and its lack of charge, the polymer structure is altered almost
negligibly. Additionally, the structure of the synthon, [¥F]F-TEG-Ns, mimics the polyether structure to
result in a radiolabeled polyether lipid, which is believed to show an almost identical in vivo behavior as

non-radiolabeled polyether lipids.

Liposome formation and characterization

Liposomes were manufactured by the thin film hydration method followed by extrusion through
polycarbonate membranes of 400 nm then 100 nm. Since BisHD-hbPGes-shielded liposomes tended to
be larger, they were additionally extruded through a 50 nm membrane. Performing the extrusion
manually led to two major problems: First, a high radiation exposure for the experimentalist and second,
strong fluctuations of the liposomes sizes even with the same shielding polymer. Therefore we

developed an automatic extrusion device (Figure S-9 in the Supporting Information), which permits to
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apply reproducible pressure during the extrusion process and has a separate control module. Via the
automatization of the extrusion process, it was possible to obtain liposomes with reproducible size
control (Figure S-9 in the Supporting Information). Furthermore, the separate control module allows for
a remote control of the extrusion device and therefore considerably reduces radiation exposure. After

the extrusion, liposomes were separated from non-integrated lipids via SEC with PBS as mobile phase.

The size of the liposomes was determined via DLS when they did not radiate any more (~18 h).
Liposomes containing BisHD-PEGss (5 mol%) exhibited a hydrodynamic radius R, of 90 nm, whereas
liposomes shielded with BisHD-hbPGs; (5 mol%) and BisHD-hbPGes (5 mol%) showed Ry, values of 61 nm
and 94 nm, respectively (underlying DLS data are provided in Figure S-11 in the Supporting Information).
Since extrusion was conducted in the same manner for all liposomes, aberrations in size might derive
from the different steric demands of the polyether lipids. The rather globular structure of
hyperbranched lipids compared to linear PEG lipids of the same molecular weight is held responsible
for the increased size of PEG-shielded liposomes. As for the two hbPG-shielded liposomes, the drop in
size with lower molecular weight of the polymer can be attributed to decreased steric bulk. In order to
examine the shape of the liposomes cryo-TEM measurements were accomplished. Representative
images of BisHD-PEGsg-shielded liposomes and BisHD-hbPGs,-shielded liposomes are shown in Figure 4.
Further images are provided in Figure S-10 in the Supporting Information. It can be seen that the
liposomes are unilamellar spheres with narrow size distribution. Furthermore storage stability and
temperature stability experiments were conducted, indicating that the liposomes are stable between

20 to 50 °C. The results are included in the Supporting Information (Figure S-12 and Figure S-13).

Figure 4. Representative cryo-TEM images of BisHD-PEGss-shielded liposomes (left) and BisHD-hbPGs,-shielded liposomes
(right).
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Animal studies

In vivo UPET studies

To investigate the in vivo fate of the polyether lipids and their corresponding liposomal formulations,
WPET studies were conducted in healthy, male C57BL/6 mice. Dynamic scans of 1 h were started at the
time of injection in order to follow the initial distribution. For the liposomal formulations also static
scans of 30 min were run 3.5 h after injection to gain information regarding pharmacokinetics at later

stages. Figure 5 shows coronal, whole-body maximum intensity projections (MIPs) of the polyether

lipids BisHD-hbPGs; and BisHD-PEGsg as representative illustrations for PEG and hbPG lipids.
0-3 min p.i. ~ 50-60 min p.i. 0-3 min p.i. ~ 50-60 min p.i.

I max

min
Figure 5. Coronal, whole-body MIPs in different time frames for BisHD-PEGss-18F (A & B) and BisHD-hbPGs,-18F (C & D). he:
heart, ve: vein, lu: lung, li: liver, bl: bladder, ki: kidney.

Both non-liposomal polyether lipids show an initial uptake in the bloodstream (0-3 min) and
subsequently undergo rapid renal excretion. As expected, after 1 h the main uptake can be found in the
bladder for both polyether lipids, since their molecular weight is below the renal threshold and the

hydrophilic polyether block impedes accumulation in the liver.

In contrast, the liposomal formulations behave fundamentally different from the non-associated
polymers. Figure 6 shows coronal, whole-body MIPs of BisHD-hbPGs,-'8F-liposomes, BisHD-PEGse-18F-
liposomes and BisHD-hbPGes-F-liposomes at different times after injection. All liposomes show an
initial uptake (0-3 min) in the blood and well perfused organs, such as heart and lung. After 60 min, the
main activity is still observed in the blood. These findings prove that the liposomes remain intact,
because the polyether lipids by themselves would rapidly be excreted via the kidneys and the bladder
(see Figure 5). After 4 h, the liver uptake becomes dominant, but one can still see activity in well
perfused organs like heart and lung, revealing that a fraction of the liposomes is continuously circulating

in the blood. In case of the hbPGes- and for the PEGsg-shielded liposomes, a significantly higher spleen
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uptake is observed after 4 h compared to the hbPGs,-shielded liposomes. We ascribe this to the
different sizes of the liposomes. The liver features a filtration cutoff of 50-100 nm, thus particles smaller
than 50-100 nm will interact with hepatocytes.® All of the investigated liposomal formulations had
diameters above 100 nm, so liver accumulation at least caused by the size should not be dominant and
indeed it was not. In contrast, particles exceeding 200 nm tend to accumulate in the spleen.*
Accordingly, BisHD-hbPGes-shielded liposomes, with a diameter of 188 nm, showed the highest
accumulation in the spleen. Liposomes containing BisHD-PEGsg had a diameter of 180 nm and exhibited
the second highest splenic accumulation, whereas BisHD-hbPGs,-shielded liposomes, with a diameter
of only 122 nm showed a much lesser uptake in the spleen. Besides, during the liposome formation
process, the polyether lipids may be incorporated into the liposomes to slightly different degrees,
although 5 mol% were added to each formulation, because of the different steric demand of PEGsg,
hbPGs; and hbPGes. This may also cause a different rate of recognition and uptake by the MPS. Further
evaluation of the PET data as well as PET images of the liposomes shielded by cholesterol-anchored

polyether lipids are provided in the Supporting Information.
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0-3 min p.i.  50-60 min p.i.  3.5-4 hp.i.

max
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Figure 6. Coronal, whole-body MIPs at different time points (left column: 0-3 min p.i., middle column: 50-60 min p.i., right
column: 3.5-4 h p.i.) for BisHD-hbPGs,-18F-liposomes (A, B, C), BisHD-PEGse-18F-liposomes (D, E, F) and BisHD-hbPGes-18F-
liposomes (G, H, 1). he: heart, ve: vein, Iu: lung, li: liver, sp: spleen, ki: kidney.

Ex vivo biodistribution

Ex vivo biodistribution studies were conducted in order to obtain quantitative conclusions regarding the
in vivo accumulation of the 8F-labeled compounds in different organs. Figure 7 shows the results for

the polyether lipids BisHD-hbPGs,-*F and BisHD-PEGss-8F, and Figure 8 summarizes the results for the
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liposomal formulations that differs strongly from Fig. 7. Table S1 in the Supporting Information provides

the underlying data.
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Figure 7. Summarized ex vivo biodistribution data of the polyether lipids BisHD-hbPGs,-18F and BisHD-PEGss-*8F 1 h p.i (n=5;
asterisk indicates n=3, hash implies n=4).

From Figure 7 it can be seen that after 1 h both polyether lipids (most probably as micelles) are mainly
found in  the urine (BisHD-PEGss-8F: 269.3+11.2 % ID/gtissue and BisHD-hbPG3y-8F:
93.6+33.2 % ID / g tissue), which confirms that they are quickly excreted via the renal pathway, except
for a small amount still circulating in the bloodstream (BisHD-PEGse-18F: 14.5+0.9 % ID / g tissue and
BisHD-hbPG3,-18F: 18.843.1 % ID / g tissue). These findings are in accordance with the results of the PET
studies. However, fast excretion of the polyether lipids via the renal system is favorable, as it ensures

quick elimination of degraded liposomes from the body.
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Figure 8. Summarized ex vivo biodistribution data of the liposomal formulations (1 h p.i.: n=5; 4 h p.i.: n=3 (BisHD-hbPG3,-18F-
liposomes, BisHD-PEGse-18F-liposomes), n=5 (BisHD-hbPGegs-18F-liposomes)). Asterisks indicate n=4, hash implies n=2.

The results of the ex vivo biodistribution studies of the corresponding liposomal formulations confirm
the observations of the in vivo PET studies. After 1 h, the three liposomal formulations show high uptake
in the blood. For example 45.7+5.1 % ID / g tissue are present in the blood pool after 1 h for the hbPGs,-
shielded liposomes. In contrast to the high accumulation in the blood, the concentration in the urine is
marginal after 1 h. These findings prove that the liposomes remain intact. The non-associated
dialkylglycerol polyether lipids by themselves would have been excreted via the kidneys and the bladder
after this time. The observed uptake in lung, kidneys and heart is most likely caused by blood that
remained in these organs upon harvesting. Overall it can be concluded that the different liposomes
behave in a similar manner, with one exception, which is their splenic accumulation. Regarding the
hbPGs,-shielded liposomes 15.5+1.4 % ID / g tissue are found in the spleen after 1 h. In contrast, the
larger-sized hbPG-shielded liposomes show a 3.3-fold higher uptake in the spleen, whereas the splenic
uptake of the PEG-shielded liposomes is twice as high after 1 h. We ascribe this to the different sizes of
the liposomes, as discussed in the previous paragraph. Nevertheless compared to liposomes shielded
by cholesteryl-anchored polyethers, recently investigated in our group, in vivo liposome stability after
1 h could be improved greatly. For example Ch-PEG30-hbPG24-18F (5 mol%)-shielded liposomes exhibited
only 7.741.9% ID / g tissue in the blood pool and 221+48 % ID / g tissue in the urine after 1 h?®
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compared to 45.745.1 % ID / g tissue in the blood pool and 2.5+1.7 % ID / g tissue in the urine after 1 h

for the BisHD-hbPGs;-shielded liposomes investigated herein.

The enhanced stability motivated us to investigate the distribution of the liposomes also at 4 h p.i. in
order to gain information on the later stage pharmacokinetics. After 4 h the uptake in the blood pool
decreased to values in the range of 20-30 % ID / g tissue, and the accumulation in the liver increased. In
this context is worth mentioning that the PEG-shielded liposomes exhibited the lowest uptake in the
liver. Regarding the splenic uptake the values doubled both for the larger-sized hbPG-shielded and for
the PEG-shielded liposomes, whereas the uptake for the hbPGs,-shielded liposomes did not change
significantly between 1 and 4 h p.i., supporting stability of a considerable fraction of the shielded
liposomes even after 4 h in the bloodstream. To the best of our knowledge, this is the first report
demonstrating the stable membrane anchorage of dialkyl-functional hbPG lipids in liposomes during
blood circulation. Furthermore, our data suggest a superior in vivo performance of hbPG-shielded
liposomes as opposed to PEG-shielded liposomes with comparable molecular weight of the polyether
lipid with respect to splenic MPS recognition. Future research efforts will focus on the benefits of

multifunctional polyether lipids in liposomes for targeted drug delivery.

Conclusion

In this study, the in vivo properties of dialkyl-anchored, hyperbranched and linear polyether lipids in
liposomes were investigated based on radioactive labeling. To this end, well-defined novel polyether
lipids with Cl16-alkyl tails based on hyperbranched polyglycerol and PEG were synthesized with
molecular weights of M, = 3000 g mol™. For this purpose, a bis(hexadecyl)glycerol (BisHD) precursor as
an initiator for the AROP of epoxide monomers was designed. The BisHD-/inPG macroinitiator granted
access to the hyperbranched lipids with narrow dispersity, relying on slow monomer addition of glycidol.
Additionally, a higher molecular weight BisHD-hbPG lipid (M, = 5000 g mol™) was included to study the
effect of molecular weight. Radiolabeling of the alkyne-functional BisHD polyethers was established via
CuAAC giving excellent radiochemical yields above 95 % after 10 min. The usage of a custom automatic
extrusion device gave access to more reproducible sizes of the liposomes while additionally it
considerably lowered the radiation exposure of the experimentalist. As a main result of this work in vivo
PET and ex vivo biodistribution studies revealed that the liposomes stay intact and circulate in the blood
over the investigated period of 4 h. The three investigated liposomal formulations showed a comparable
in vivo behavior with differences in splenic uptake. In our study, liposomes shielded with hbPGs;-lipids
(3 kg mol?) provided the lowest splenic uptake both after 1 and 4 h p.i. and are presumably subjected
to the lowest detection by the MPS. We therefore consider BisHD-hbPGs, as the most promising

candidate for future investigation regarding targeting and drug delivery. In contrast to mPEG-shielded

90



Manuscripts

liposomes, hyperbranched polyether lipids enable the attachment of a variety of structures, such as
targeting vectors and radiolabels, facilitating cell-specific drug delivery combined with simultaneous
carrier trafficking. With respect to different polymer anchors we conclude that a change of the polymer
anchor from cholesterol to bis(alkyl)glycerol leads to a significant increase in the stability of the
liposomes and may enable “stealth” behavior in combination with multifunctionality. The polyglycerol-

coated liposomes are currently tested with respect to various therapeutic payloads.
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S1. Polyether lipid characterization

a. Determination of molecular weights M, by *H NMR spectroscopy

Molecular weights M, of polyether lipids given in this study were determined from the corresponding
'H NMR spectra measured in pyridine-ds. To this end, the integral of the BisHD initiator protons (2 x CHs,
6H) at 6 = 0.91 ppm was normalized to a value of 6. The degree of polymerization was calculated from
the integral of the polyether backbone signals between § = 3.2 — 4.4 ppm by first subtracting underlying
initiator protons (4 x CH,O + CHO, 9H) and then dividing the resulting value (total number of polyether
backbone protons) by the number of protons per monomer repeating unit (PEG = 4, hbPG =5). In case
of hbPG lipids, alternatively the integral of hydroxyl proton signals at 6 = 6.0 —6.7 ppm can be used to
read out the degree of polymerization as each repeating unit corresponds to a single hydroxyl proton in

the structure.
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b. Spectra of polyether lipids
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Figure S-1. MALDI ToF MS spectrum of BisHD-/inPGig recorded using KTFA as salt and CHCA as matrix.
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Figure S-2. 3C NMR spectrum of BisHD-hbPGgs-alkyne measured in pydrine-dsat 100 MHz.
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Figure S-3. Diffusion-ordered NMR spectrum (DOSY) of BisHD-hbPGs,-alkyne measured in DMSO-db.
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Figure S-4. 'H NMR spectrum of BisHD-PEGsg-alkyne measured in CD,Cl, at 400 MHz.
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Figure S-5. SEC traces of BisHD-PEGss using DMF as eluent and RI detection.

S2. Radiolabeling

Subsequent to the click reaction, we removed copper using a Chelex 100 resin (obtained from Bio-Rad),
which (according to the supplier) exhibits uniquely high selectivities for metal ions. In order to
investigate the efficiency, we added sodium sulfide to a sample of the purified reaction mixture and to
a sample prior to the removal of copper. In the first case, we observed no precipitation of copper sulfide,

whereas in the second case we obtained a darkish precipitate of copper sulfide.

a. [*®F]F-TEG-N3

Figure S-6. Front panel of the semi-automatic custom modular system used for the synthesis of [*8F]F-TEG-Ns.
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Figure S-7. Radio-TLC of the [18F]F-TEG-N3 synthesis after 10 min with a RCY of 91 %.
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Figure S-8. Radio-TLCs of the radiolabeling of A: BisHD-PEGsg-alkyne (reaction time 10 min, RCY 97 %), B: BisHD-hbPGs;-alkyne
(reaction time 10 min, RCY 96 %) and C & D: BisHD-hbPGgs-alkyne (C: reaction time 1 min, RCY 86 %; D: reaction time 10 min,
RCY 98 %) with [*8F]F-TEG-N3 via CUAAC. Reg #1 corresponds to the respective polyether lipid, Reg #2 attributes to ['8F]F-TEG-
Ns. Different migration distances of [18F]F-TEG-N3 are explained by different running distances of the mobile phase.
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S3. Liposome formation
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Figure S-9. Comparison of the size reproducibility of identical batches of BisHD-PEGse-shielded liposomes extruded by hand
(left side) or automatically (right side). n=3. Sizes were determined via dynamic light scattering (DLS).
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S4. Liposome characterization

Figure S-10. Cryo-TEM images of BisHD-PEGsg-shielded liposomes (A-D) and BisHD-hbPGs,-shielded liposomes (E-H), showing
unilamellar liposome structure.
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Figure S-11. Dapp plotted against g2 data and thereof calculated hydrodynamic radii of BisHD-PEGse-shielded liposomes (A),
BisHD-hbPGs,-shielded liposomes (B) and BisHD-hbPGgs-shielded liposomes (C).

S5. Liposome stability
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Figure S-12. Examination of the temperature stability of BisHD-PEGss-shielded liposomes via dynamic light scattering.
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The hydrodynamic radius (<R *>,) of BisHD-PEGse-shielded liposomes was determined via DLS at 20 °C.
Subsequently the sample chamber was heated in steps of 5°C till 50°C were reached. At each
temperature step the size of the liposomes was measured. Figure S-12 shows the development of the
hydrodynamic radius of the liposomes depending on the temperature. It can be seen, that the size of
the liposomes fluctuates only marginal, indicating that the liposomes are stable between 20 to 50 °C.

No degradation is observed which would lead to smaller hydrodynamic radii.
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Figure S-13. Autocorrelation functions of BisHD-PEGse-shielded liposomes (A), BisHD-hbPGs,-shielded liposomes (B) and BisHD-
hbPGes (C). Blue curves are acquired shortly after the manufacturing of the liposomes. Red curves are acquired at least one
month later (A, B: 4 months later; C: 1 month later).

An aliquot of the liposomes (BisHD-PEGse-shielded, BisHD-hbPGs;-shielded and BisHD-hbPGes-shielded)
in PBS buffer used for the animal experiments was stored at 4 °C until complete disappearance of
radiation. Subsequently, the size of the liposomes was determined via DLS. Following these experiments
the samples were stored at 4 °C for at least one month and were then re-measured via DLS. Figure S-13
shows overlays of the two measurements of the same liposome sample, each at different time points.
Since all curves overlay and the shape of the curves did not change, this strongly indicates that the

liposomes are stable within the respective period of time (A, B: 4 months; C: 1 month).
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S6. Animal studies

a. Positron emission tomography (PET) studies

To track the pharmacokinetic profile during the first hour after intravenous administration of the 8F-

radiolabeled, polyether-shielded liposomes and the respective non-liposomal polymers, time activity

curves were determined by defining volumes of interest (VOIs) around important organs and quantifying

the amount of radioactivity inside the VOIs (Fig. 5-14, S-15).
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Figure S-14. Time activity curves of the accumulation of BisHD-hbPGs,-18F (A) and BisHD-PEGse-18F (B) in organs of interest of

male C57BL/6 mice.
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Figure S-15. Time activity curves of the accumulation of 18F-radiolabeled BisHD-PEGss-shielded liposomes (A), BisHD-hbPGs,-
shielded liposomes (B) and BisHD-hbPGes-shielded liposomes (C) in organs of interest of male C57BL/6 mice.

106



Manuscripts

A 1h B 4h
Il PEGS56 polymer
[ PGB32 polymer
30+ I PEGS56 liposome 30

PG32 liposome
Il PG63 liposome

40

I PEGS56 liposome
PG32 liposome
Il PG63 liposome

20

%ID/ml

10+ 10
0 0
& o) & & 3 & ) & o 2 &
2> & & ) @ & 2> & & ) ) &
@ ) (2 N N (4 > & N O
S N A & ‘.}b q‘o & N A eﬁ\ “sb éo
& o
g *

Figure S-16. Accumulated activity in relevant organs of male C57BL/6 mice 1 h (A) and 4 h (B) after injection of the 18F-
radiolabeled, differentially shielded liposomes and the respective polymers determined by defining VOIs around important
organs and quantifying the amount of radioactivity inside the VOIs. The legend read from top to bottom corresponds to the
bars from left to right, respectively.
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Table S-1. Ex vivo biodistribution data for polyether lipids and liposomal formulations in male C57BL/6 mice.

. . BisHD- BisHD- BisHD- BisHD-
. BisHD- BISHD-PEGss — BisHDPEGss o, hbPGs; hbPGes hbPGes
organ BisHD-PEGsg liposomes liposomes . . . .
hbPGs; (1h) (4h) liposomes liposomes liposomes liposomes
(1h) (4 h) (1h) (4h)
lung 5.320.24 6.30£1.06 11.43+£1.23 9.1840.69 12.69+2.85 8.51+1.13 10.96+1.08 7.45£0.58
blood 14.51+0.93 18.77+3.12 46.41+3.01 29.96+2.85 45.6945.05 23.46+2.72 43.86+2.78 19.34+0.86
liver 11.42+1.51 7.92+0.95 9.831£2.88 24.12+2.64 12.74+3.58 37.50+4.70 19.61+3.52 42.57+3.24
spleen 3.104+0.30 2.60+0.79 33.82+4.20 67.67+8.07 15.47+1.38 18.88+3.13 51.66+4.48  96.90+16.64
kidney | 3.7940.23 4.91+0.82 8.73£1.17 8.07+0.84 9.54+0.86 6.55+£0.11 9.95%1.83 8.63£0.91
kidney r 3.9040.28 4.80+0.88 9.2341.45 8.36+0.83 9.77+1.15 6.74+0.20 10.17+1.94 8.88+0.87
muscle 0.34%0.06 0.31+0.04 0.36%0.09 0.32£0.05 0.54+0.18 0.40+£0.04 0.44+0.10 0.43£0.06
heart 2.97+0.24 3.95+0.76 5.2740.81 3.7740.40 7.54+0.68 4.53+0.80 7.90+1.50 4.05+0.56
urine 269.28411.15 93.61+33.16 3.02#1.31 1.26+0.18 2.47+£1.67 1.01£0.11 6.76%5.39 2.50+0.27
intestine 1.42+0.81 1.33+0.25 1.91+0.36 3.94+1.35 2.19+0.57 2.85+0.30 2.91+1.16 4.21+0.69
testes 0.5840.32 0.794£0.18 0.57+0.12 0.54+0.07 0.82+0.13 1.00+0.03 0.73£0.07 0.83£0.07
lymph nodes inguinal 0.9240.34 1.03+0.18 1.21+0.28 1.72+0.21 1.86+0.47 2.56+0.05 1.95+0.36 3.18+0.76
n=5 n=5 n=5 n=3 n=5 n=3 n=5 n=5
urine n=3 urine n=4 urine n=4 urine n=3 urine n=5 urine n=2 urine n=4 urine n=4
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S7. Liposomes shielded by cholesterol-anchored polyethers (previously

published results)

In order to facilitate the comparison between the current liposomes shielded by BisHD-anchored
polyethers and the liposomes shielded by cholesterol-anchored polyethers, Figure S-17 shows the PET
images of the liposomes shielded by cholesterol-anchored polyethers. The evaluation of these

liposomes is described in detail in a previous report.!

0-3 min p.i. 50-60 min p.i.

max

min

Figure S-17. Coronal MIPs at different time points (left column: 0-3 min p.i., right column: 50-60 min p.i.) for Cholesterol-PEG;-
18F |iposomes (A, B) and Cholesterol-PEG3p-hbPG24-18F liposomes (C, D). Liposomes contained 20 mol% of the shielding
polyether lipid. he: heart, lu: lung, ve: vein, li: liver, in: intestine, bl: bladder, sp: spleen.
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Abstract

The Cu(l)-catalyzed azide-alkyne cycloaddition (CuAAC) is a powerful, highly reliable and selective
reaction which allows for a rapid synthesis in high yields and under mild conditions (pH, temperature).
Problematic with the usage of copper is its cytotoxicity. This requires a complete removal of the copper
prior to an application. In a former study, we used CuAAC to obtain radiolabeled liposomes. Therein, we
firstly radiolabeled the shielding polyether lipids, removed the copper and did the liposome formation
afterwards. This procedure entailed a time-consuming radiosynthesis, which made us think about
whether a direct radiolabeling of liposomes via CuAAC might be possible. Usually, macromolecular
structures can easily be purified from light-weighted substances by size exclusion chromatography
(SEC), unless the substances are retained by the macromolecular structure. In terms of a CUAAC, this
would lead to a non-removable fraction of copper, making a usage of the respective drug delivery
systems impossible. Thus, a close investigation of a possible inclusion or adsorption of copper is

inevitable.

In this respect, 1 ml of a 1 M Cu(ll) nitrate solution was irradiated at the TRIGA Mark Il research reactor
Mainz to obtain 310 MBq of c.a. [®*Cu]Cu(ll). The irradiated solution was directly used for CuAAC
between 1-azido-2-(2-(2-fluoroethoxy)ethoxy)ethane (F-TEG-N3) and liposomes. Subsequently,
liposomes were purified via SEC. Combined liposome containing fractions as well as a sample containing
the same amount of [**Cu]Cu(ll) nitrate solution that was used for the CuAAC were measured in a
gamma detector. Comparison of the resulting values gave the amount of copper still associated with
the liposomes after purification. Subsequently, radiolabeling of liposomes with [*F]F-TEG-N3 via CuAAC

was tested.

Only 0.018 % of the added ®Cu-radioactivity was still present in the liposome containing fractions after
purification. This refers to a total amount of copper of 0.17 ng. First attempts to radiolabel liposomes

directly with [*®F]F-TEG-N; gave radiochemical yields (RCY) up to 27.4 % after 10 min.

The ration of retained copper is so low, that an in vivo application of the liposomes is absolutely
reasonable. This avoids subsequent purification protocols, significantly simplifies the radiosynthesis,
saves time, enables a higher amount of radioactivity per volume and results in a lesser radiation
exposure for the experimentalist. Besides this particular study, the experimental methodology may be
applied to study many other CUAAC reactions, used for the synthesis of radiolabeled or non-radioactive

species, which are intended for human applications.
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Introduction

Non-invasive imaging techniques like positron emission tomography (PET) bear great potential to assist
in the developmental process of macromolecular drug delivery systems (DDS). In this regard, suitable
radiolabeling procedures are needed. The Cu(l)-catalyzed azide-alkyne cycloaddition (CUAAC) has been
utilized for this purpose to a growing extent and with great success.'® In this reaction, a terminal azide
is coupled to a terminal alkyne with the aid of a Cu(l) catalyst. The Cu(l) species can be added directly in
the form of a Cu(l) salt, most commonly copper iodide, or it can be generated in situ by
comproportionation of Cu(0) and Cu(ll) or by reduction of a Cu (ll) salt.* For the latter, Cu(ll) sulfate
together with sodium ascorbate as reducing agent is a widely used system. The product of the CUAAC is
a 1,2,3-triazole ring which exhibits excellent biological properties since it mimics a peptide bond.> While
the CuAAC tolerates a whole range of both azide and alkyne reactants, it is orthogonal with a lot of other
organic functional groups and works with many different solvents and at a wide range of pH values.*
Further advantages are its high reliability, efficiency and selectivity, which allows for a rapid synthesis in
high yields and under mild conditions (pH, temperature).*® If a radiolabeled terminal azide or alkyne is
used as a prosthetic group, it can be coupled to a DDS via a CuAAC in high yields and under mild reaction
conditions.> This approach has been published in 2006 by Marik and Sutcliffe for the first time, using

w-[*8F]fluoro-alkynes to radiolabel N-(3-azidopropionyl) peptides in a CUAAC.’

Copper is an essential trace element, which is required in a variety of different biological processes,
including iron metabolism, antioxidant defense, neuropeptide synthesis and immune function.® Yet,
relatively low amounts of <100 mg Cu are stored inside the human body® and humans dietary reference
values for Cu range between 0.9 to 2 mg per day in different countries.® Copper inside the body is
normally bound to different proteins. Free copper species, resulting from an external supply or from an
internal release, are capable of disrupting important cellular events and they participate in the
formation of reactive oxygen species, which cause oxidative damage.? These properties are responsible
for the cytotoxicity of copper. Thus, effective purification protocols as well as their validation by exact
guantification of the final copper content is of utmost importance for formulations intended for an
application in vivo, especially if their synthesis requires copper. Commonly used quantification methods
for copper include inductively coupled plasma mass spectrometry (ICP-MS), electrothermal atomic
absorption spectrometry (ETAAS) and total reflection X-ray fluorescence (TXRF), because they provide
a high sensitivity and at the same time require a low sample quantity. On the other hand they involve a

significant sample manipulation, which bears the risk of contaminating the sample.*°

Recently, our group investigated the in vivo fate of liposomes shielded by multifunctional

hyperbranched polyglycerol (hbPG) with a 1,2-bis(hexadecyl)glycerol (BisHD) anchor for stable
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incorporation into the bilayer of the liposomes.!! There, radiolabeling was carried out via CUAAC using
the prosthetic group 1-azido-2-(2-(2-[*¥F]fluoroethoxy)ethoxy)ethane ([*F]F-TEG-Ns3), whereas the
polyether lipids exhibited terminal alkyne functionalities. The CuAAC was accomplished prior to the
liposome formation to ensure a quantitative removal of copper. Due to the intrinsic cytotoxicity of
copper®?, a complete removal of the copper prior to an application is inevitable. However, to radiolabel
the shielding polyether lipids, remove the copper and do the liposome formation afterwards entails a
time-consuming radiosynthesis, which made us think about whether a direct radiolabeling of liposomes
via CuAAC, in terms of purification of the final product, might be possible. Figure 1 illustrates this issue
in detail. Usually, macromolecular structures can easily purified from light-weighted substances by size
exclusion chromatography (SEC), unless the substances are retained by the macromolecular structure.
In terms of a CUAAC, this would lead to a non-removable fraction of copper, making a usage of the DDSs
impossible. Thus, a close investigation of a possible inclusion or adsorption of copper during the *8F-

radiolabeling of liposomes via CUAAC is inevitable, which we did herein.

18|: F- %ﬁ
*AF— "r%ﬁ e
semi-automatic o ﬁﬁy ‘
module ’ °
CuAAC [18F]F-—¢
1. removal semi-audtolmatic O gt
rotary of Cu modiie CuAAC
evaporator N **
2. lipids,
l cholesterol
+ PBS v
us SEC
bath | — extruder
SEC » saving of time
» higher activity per volume
A » lower radiation exposure B

Figure 1. Procedure of the radiolabeling via CUAAC prior to liposome preparation (A) in comparison to the procedure of the
radiolabeling of preformed liposomes via CUAAC (B). The time entry indicates the duration of the radiosynthesis.

In order to track the added copper, a Cu(ll) nitrate solution was irradiated at a the TRIGA Mark Il research
reactor Mainz to obtain traceable [*Cu]Cu(ll). Subsequently, liposomes were reacted with 1-azido-2-(2-

(2-fluoroethoxy)ethoxy)ethane (F-TEG-Ns) in a CUAAC, where the irradiated Cu(ll) nitrate solution was
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directly used as a catalyst. After CUAAC and liposome purification, the copper still associated with the
liposomes was examined via gamma spectrometry. After successful evaluation of the remaining copper
content, the radiochemical yield (RCY) of the CuAAC was investigated as well, by radiolabeling the
liposomes with [*F]F-TEG-Ns.

Experimental

Materials

Chemicals were obtained from common suppliers such as Sigma Aldrich, TCl Europe, VWR or Acros
Organics unless stated otherwise. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was bought from
Avanti Polar Lipids. Particle-free phosphate-buffered saline (PBS) enabling exact light scattering
experiments was obtained from Gibco™ by Thermo Fisher Scientific. [*®F]F.q was produced by
irradiation of enriched [*¥0]H,0 with protons at a PETtrace 700S cyclotron (GE Healthcare). A common

production run lasted 30 min at a beam current of 25 pA, yielding an *F-activity of 20 GBq.

Methods

Characterization

Dynamic light scattering (DLS) for liposome characterization

For multi-angle DLS cylindrical quartz cuvettes (Hellma Analytics, Mihlheim, Germany) were cleaned
with dust-free distilled acetone and transferred to a dust free flow box. Solutions were diluted 1:100
with PBS, then filtered into the cuvettes through Millex-LCR filters, 0.45 um pore size (Merck Millipore).
DLS measurements were performed at 20 °C by the following instruments. Apparatus 1 consists of a
Uniphase He/Ne Laser (22.5 mW output power at A =632.8 nm) and an ALV/CGS-8F SLS/DLS 5022F
goniometer with eight simultaneously working ALV 7004 correlators and eight ALV/High QEAPD
avalanche photodiode detectors. Apparatus 2 consists of a Uniphase He/Ne Laser (22.5 mW output
power at A = 632.8 nm), an ALV/SP125 goniometer with an ALV 5000/E/PCl correlator and an ALV/High
QEAPD Avalanche photodiode detector. The correlation functions of the particles were fitted using a
sum of two exponentials. The z-average diffusion coefficient D, was calculated by extrapolating Dapp for
q = 0. By formal application of Stokes law, the inverse z-average hydrodynamic radius is Ry = (Rn™), ™.

The experimental uncertainties are estimated to +2 % for R.

Radio-thin layer chromatography (TLC)
To determine the RCY of the F-labeling with [*F]F-TEG-Ns, radio-TLCs were run on silica-coated
aluminum-backed TLC plates (Merck) using EA/Hex 1:1 as mobile phase. To distinguish between free

copper and copper associated with liposomes, radio-TLCs were run with 0,1 M citrate buffer (pH = 4).
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The chromatograms were acquired on a RITA detector (Raytest) with an acquisition time of 1 min.

Analyzation was done using Gina Star TLC software (Raytest).

Synthesis of 1-azido-2-(2-(2-[*8F]fluoroethoxy)ethoxy)ethane ([*®F]F-TEG-N3)
The synthesis of the precursor and the radiolabeling with 8F were accomplished according to published

procedures.®® [*®F]F-TEG-N3 was obtained in RCYs up to 91 % (TLC, EA/nHex 1:1, Rr: 0.8).

Synthesis of 1-azido-2-(2-(2-fluoroethoxy)ethoxy)ethane (F-TEG-N3)

100 mg (0.6 mmol, 1 eq) of 2-(2-(2-azidoethoxy)ethoxy)ethanol were dissolved in 4 ml dichloromethane
and 100 mg (0.6 mmol, 1eq) of N,N-diethylaminosuflur trifluoride (DAST) were added at room
temperature. The reaction mixture was stirred at room temperature for 2 h. To quench the reaction,
5 ml of water were added, followed by extraction with dichloromethane (3 x5 ml). The combined
organic phases were dried with sodium sulfate and the solvent was removed by careful distillation
(product is volatile). The raw product was purified by silica column chromatography (ethyl
acetate/hexane, 1:4) to give a colorless oil (49.6 mg, 0.28 mmol, 46.7 %). *H-NMR: & [ppm] = 4.56 (dt,
2H, CHo-F, ey = 47.7 Hz, 3 = 4.2 Hz), 3.75 (dt, 2H, CH-CHx-F, ey = 29.9 Hz, 3y = 4.2 Hz), 3.68 (m,
CH,, 6H), 3.39 (t, 2H, CH>-N3, 3Ju = 5.1 Hz), NMR spectrum is provided in the Supporting Information
(Figure S1).

Synthesis of 1,2-Bis(hexadecyl)glycerol-hbPGsz-alkyne (BisHD-hbPG3;z-alkyne)
The synthesis of BisHD-hbPGs,-alkyne is described in detail in a previous report.** In short, synthesis of
the polyether lipid was started from 1,2-Bis(hexadecyl)glycerol. The final product was synthesized by

anionic ring-opening polymerization, followed by a postmodification reaction with propargyl bromide.

Liposome formation

Liposomes were prepared by the thin film hydration method followed by several extrusion steps.
Liposome components were 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol and BisHD-
hbPGs;-alkyne at molar ratios of 55:40:5 mol%. Solutions of DOPC in ethanol, cholesterol in ethanol and
BisHD-hbPGs,-alkyne in ethanol were blended, and the solvent was evaporated in a miniature rotating
evaporator to obtain a thin film of the liposome components. 0.8 ml of PBS were added resulting in
large multilamellar vesicles. To obtain small unilamellar vesicles, the liposome suspension was sonicated
at 50 °C for 10 min, followed by extrusion through polycarbonate membranes (400 nm, then 100 nm,
then 50 nm, 21 times each) using a Mini-Extruder (AVESTIN Europe GmbH) driven by a custom-built
device (Figure S2 in the Supporting Information). Finally, the liposomes were purified via size exclusion
chromatography (SEC) using Sephacryl S-400 HR (GE Healthcare) as a resin (~4 ml packed in a 6 ml
empty SPE tube with 20 um PTFE frits at top and bottom) and PBS as a mobile phase. Fractions of 0,5 ml

were collected. Liposomes eluted in the fractions 3-5.
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Activation of Cu(NOs);

1 ml of a 1 M Cu(NOs); solution in water was irradiated with neutrons at the TRIGA Mark Il research
reactor Mainz. The flux of thermal neutrons is 7-10* n-cm™-s™* on average. The irradiation time was 5 h.
A waiting time of 5 min after the irradiation was chosen to enable the decay of short-lived radiation

products.

CuAAC

Testing of the CUAAC with Cu(NOs); and Cu(CH3COO),: 3 mg of the BisHD-hbPGs;-alkyne in 1 ml PBS were
added to a [*®F]F-TEG-Ns-coated vial. Subsequently, 12.5ul DMSO, 15 pl Cu(NOs), or 15l of
Cu(CH5C00); (1 M in MilliQ water, 15 umol) and 25 pl sodium ascorbate (2.4 M in PBS buffer, 60 umol)
were added in this order. The mixture was heated at 70 °C for 15 min. The RCY was determined via

radio-TLC (EA/nHex 1:1, Rx: 0). RCYs were examined after 1, 2, 5, 10 and 15 min reaction time.

CuAAC with [**Cu]JCu(NOs),; and F-TEG-Ns: A solution of 8.37 ng of F-TEG-N3 (refers to a radioactivity of
3 GBg, common for radiolabeling with [*¥F]F-TEG-Ns) in 500 pl PBS was prepared via dilution. 500 pl of
the liposome suspension (fraction 4 from SEC purification) were added. Subsequently, 12.5 ul DMSO,
15 pl [**Cu]Cu(NOs); (1 M in MilliQ water, 15 umol) and 25 pl sodium ascorbate (2.4 M in PBS buffer,
60 umol) were added in this order. The mixture was heated at 45 °C for 10 min. Purification of the
liposomes was done via size SEC using Sephacryl S-400 HR (GE Healthcare) as a resin (~4 ml packed in
a 6 ml empty SPE tube with 20 um PTFE frits at top and bottom) and PBS as a mobile phase. Fractions

of 0,5 ml were collected. Liposomes eluted in the fractions 3-5.

BF-labeling of liposomes with [¥F]F-TEG-N3 via CuAAC: 1 ml of the liposome suspension (fraction 3+5
from SEC purification) was added to a [*®F]F-TEG-Ns-coated vial. Subsequently, 12.5 ul DMSO, 15 pl
CuSO; (1 M in MilliQ water, 15 pmol) and 25 ul sodium ascorbate (2.4 M in PBS buffer, 60 umol) were
added in this order. The mixture was heated at 45 °C for 20 min. The RCY was determined via radio-TLC
(EA/nHex 1:1, R 0). RCYs were examined after 1, 2, 5, 10 and 20 min reaction time. Purification of the
liposomes was done via SEC using Sephacryl S-400 HR (GE Healthcare) as a resin (~4 ml packed ina 6 ml
empty SPE tube with 20 um PTFE frits at top and bottom) and PBS as a mobile phase. Fractions of 0,5 ml

were collected. Liposomes eluted in the fractions 3-5. [*8F]F-TEG-Njs eluted in fraction 7-10.

Gamma spectrometry

Gamma spectrometry was used to quantify the amount of copper associated with the liposomes after
purification. Measurements were performed with a high-purity germanium (HPGe) detector (P-type,
relative efficiency: 20 %; ORTEC). Combined liposome containing fractions (fractions 3-5; 1.5 ml) as well
as a sample containing the same amount of [®*Cu]Cu(ll) nitrate that was used for the CUAAC (100 %

value) were examined. The 100 % value sample was filled up with water to a volume of 1.5 ml so that
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both samples had the same geometry. The measurement time and position was selected in such a way,
that the netto peak area of the 511 keV peak reached at least 10.000 counts. This ensured that the error
of the number of counts was below 1 %. Because of the high amount of radioactivity present in the
100 % value sample, it was measured at a distance of 33 cm from the detector for 2 min, whereas the
liposome sample was measured at a distance of 1 cm for 60 min. In order to compare the obtained
values, an efficiency calibration, using a multiple gamma-ray-emitting standard (model 7601; Eckert &
Ziegler), was done. Analysis of the data was performed with Genie 2000 (version 3.2.1, Aug 26, 2009;
Canberra Industries). Comparison of the resulting values provided the amount of copper still associated

with the liposomes after purification.

Results and Discussion

CuAAC with Cu(NOs); and Cu(CH3COO); and activation of Cu(NOs)2

The irradiation of Cu(ll) sulfate, which is usually used in CUAAC, would lead to long-lived isotopes besides
®4Cu interfering with the experiment. Therefore, the CUAAC was tested with Cu(ll) nitrate as well as with
Cu(Il) acetate prior to the irradiation. Relating reaction kinetics and radio-TLC chromatograms are
provided in the Supporting Information (Figure S3 and S4). Both reactions provided quantitative yields
after 10 min. Thus, both Cu(ll) salts are suitable for a usage in CUAAC. Ultimately, a Cu(ll) nitrate solution
was irradiated with neutrons at the TRIGA Mark Il research reactor Mainz. During irradiation, the
following radioisotopes are formed: N (t1,=7.1 s)*, 0 (t1,=26.9 5), %Cu (t1/2=12.7 h)*® and °Cu
(t1/2=5.120 min)*’. Besides ®*Cu, the radioisotopes are short-lived and thus were decayed prior to the
following investigations. The observed signal in radio-TLC and gamma spectrometry measurements is
derived exclusively from %Cu, by implication. The calculated radioactivity generated by ®*Cu after the

end of irradiation was 310 MBq. This related to a specific acitivity of 4.88 MBg/mg.

Investigations of the inclusion of copper via radio-TLC and gamma spectrometry

In order to enable detection of copper, the CUAAC was accomplished according to Figure 2. The
liposomes were reacted with non-radioactive F-TEG-N3 in a CuAAC using traceable [**Cu]Cu(NOs); as a
catalyst. DLS measurements of the liposomes before and after the CUAAC revealed that the size of the
liposomes changed only to a minor degree, ensuring that the liposomes stayed intact during the CuAAC.
Aggregate formation as well as breakdown of the liposomes would lead to much bigger or much lower
sizes. Underlying data are provided in the Supporting Information (Figure S5). Radio-TLC as well as
gamma spectrometry measurements shed light on the amount of copper still associated with the

liposomes after CUAAC and purification.
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Figure 2. Reaction between liposomes containing BisHD-hbPGsy-alkyne and non-radioactive F-TEG-N3 via CuAAC using
[64Cu]Cu(NOs),.

Radio-TLC measurements were accomplished in citrate buffer, so that the free copper migrated
whereas copper associated with liposomes stayed on the baseline. Figure 3 shows the radio-TLCs of the
reaction mixture (A) as well as of the liposome fractions after the purification (B). It can be seen, that
the copper in the reaction mixture existed almost exclusively in the free form (Figure 3, A, Reg #2),
whereas the amount of copper associated with the liposomes is very small (Figure 3, A, Reg #1). After
purification via SEC, the amount of copper was no longer detectable via radio-TLC (Figure 3, B),
indicating that copper can successfully be separated from the liposomes via SEC and that it is not

retained by the liposomes.
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Figure 3. A: radio-TLC of the reaction mixture of the CUAAC between BisHD-hbPGs,-alkyne and F-TEG-N3 using [64Cu]Cu(NOs),
as catalyst, reaction time 10 min, Reg #1 corresponds to %*Cu associated with liposomes, Reg #2 attributes to free ®*Cu. B:
radio-TLC of the liposome containing sample after SEC purification, black box: smaller scaling of y-axis.

To verify this hypothesis, gamma spectrometry was accomplished. Combined liposome containing
fractions (fraction 3-5) after SEC as well as a sample containing the same amount of [**Cu]Cu(ll) nitrate

that was used for the CuUAAC (100 % value) were measured in a gamma detector. Figure 4 shows the

acquired spectra (not corrected for time or distance to the detector).
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Figure 4. Gamma spectra of the combined liposome containing fractions (fraction 3-5) after SEC (red) and of a sample
containing the same amount of [#*Cu]Cu(ll) nitrate that was used for the CuAAC (black), a discriminator threshold was set for
energies below 44 keV, box: zoomed in on the photopeak at an energy of 511 keV.

For both samples, the expected photopeak at an energy of 511 keV, derived from annihilation photons,
is clearly visible. Counts below 511 keV arise from Compton scattering and represent the Compton
continuum. The small peak at 1346 keV stems from a gamma emission subsequent to an electron
capture and is characteristic for ®*Cu. For the sample containing the 100 % value an activity of
2.35+0.04 MBq was calculated, whereas the calculated value for the liposome-containing sample was
0.429+0.008 kBg. These values can directly be compared to each other, revealing, that only
0.018+0.001 % of the copper was still present in the liposome containing fraction after SEC purification.
Since the absolute amount of copper added was 953 ng (15 umol), this refers to a total amount of
copper of 0.17 ng. For humans dietary reference values for Cu range between 0.9 to 2 mg per day in
different countries®, so that the residual 0.17 ng of copper are absolutely uncritical in terms of an

application in vivo.

18F_|abeling of liposomes with [*F]F-TEG-N3 via CuUAAC

Subsequently, first attempts to radiolabel the liposomes with [*8F]F-TEG-Ns (see Figure 5) to investigate
the yield of the CuAAC were accomplished. It can be seen from Figure 6 that the reaction proceeded
fast until it reached a plateau of about 25 % after 5 min. The highest RCY of 27.4 % was reached after
10 min of reaction time. Compared to the radiolabeling of the polyether lipid alone with [*F]F-TEG-N3,
which gave quantitative RCYs after 10 min, the first attempt to radiolabel the liposomes directly was

less effective. This is most probably caused by the proportionally lower concentration of the alkyne-
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bearing polyether lipids, which has several reasons. Firstly, during liposome formation, not all of the
added polyether lipids become part of the liposomes, secondly, only fraction 4 of the three liposome
containing fractions (fraction 3-5 after purification) was used for in this experiment and thirdly, the
polyether lipids are non-homogeneously distributed in the reaction mixture, when they are part of the
liposomes. Increasing the concentration of the polyether lipids by either increasing the liposome
concentration in the reaction mixture or increasing the polyether lipid content of the liposomes should
lead to an increase of the RCY of the CUAAC. DLS measurements of the liposomes before and after the
CUAAC revealed that the liposomes did not change in size, ensuring that the liposomes stayed intact

during the CuAAC. Underlying data are provided in the Supporting Information (Figure S5).
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Figure 5. Reaction between liposomes containing BisHD-hbPGsy-alkyne and [*8F]F-TEG-N3 via CUAAC.
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Figure 6. Reaction kinetics of the radiolabeling of BisHD-hbPGs,-alkyne-containing liposomes with [*8F]F-TEG-N3 via CuAAC.
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Conclusion

The CuAAC is a powerful reaction to be used in the radiolabeling of DDSs such as liposomes. However,
the applied copper needs to be separated prior to an application in vivo because of its toxicity. But is
SEC suitable for a quantitative removal of copper or is there a fraction that is retained by the liposomes?
In the present study, we used gamma spectrometry to investigate this very question. In order to track
the added copper, the CUAAC between liposomes containing BisHD-hbPGs;-alkyne and F-TEG-N3 was
done with [®*Cu]Cu(ll) nitrate. Studies revealed that only 0.018 % of the added radioactivity was still
present in the liposome containing fractions after purification via SEC. This refers to a total amount of
copper of 0.17 ng which is absolutely uncritical in terms of an application in vivo (human dietary
reference values for Cu range between 0.9 to 2 mg per day)®. The above question can therefore be
answered in the following way: Yes, in our case, SEC is suitable for a quantitative removal of copper and
no, copper is not retained by the liposomes. Subsequent attempts to radiolabel liposomes directly with
[*®F]F-TEG-N3 gave RCY up to 27.4 % after 10 min, which should be improvable by either increasing the
liposome concentration in the reaction mixture or increasing the polyether lipid content of the
liposomes. The possibility to radiolabel liposomes directly, instead of radiolabel components, remove
copper and do the liposome formation afterwards, significantly simplifies the radiosynthesis, which
saves time, enables a higher amount of radioactivity per volume and results in a lesser radiation

exposure for the experimentalist.

Beyond that particular study on the fate of copper during CuAAC-assisted radiolabeling of liposomes,
the experimental methodology may be applied to study many other CuAAC reactions, used for the
synthesis of radiolabeled or non-radioactive species, which are intended for human applications. The
utilization of a ®*Cu-spiked Cu catalyst, in the same amount as for the “normal” CuAAC, will then easily
reveal the specific amount of copper, remaining after each purification step. The detection of ®*Cu
radioactivity will allow for the easy quantification of even very small amounts of copper, which may be
hardly to measure by conventional analytical methods and without manipulating or destroying the

sample.
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Figure S2. Custom-built, automatic extrusion device (B) with separate control unit (A).
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Figure S3. Reaction kinetics of the radiolabeling of BisHD-hbPGs,-alkyne with [*F]F-TEG-N3 via CuAAC. Black curve: using
Cu(NOs3),, red curve: using Cu(CH3COO),.
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Figure S4. Radio-TLCs of the radiolabeling of BisHD-hbPGs,-alkyne with [18F]F-TEG-N3 via CUAAC. A: using Cu(NOs),, reaction
time 10 min, RCY 98 %, B: using Cu(CH3COO0),, reaction time 10 min, RCY 98 %. Reg #1 corresponds to the 8F-labeled polyether
lipid, Reg #2 attributes to [18F]F-TEG-Ns.
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Abstract

Dentritic cells (DCs) are a compelling target in cancer immunotherapy, as they initialize all antigen-
specificimmune responses. Drug delivery systems, such as liposomes, provide the opportunity to deliver
antigens and immunostimulatory molecules to DCs and thereby to initiate an antigen-specific immune
response. To address predominantly dendritic cells, the drug delivery systems need to be equipped with
DC-specific targeting vectors. This study evaluates liposomes, bearing the oligosaccharide trimannose
on their surface, regarding their ability to address DCs in vivo. Trimannose as a saccharidic structure is
known to be recognized by receptors on the surface of DCs. To obtain trimannosylated liposomes, azide-
bearing trimannose was coupled to alkyne-functionalized hyperbranched polyglycerol (hbPG) with a
bis(hexadecyl)glycerol (BisHD) anchor in a Cu(l)-catalyzed alkyne-azide cycloaddition (CUAAC). In order
to enable tracking of the liposomes in vivo, the trimannosylated BisHD-hbPG lipids were radiolabeled
with BF in a CuAAC. Subsequently, liposomes were produced via the thin-film hydration method
followed by extrusion. The behavior of the trimannosylated liposomes was evaluated in in vivo uPET and
ex vivo biodistribution studies in healthy, male C57BL/6 mice and the results were compared to similar

liposomes bearing no trimannose on their surface.

Introduction

Dendritic cells (DCs) are professional antigen-presenting cells, which are capable of initiating and
shaping an immune response upon stimulation.? Firstly discovered in 1973 by Steinman and Cohn?, it
was not before the early 1990s, when methods where developed, by which DCs can readily be
generated from progenitors in sufficient amounts.>™ In their immature state, DCs are present in most
tissues, with an increased abundance at body surfaces like skin and pharynx and internal or mucosal
surfaces like the respiratory and gastro-intestinal tract.®’ Another subset, called plasmacytoid DCs, is
located in lymphoid organs such as spleen, bone marrow and lymph nodes.® Immature DCs are
extremely efficient in capturing antigens. Exogenous pathogens are taken up via receptor-mediated
endocytosis and phagocytosis, which initializes the activation on a DC. In an early phase of DC activation,
the antigen uptake capacity is up-regulated, followed by down-regulation. Subsequently, the surface
expression of antigen-loaded class Il major histocompatibility complexes and costimulatory receptors is
up-regulated. At the same time, the DC migrates to lymphoid tissues. Upon arrival, it sequentially
contacts numerous T cells. Due to the presence of costimulatory molecules, antigen-specific T cells are
activated. Fully activated CD8+ T cells, termed cytotoxic T lymphocytes are able to recognize and Kkill

antigen-presenting infected and malignant cells.® In contrast, activated CD4+ T cells polarize towards

133



Manuscripts

different so-called T helper cell populations, which contribute to both CD8+ T cell and B cell activation.°

By this, both a cellular and a humoral adaptive immune response are initiated.

The unique ability of DCs to stimulate even naive T cells, makes them a very interesting target for an
active cancer immunotherapy, which aims to destroy tumor cells with the help of the immune system.
On this view, administration of tumor-specific antigens plus adjuvants to DCs is intended to induce a
tumor-specific immune response, which aims to destroy both the primary tumor and metastases. To
date, this approach remains challenging, as its success not only depends on the effective delivery of
carefully selected tumor antigens, but also on the overcoming of several mechanisms that mediate
immune tolerance.!* An initial step that may result in a suboptimal immune response, is an insufficient
activation of DCs, caused by a poor delivery of adjuvants. Furthermore, the amount of antigens
delivered might be too low, in order to result in an antigen-specific immune response. Drug delivery
systems (DDSs) have the potential to overcome these problems, since large numbers of antigens and
activating molecules can effectively by transported within these systems. With regard to clinical
implementation, one of the most successful types of DDSs are liposomes.'? These spherical vesicles are
biodegradable, have an excellent biocompatibility and exhibit a low toxicity, since phospholipids as their
main components are also the building blocks of cellular membranes.'®* The linkage of hydrophilic
polymers to these phospholipids results in liposomes with a shielding polymer shell on their surface.
These so-called stealth liposomes show a prolonged retention in the blood as the polymer shell prevents

detection by the mononuclear phagocytic system (MPS) via steric repulsion.**

However, in order to deliver antigens as well as adjuvants to a DC, suitable targeting vectors are needed
to address DCs. These targeting vectors can be coupled to the surface of DDSs by which the antigens
and DC-activating molecules are transported. Saccharidic structures, especially mannose-rich
structures, are promising targeting vectors as they are recognized by receptors on the surface of
DCs.1>® To date, several of these glycan-binding receptors are known, among them the macrophage
mannose receptor, dectin-1, dendritic cell-specific ICAM-3 grabbing nonintegrin (DC-SIGN) and langerin,
expressed in different cells of the immune system.Y Although each receptor type binds mannose-
containing structures, their different morphology causes individual recognition profiles for different
structures. The macrophage mannose receptor, for instance, is rather adapted for the recognition of
end-standing single mannose or a dimannoside cluster, whereas the tetrameric DC-SIGN, which is highly
expressed on dendritic cells and only very restrictedly on macrophages®®, has a higher affinity for
branched mannoside structures with short spacing between the residues.'® Drickamer and coworkers
showed that the branched mannose (Man)-rich oligosaccharide MansGIcNAc; binds 130-fold more
tightly to DC-SIGN than mannose.?° Crystal structures of carbohydrate-recognition domains of DC-SIGN

bound to oligosaccharides revealed that the trimannose core structure Manal-3[Manal-6]Mana
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(present twice in the afore mentioned ManoGIcNAc,) is important for the binding.?* Furthermore,
Feinberg et al. suggested that multiple modes of binding enhance the affinity for DC-SIGN.? In fact,
liposomes, coated with multiple trimannose molecules on their surface, gave promising results in cell

studies on DCs.?*%*

Thus, we aimed to investigate the potential of stealth liposomes, bearing multiple molecules of the afore
mentioned trimannose core structure Manal-3[Manal-6]Mana on their surface, to address DCs in vivo.
The shielding polymer shell of the liposomes consisted of the highly biocompatible and water-soluble
hyperbranched polyglycerol (hbPG)*?¢, whose anchorage in the lipid bilayer was provided by an 1,2-
bis(hexadecyl)glycerol (BisHD) anchor. This multifunctional polyether lipid has recently been
investigated by our group and featured a stable anchorage in the lipid bilayer, while corresponding
liposomes exhibited a favorable biodistribution with a prolonged circulation in the blood stream.?” To
obtain trimannosylated liposomes, (1-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazole-4-
yl)methoxy)-3,6-di-O-a-D-mannopyranosyl-a-b-mannopyranoside (trimannose azide) was reacted with
alkynes-BisHD-hbPGe; in a copper-catalyzed alkyne-azide cycloaddition reaction (CUAAC). To track the
liposomes in vivo, the trimannosylated polyether lipids were radiolabeled with the prosthetic group 1-
azido-2-(2-(2-[*®F]fluoroethoxy)ethoxy)ethane ([*®F]F-TEG-N3) via CuAAC, resulting in an [*®F]F-TEG-
triazole ([*8F]FTT) group. Similar non-mannosylated polyether lipids were *®F-radiolabeled in the same
manner, to enable a comparison. For future cells studies, the trimannosylated polyether lipids were also
labeled with the fluorescent dye Oregon Green 488 (OG 488). Subsequently, liposomes were
manufactured via thin-film hydration followed by automated extrusion. Figure1l depicts
trimannosylated liposomes labeled with fluorescent dye and ®F, respectively. Finally, in vivo uPET and
ex vivo organ distribution studies were performed in healthy, male C57BL/6 mice, in order to investigate

the fate of both, polyether lipids and the respective liposomal formulations.

BisHD-hbPGg,

ﬁ 1 ,2-dioleoyl-s_n-glycero-3
phosphocholine (DOPC)

\ / cholesterol

> trimannose

9 radiolabel ('8F)/fluorescent dye

Figure 1. lllustration of the investigated trimannosylated liposomes with fluorescent label and radiolabel. The polymer chains
inside the liposome are omitted for clarity, and the illustration is not drawn to scale.
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Results and discussion

Organic syntheses and radiosyntheses

In a previous work, we aimed at elucidating the in vivo behavior of liposomes shielded by dialkyl-based
polyether lipids.?” As a main result of this work, it emerged, that the liposomes stay intact and circulate
in the blood over the investigated period of 4 h. Thus, it was evident to apply a targeting vector as a
next step, which should be the aforementioned trimannose, in order to address DCs. For this purpose,
the already evaluated alkynes-BisHD-hbPGes?’ was an ideal choice, since it exhibited four alkyne
functionalities, allowing for a simultaneous linkage of trimannose and of a radiolabel to track the system
in vivo. To this end, we synthesized [*F]FTT-trimannose-alkyne-BisHD-hbPGes following the synthesis
routes illustrated in Scheme 1. For future cell studies, trimannose-alkyne-BisHD-hbPGes, labeled with
the fluorescent dye OG 488, was synthesized as well. In the first step, alkynes-BisHD-hbPGess was
functionalized with trimannose azide in a CUAAC. The usage of two equivalents of trimannose azide
resulted in a degree of functionalization of 1.5, revealed by diffusion-ordered NMR spectroscopy
(Figure S28 in the Supporting Information). Due to the difference in size between trimmanose azide and
alkynes-BisHD hbPGes, purification via spin filtration purification worked straightforwardly and time-
efficiently. Subsequently, functionalization with OG 488 was accomplished via CUAAC as well. In contrast
to the functionalization with trimmanose, which required only small amounts of DMSO, the reaction
had to be carried out in a 1:1 mixture of water/DMSO due to the poor solubility of OG 488 in an aqueous
environment. Dialysis of the reaction mixture against water enabled the removal of DMSO, which would
have damaged the subsequently used spinfilter. Since the lipophilic fluorescent dye forms micelles with
the amphiphilic polyether lipids, the spinfiltration had to be carried out many times (18x), in order to
reach an appropriate separation (UV-Vis spectra of the final concentrate as well as of representative

filtrates are provided in the Supporting Information, Figure S29).
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Scheme 1. Synthesis route of [18F]FTT-trimannose-alkyne-BisHD-hbPGes and of OG 488-trimannose-alkyne-BisHD-hbPGes.
Alkynes-BisHD-hbPGg3 without trimannose-label was radio- and fluorescence-labeled in the same manner.

To enable in vivo tracking of trimannose-alkyne-BisHD-hbPGes and respective liposomes, trimannose-
alkyne-BisHD-hbPGes was radiolabeled with [*¥F]F-TEG-N3 in a CuAAC. The required [*®F]F-TEG-N3 was
prepared by nucleophilic fluorination of Ts-TEG-N3 using a semi-automatic custom modular system in
yields up to 91 %. The synthesis is described in detail in previous reports.?”?® The subsequent
radiolabeling of trimannose-alkyne-BisHD-hbPGes via CUAAC proceeded reliably in radiochemical yields
(RCYs) exceeding 95 % after 10 min (Figure S30 in the Supporting Information). Reaction conditions
were adopted from the radiolabeling of alkynes-BisHD-hbPGes, specified in a previous report.?’
Radiolabeling and fluorescence labeling of alkynes-BisHD-hbPGe; was accomplished in the same manner

as for its trimannosylted counterpart (Figure S29 and S30 in the Supporting Information).

Liposome formation and characterization

Liposomes were manufactured by the thin film hydration method followed by repeated extrusion
through polycarbonate membranes with pore diameters of 400 nm, then 100 nm, then 50 nm. The
extrusion was performed with the help of an automatic extrusion device described in a previous
report?’, which allows for a reproducible pressure during the extrusion process and has a separate
control module. Via this automatization, it was possible to obtain liposomes with reproducible sizes (see
below). Furthermore, the separate control module allows for remote control of the extrusion device
and therefore considerably reduces the radiation exposure for the experimentalist. After the extrusion,
liposomes were separated from non-integrated lipids via size exclusion chromatography (SEC) with

phosphate-buffered saline (PBS) as mobile phase. Liposomes eluted in the fractions 3-5.
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The size of the liposomes was determined via DLS, when F-radioactivity (*F has an half-life of
109.7 min)?® had ceased (~18h). Alkynes-BisHD-hbPGes-shielded (5 mol%) liposomes exhibited a
hydrodynamic radius Rn of 94 nm, whereas liposomes shielded with trimannose-alkyne-BisHD-hbPGes
(5 mol%) showed an Rn value of 109 nm (DLS data are provided in Figure S31 in the Supporting
Information). Furthermore, storage stability experiments were conducted, indicating that the liposomes

are stable at least over a period of one month (Figure S32 in the Supporting Information).

Animal studies

In vivo UPET studies

To investigate the in vivo fate of the trimannosylated versus the non-mannosylated polyether lipids and
their corresponding liposomal formulations, UPET studies were conducted in healthy, male C57BL/6
mice. Dynamic scans of 1 h were started at the time of injection in order to follow the initial distribution.
For the liposomal formulations also static scans of 30 min were run 3.5 h after injection to gain
information regarding pharmacokinetics at later stages. Figure 2 shows coronal, whole-body maximum
intensity projections (MIPs) of the polyether lipids [*¥F]FTT-alkyne-BisHD-hbPGes and [8F]FTT-
trimannose-alkyne-BisHD-hbPGes. Shortly after injection, both polyether lipids show an initial uptake in
the bloodstream (0-3 min) and subsequently undergo renal excretion. As expected, after 1 h they are
both mainly found in the bladder, since the molecular weight of both polyether lipids is below the renal
threshold and the large hydrophilic polyether block prevents a hepatobiliary excretion. However,
despite the competing renal excretion, small differences in liver and spleen uptake can be observed, as
[*F]FTT-trimannose-alkyne-BisHD-hbPGes exhibits a higher uptake in the mentioned organs than the
non-mannosylated [*F]FTT-alkyne-BisHD-hbPGes.
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Figure 2. Coronal, whole-body MIPs of different time frames for [18F]FTT-alkyne-BisHD-hbPGes (A & B) and [*8F]FTT-trimannose-
alkyne-BisHD-hbPGes (C & D). he: heart, lu: lung, bl: bladder, ki: kidney, sp: spleen, li: liver.

In contrast, the liposomal formulations behaved fundamentally different from the non-associated
polyether lipids. Figure 3 shows coronal, whole-body MIPs of liposomes shielded by [*®F]FTT-alkyne-
BisHD-hbPGes or by [*BF]FTT-trimannose-alkyne-BisHD-hbPGes at different times after injection. Both
liposome types initially (0-3 min) circulate in the blood stream, which can be seen from the fact that the
activity is located in well perfused organs, such as heart and lung. Yet, the trimannosylated liposomes
already exhibit a significant uptake in the spleen (Figure 3D), which is missing for the non-mannosylated
liposomes (Figure 3A). After 60 min the difference is considerably more pronounced. For the non-
mannosylated liposomes, the activity is still mainly found in the blood stream with some uptake in the
spleen (Figure 3B), which can be attributed to a partial detection by the MPS. After 4 h, the liver and
spleen uptake become dominant, but one can still see activity in well perfused organs like heart and
lung (Figure 3C), revealing that a fraction of the liposomes is continuously circulating in the blood. The
situation with the mannosylated liposomes is completely different. Here, already after 1 h almost no
circulation in the blood stream is observable, instead there is an accumulation in the liver and a strong

accumulation in the spleen (Figure 3E). This effect has intensified after 4 h, so that the activity can now
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only be found in liver and especially in the spleen (Figure 3F). We assign this differences directly to the
trimannose moieties on the surface of the liposomes, since the investigated liposomal formulations had
similar hydrodynamic radii around 100 nm and possessed the same composition besides the trimannose
label. Further details concerning the PET data are provided in the Supporting Information (Figure S33

and S34).

0-3 min p.i. 50-60 min p.i. 3.5-4 h p.i.

max

min

Figure 3. Coronal, whole-body MIPs at different time points (left column: 0-3 min p.i., middle column: 50-60 min p.i., right
column: 3.5-4 h p.i.) for [*8F]FTT-alkyne-BisHD-hbPGgs liposomes (A, B, C) and for [18F]FTT-trimannose-alkyne-BisHD-hbPGes
liposomes (D, E, F). he: heart, lu: lung, ve: vein, sp: spleen, li: liver.

Ex vivo biodistribution studies

Ex vivo biodistribution studies were performed in order to gain quantitative conclusions regarding the
in vivo accumulation of the ¥F-labeled compounds in different organs. Figure 4 shows the results for

the non-mannosylated in comparison to the mannosylated polyether lipids (underlying data are provide

in Table S1 in the Supporting Information).
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Figure 4. £x vivo biodistribution data 1 h p.i of the polyether lipids ['8F]FTT-alkyne-BisHD-hbPGe; and [8F]FTT-trimannose-
alkyne-BisHD-hbPGes (n=5, each).

From Figure 4 it can be seen that after 1 h [*®F]FTT-alkyne-BisHD-hbPGe; is mainly found in the urine
(35.8414.6 % ID / g tissue) and in the blood (29.8+3.9 % ID / g tissue), which confirms that it circulates
in the blood stream until it is excreted via the renal pathway. [*®F]FTT-trimannose-alkyne-BisHD-hbPGes
also circulates in the blood (27.6+2.3%ID/gtissue) and is then excreted in the urine
(27.248.7 % ID / g tissue). However, in contrast to its non-mannosylated counterpart, it has a
significantly higher uptake in liver (24.5+2.9 versus 12.1+2.3 % ID / g tissue, factor 2), spleen (23.743.5
versus 5.9+0.4 % ID / g tissue, factor 4) and bone marrow (2.240.6 versus 0.4+0.2 % ID / g tissue, factor
5.5) after 1 h. These findings reveal, that the trimannose structure leads to an altered biodistribution.
Despite a competing renal excretion, the mannosylated polyether lipids are increasingly taken up into
lymphatic organs, where dendritic cells are located, which is not the case for the non-mannosylated

polyether lipids.

The results of the ex vivo biodistribution studies of the corresponding liposomal formulations are shown
in Figure 5 (underlying data are provide in Table S1 in the Supporting Information). Here it is directly
visible that already 1 h after the injection the mannosylated liposomes are almost exclusively present in
liver (87.7420.0 % ID / g tissue) and especially in the spleen (128.7£18.7 % ID / g tissue). After 4 h the
situation has not changed much, only blood and lung uptake have halved, whereas lymph node and
bone marrow uptake doubled. Still, uptake in liver (82.749.8% ID/gtissue) and spleen
(140.2+12.6 % ID / g tissue) is most prominent. The non-mannosylated liposomes show a different
biodistribution. After 1h a significant amount of the liposomes is located in the blood

(43.942.8 % ID / g tissue). Another major part of the activity can be found in liver
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(19.64£3.5 % ID / g tissue) and spleen (51.744.5 % ID / g tissue). After 4 h liver and spleen uptake
doubled, whereas the uptake in the blood halved. We ascribe this pattern to a recognition by the MPS
over time. In summary, the non-mannosylated liposomes circulate in the blood until they are recognized
by the MPS and enriched in liver and spleen. The mannosylated liposomes, on the other hand,
immediately accumulate in the liver and especially in the spleen and widely disappear from the blood
after just 1 h. In comparison, this results in an 8.3-fold decreased accumulation in the blood, a 4.5-fold
increased accumulation in the liver and a 2.5-fold increased accumulation in the spleen after 1 h for the
mannosylated liposomes. These findings clearly prove a significant influence of the trimannose on the
in vivo fate of the liposomes. We tentatively ascribe this to a recognition of the trimannosylated
liposomes by DCs, obviously paired with a recognition by the MPS. Future cell studies will shed light on

the distribution of the investigated systems in different murine splenic immune cells.

160 I [ '¢F]F T T-alkyne-BisHD-hbPGg, liposomes 1 h p.i.
[ "®F]F TT-alkyne-BisHD-hbPGg; liposomes 4 h p.i.
140 4 [ '8F]F TT-trimannose-alkyne-BisHD-hbPGg; liposomes 1 h p.i.
[ '®F]F TT-trimannose-alkyne-BisHD-hbPGg; liposomes 4 h p.i.
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Figure 5. Ex vivo biodistribution data 1 h p.i. and 4 h p.i. of [18F]FTT-alkyne-BisHD-hbPGes liposomes and of [18F]FTT-trimannose-
alkyne-BisHD-hbPGes liposomes (n=5, for each time point and each liposome type). Asterisks indicate n=4. Box: zoomed in on
% ID / g tissue values below 15.
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Concusion

In this study, the fate of mannosylated and similar non-mannosylated polyether lipids and their
respective liposomal formulations was investigated, utilizing radioactive labeling with ¥F and
subsequent in vivo UPET and ex vivo biodistribution studies in mice. It was found that the mannosylated
polyether lipids increasingly accumulated in liver, spleen and bone marrow, compared to the non-
mannosylated polyether lipids. For the liposomal formulations, this effect was even more pronounced.
To the best of our knowledge, this is the first report demonstrating, the influence of trimannose
moieties, as active targeting vectors to DCs, on the distribution of liposomes in vivo. We tentatively
ascribe these differences to a recognition of the trimannose moieties by DCs, which are located
particularly in spleen and bone marrow and also to some extent in the liver. This is in accordance with
earlier cell studies, which revealed, that the trimannose structure is bound by DCs.?*** However, it
cannot be excluded that other antigen-presenting cells besides DCs may also be targeted. Therefore,
cell studies on murine splenic immune cells via fluorescence-activated cell sorting (FACS), using the
0G 488-labeled polyether lipids and respective liposomal formulations, are planned in the near future

to find out which cell types are addressed particularly and to which extent.

Experimental section

Materials: All chemicals were obtained from common chemical suppliers such as Sigma Aldrich, TCI
Europe, VWR or Acros Organics unless stated otherwise. OG 488 azide was purchased from Click
Chemistry Tools. Deuterated pyridine-ds was purchased from Deutero GmbH. Particle-free phosphate-
buffered saline (PBS) enabling exact light scattering experiments was obtained from Gibco™ by Thermo
Fisher Scientific. Spin filtration was done with Microsep Advance centrifugal filters (molecular weight
cut-off: 1 kDa; Pall). Dialysis was accomplished using Spectra/Por® 7 dialysis tubing (molecular weight
cut-off: 1 kDa, material: regenerated cellulose; Spectrum). [*®F]F ., was produced by irradiation of
enriched [*®0]H,0 with protons at a PETtrace 700S cyclotron (GE Healthcare). A common production

run lasted 30 min at a beam current of 25 pA, yielding an ®F-activity of 20 GBq.

Characterization: *H NMR and DOSY spectra of the polymer lipids were measured either on a Bruker
Avance Il HD 400 MHz (5 mm BBFO SmartProbe and SampleXPress 60 auto sampler) or on a Bruker
Avance Il 400 MHz (5 mm BBFO probe and SampleXPress 60 auto sampler) at 23 °C. All spectra were
processed with MestReNova v11.0 software. DOSY spectra were analyzed using MestReNova Bayesian
DOSY Transform. Coupling constants (/) are reported in Hertz (Hz) (splitting abbreviations: s, singlet; d,

doublet; t, triplet; g, quartet; m, multiplet; br, broad; and combinations thereof).
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UV-Vis spectra were acquired on a V-630 UV-Vis spectrophotometer (Jasco), using quartz cuvettes with
a layer thickness of 10 mm. Samples of purified polyether lipids were diluted with water (1:1) prior to
the measurement. Filtrates of the spin filtration were measured without dilution. Analyzation was

carried out with Spectra Manager (version 2.04; Jasco).

For multi-angle DLS cylindrical quartz cuvettes (Hellma Analytics, MUhlheim, Germany) were cleaned
with dust-free distilled acetone and transferred to a dust free flow box. Solutions were diluted 1:100
with PBS and filtered into the cuvettes through Millex-LCR filters, 0.45 um pore size (Merck Millipore).
DLS measurements were performed by the following instruments at 20 °C. Apparatus 1 consists of a
Uniphase He/Ne Laser (22.5 mW output power at A =632.8 nm) and an ALV/CGS-8F SLS/DLS 5022F
goniometer with eight simultaneously working ALV 7004 correlators and eight ALV/High QEAPD
avalanche photodiode detectors. Apparatus 2 consists of a Uniphase He/Ne Laser (22.5 mW output
power at A = 632.8 nm), an ALV/SP125 goniometer with an ALV 5000/E/PCI correlator and an ALV/High
QEAPD Avalanche photodiode detector. The correlation functions of the particles were fitted
biexponentially. The z-average diffusion coefficient D, was calculated by extrapolating Dap, for g = 0. By
formal application of Stokes law, the inverse z-average hydrodynamic radius is Rn=(Rn?).;'. The

experimental uncertainties are estimated to +2 % for R.

Radio-thin-layer chromatographys (radio-TLCs) were run on silica-coated aluminum-backed TLC plates
(Merck) using EA/Hex 1:1 as mobile phase. The chromatograms, acquired on a RITA detector (Raytest),

were analyzed using Gina Star TLC software (Raytest).

Synthesis of (1-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazole-4-yl)methoxy)-3,6-di-O-
a-d-mannopyranosyl-a-d-mannopyranoside (trimannose azide): Experimental procedures as well as

characterization data are provided in the Supporting Information (Scheme S1-S3 and Figure S1-S26).

Synthesis of alkynes-1,2-bis(hexadecyl)glycerol-hbPGss (alkynes-BisHD-hbPGgs): The synthesis protocol

was described in a previous report.?’

Synthesis  of trimannose-alkyne-1,2-bis(hexadecyl)glycerol-hbPGess:  Alkynes-BisHD-hbPGes(18 mg,
3.4 umol, 1 eq.) was dissolved in 1 ml of PBS. Subsequently, a solution of trimannose azide (5 mg,
6.7 umol, 2 eq.) in 1 ml PBS, DMSO (25 pl), CuSO4 (30 I, 1 M in MilliQ water, 30 pmol) and sodium
ascorbate (50 ul 2.4 M in PBS, 120 umol) were added in this order. The mixture was stirred at room
temperature for 12 h under argon atmosphere. Purification was accomplished by spin filtration (30 min,
4696 g). The concentrate was washed 10 times with 1 ml of MilliQ water, which was added to the
concentrate and then centrifuged again (15 min, 4696 g). Lyophilization gave the desired product as a
brownish solid (22.5 mg, 1.5 x trimannose per BisHD-hbPGes, calculated from *H NMR spectroscopy
(Figure S27 in the Supporting Information). *H NMR (400 MHz, pyridine-ds) & (ppm) = 8.18 (s, br, 3H,
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Htriazole, Hltriazole), 5.91 (S, br, 1.5H, H‘l’trimannose), 5.60 (S, br, 1.5H, H_ltrimannose), 5.33 (S, bl’, 1.5H,
H-1"timannose), 4.91-3.30 (m, 359H, all others), 1.74-1.58 (m, 4H, CH,-CH-Osishp), 1.51-1.36 (m, 4H, CH»-
CH2-CH2-Ogistip), 1.36-1.18 (m, 48H, CH2 sistip), 0.87 (t, 6H, Jas = 6.6 Hz, CH3-CH3 sistp).

Synthesis of OG 488-trimannose-alkyne-1,2-bis(hexadecyl)glycerol-hbPGes; and OG 488-alkyne-1,2-
bis(hexadecyl)glycerol-hbPGgs: Both compounds were synthesized according to the same procedure.
The synthesis of OG 488-alkyne-BisHD-hbPGes is described as an example. Alkynes-BisHD-hbPGes (3 mg,
0.6 umol, 1 eq.) was dissolved in 0.5 ml of PBS. Subsequently, a solution of OG 488 azide (0.5 mg,
0.8 umol, 1.4 eq.) in 0.5 ml DMSO, CuSOq (15 pl, 1 M in MilliQ water, 15 pmol) and sodium ascorbate
(25 ul, 2.4 M in PBS, 60 umol) were added in this order. The orange mixture was stirred at room
temperature for 12 h protected from light under argon atmosphere. Purification was accomplished by
dialysis against water (3 x 600 ml) followed by spin filtration (30 min, 4696 g). The concentrate was
washed 10 times with 2 ml of MilliQ/ethanol 9:1, then 8 times with 2 ml MilliQ, which was added to the
concentrate and then centrifuged again (15 min, 4696 g). Lyophilization gave the desired product as a
brownish solid (2.9 mg). The successful linkage of the fluorescent dye and the separation of unbound
dye was determined by UV-Vis spectroscopy. The respective spectra are provided in the Supporting

Information (Figure S29)

Synthesis of 2-(2-(2-Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate (Ts-TEG-N3): The synthesis was

accomplished according to published procedures.?®

Radiosynthesis of 1-Azido-2-(2-(2-[*8F]fluoroethoxy)ethoxy)ethane. [*¥F]F-TEG-N3 was synthesized on a
semiautomatic custom modular system with radiochemical yields (RCY) up to 91 % (TLC, EA/nHex 1:1,

Rs: 0.8) according to a previous report.?®

Radiosynthesis of [*F]FTT-trimannose-alkyne-1,2-bis(hexadecyl)glycerol-hbPGes and [*F]FTT-alkyne
1,2-bis(hexadecyl)glycerol-hbPGgs: The radiolabeling procedure for alkynes-BisHD-hbPGes is described in

a previous report.?” Trimannose-alkyne-BisHD-hbPGes was radiolabeled equally.

Liposome Formation: Liposomes were prepared by the thin film hydration method followed by several
extrusion steps. Liposome components were 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
cholesterol and fluorescent/radiolabeled BisHD polyether (OG 488-trimannose-alkyne-BisHD-hbPGes,
0OG 488-alkyne-BisHD-hbPGes, [*8F]FTT-trimannose-alkyne-BisHD-hbPGes or [*F]FTT-alkyne-BisHD-
hbPGes) at molar ratios of 55:40:5 mol%. M, values, determined by *H NMR spectroscopy, were used to
calculate the lipid compositions. A solution of DOPC in ethanol, cholesterol in ethanol and the
fluorescent labeled/radiolabeled polyether lipid were blended, and the solvent was evaporated in a
miniature rotating evaporator to obtain a thin film of the liposome components. 0.8 ml of PBS were

added. The liposome suspension was sonicated at 50 °C for 10 min, followed by automated extrusion
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through polycarbonate membranes with different pore diameters (400 nm, then 100 nm, then 50 nm,
21 times each) using a Mini-Extruder (AVESTIN Europe GmbH) driven by a custom-built device?’. Finally,
the liposomes were purified via size exclusion chromatography (SEC) using Sephacryl S-400 HR as a resin
(~4 ml packed in a 6 ml empty SPE tube with 20 um PTFE frits at top and bottom) and PBS as a mobile

phase. Fractions of 0,5 ml were collected. Liposomes eluted in the fractions 3-5.

Animal Studies: Male C57BL/6 mice (Janvier Labs; body weight: 22.4+1.7 g; age: 6-8 weeks) housed in
the animal care facility of the University of Mainz were used in this study. The anesthetization of the
animals was accomplished using an isoflurane vaporizer, where 2.5 % of isoflurane were admixed with
air. Anesthetized animals were injected with 5.29+0.56 MBq of the respective radiolabeled compound
in 100-150 pl of PBS via a tail vein (PET animals) or retroorbital (biodistribution animals). The applied
masses for the non-associated polyether lipids were <0.030 mg for [*F]FTT-alkyne-BisHD-hbPGe; and
<0.88 mg for [®F]FTT-trimannose-alkyne-BisHD-hbPGes. For the corresponding liposomal formulations
the applied masses were <0.055 mg for [*®F]FTT-alkyne-BisHD-hbPGes and <0.061 mg for [¥F]FTT-
trimannose-alkyne-BisHD-hbPGes. All experiments had previously been approved by the regional animal
ethics committee and were conducted in accordance with the German Law for Animal Protection and

the UKCCCR Guidelines.*®

PET scans were run on a microPET Focus 120 (Siemens). For the dynamic PET scans of 1h data
acquisition was started at the time of injection. For the 3.5to 4 h static PET scans the mice were
anesthetized for the injection, but were awake in the timespan between injection and PET scan. During
the PET scan the animals lay in a head first prone position. The list mode data files were reconstructed
using a filtered-backprojection reconstruction algorithm. The reconstruction was done using ASIPro 1.2.
software. AMIDE software was utilized for image processing purposes. To accomplish the analysis of the

PET data PMOD 3.6 software was used.

In order to assess the distribution of the radiolabeled compounds in different organs, injected animals
(n=5, per time point and per polyether lipid or liposome) were sacrificed after 1 h or 4 h and organs of
interest were collected. The tissue samples were weighed and the radioactivity in the samples was

measured in a y-counter (2470 WIZARD? Automatic Gamma Counter, PerkinElmer).
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S1. Synthesis and characterization of (1-(2-(2-(2-(2-azidoethoxy)-
ethoxy)ethoxy)ethyl)-1H-1,2,3-triazole-4-yl)methoxy)-3,6-di-O-a-D-

mannopyranosyl-a-D-mannopyranoside (trimannose azide)

a. General procedures

Solvents and Reagents: All chemicals were obtained from common chemical suppliers such as Sigma
Aldrich, TClI Europe, VWR or Acros Organics unless stated otherwise. Deuterated solvents were
purchased from Deutero GmbH. All reagents were reagent grade and used without further purification
unless otherwise noted. Extra dry dimethylformamide (DMF) and pyridine (AcroSeal® glass bottle) were
purchased from Acros Organics. Acetonitrile (MeCN) and dichloromethane (DCM) were distilled from
calcium hydride. The eluents for column chromatography (cyclohexane and ethyl acetate (EA)) were

distilled prior to use. Chloroform-d was stored over alumina (Brockmann activity I).

Reactions Conditions: All reactions involving air or moisture sensitive reagents or intermediates were
performed under an inert atmosphere of argon in glassware that was oven dried using standard Schlenk

techniques. Reaction temperatures referred to the temperature of the particular cooling/heating bath.

Chromatography: Thin-layer chromatography (TLC) was carried out on silica gel 60 F254 plates (Merck)
or on RP silica gel RP-18 F254s plates (Merck). UV active compounds were visualized using UV light
(A =254 nm). Oxidation labile compounds werde visualized by immersion in a solution of cerium(IV)
sulfate (1 g) and phosphomolybdic acid (2.5 g) in water (95 ml) and concentrated sulfuric acid (4 ml)
followed by heating. Alternatively, the TLC plates were immersed in a solution of m-methoxyphenol
(0.1 ml)in ethanol (95 ml) and sulfuric acid (2 ml) followed by heating to color carbohydrate compounds

specifically.

Chromatography was performed using flash chromatography of the indicated solvent system on
35-70 um silica gel (Acros Organics) unless otherwise noted. Alternatively, purification was performed

on an Isolera™ Flash Purification System (Biotage®) with an integrated diode array detector.

Preparative reverse phase separation was carried out on a Smartline HPLC system (Knauer) with
mixtures of acetonitrile or methanol and water as eluents on an ACE 5 C18-PFP, 150 mmx30 mm column
(Macherey& Nagel), at a flow rate of 37.5 ml/min. The eluents were degassed prior to use by means of
ultrasonication for 30 min. Two Smartline K-1800 pumps (pump head size: 100 ml each, high pressure

gradient mode; Knauer) and an S-2600 diode array detector (Knauer) were used.

NMR spectroscopy: NMR spectra were recorded on an Avance IIl HD 300 (300 MHz *H NMR, 75 MHz
13C NMR, COSY, HSQC, HMBC; Bruker), an Avance Il 400 (400 MHz *H NMR, 100.6 MHz *C NMR, COSY,
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HSQC, HMBC; Bruker), an Avance Ill HD 400 (400 MHz 'H NMR, 100.6 MHz **C NMR, COSY, HSQC,
HMBC, NOESY; Bruker) or an Avance Ill 600 (600 MHz *H NMR, 151 MHz **C NMR, COSY, TOCSY, HSQC,
HMBC, NOESY; Bruker) using 5 mm probe heads at a temperature of 23 C. The 3C-NMR spectra are *H
broadband decoupled. The HSQC sectra are phase-sensitive (opposite signs for CH/CHz and CH,).The *H
and 3C chemical shifts (8) were referenced to the residual solvent signal as internal standard (CDCls:
6=7.26 ppm and 77.16 ppm, DMSO-ds: 6 =2.50 ppm and 39.52 ppm, CDsOD: 6 =3.31 ppm and
49.00 ppm for H and **C NMR, respectively).! Coupling constants (J) are reported in Hz (splitting
abbreviations: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad; and combinations

thereof).

Mass spectrometry: HPLC-ESI-MS" was performed on a 1200 series HPLC system with a UV diode array
detector coupled with a LC/MSD trap XCT mass spectrometer (Agilent Technologies). Mixtures of water
(with 0.1 % formic acid) and acetonitrile were used as eluents at a total flow rate of 0.5 to 1.0 ml/min.
An Ascentis Express C18 column (pore size: 2.7 um, length: 3 cm, diameter: 2.1 mm; Supelco) was used

at a temperature of 40 °C.

High-resolution masses (HRMS) were recorded on a Q-ToF-Ultima 3 instrument (Waters) with

LockSpray” interface and a suitable external calibrator.

IR spectroscopy: Fourier-transform IR spectra were recorded on a Tensor 27 spectrometer (Bruker)

equipped with a diamond ATR unit.

Optical rotation: Optical rotation of chiral compounds was determined on a Perkin-Elmer 241 MC
polarimeter. Compounds were dissolved in chloroform or methanol. Concentrations are given in

g/100 ml.
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b. Reaction schemes
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Scheme S1.  Synthesis  of  2,4-di-O-benzoyl-3,6-di-0-(2,3,4,6-tetra-O-benzoyl-a-b-mannopyranoside)-1-propargyl-a-b-
mannopyranoside (trimannose alkyne; 9).
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Scheme S2. Synthesis of 1-azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (12).
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Scheme S3.  Synthesis  of  (1-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazole-4-yl)methoxy)-3,6-di-O-a-b-
mannopyranosyl-a-b-mannopyranoside (trimannose azide; 14).

c. Synthetic procedures

1,2,3,4,6-Penta-O-acetyl-a, B-D-mannopyranose (2): lodine (560 mg, 2.2 mmol, 0.04 eq.) and acetic
anhydride (50 ml) were mixed under an argon atmosphere. b-Mannose (1, 10.0 g, 55.5 mmol, 1.0 eq.)
was added portion by portion at 0 °C. After stirring for 30 min at 0 °C and additionally for 18 hours at
room temperature, TLC (cyclohexane/toluene/ethyl acetate 3:3:1) showed complete consumption of
the starting material. The reaction mixture was diluted with dichloromethane (50 ml) and was washed
twice with cold saturated aqueous Na,SOs solution (2 x 80 ml), then with a saturated aqueous solution
of NaHCOs (4 x 50 ml). The separated organic layer was dried over anhydrous MgSQO,. The solvent was
remove in vacuo to afford the desired peracetylated D-mannose (21.5 g, 55.1 mmol, 99 %, mixture of

both anomers a/B 4.75:1) as a yellowish, highly viscous oil.
Rf=0.30 (silica gel, cyclohexane/toluene/ethyl acetate, 3:3:1).

Signals assignable to a-anomer: *H NMR, COSY (600 MHz, CDCl3) 6 (ppm) = 6.09 (d, 3/ = 1.9 Hz, 1H, H-1),
5.34-5.36 (m, 2H, H-3, H-4), 5.25-5.27 (m, 1H, H-2), 4.28 (dd, %/ = 12.4 Hz, 3/ = 4.9 Hz, 1H, H-6a), 4.10
(dd, 2/ =12.4 Hz, 3/ = 2.5 Hz, 1H, H-6b), 4.03-4.07 (m, 1H, H-5), 2.18, 2.17, 2.10, 2.05, 2.01 (5 x s, 15H,
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COCHs ); BCNMR, HSQC, HMBC (151 MHz, CDCls) 6 (ppm)=170.8, 170.2, 169.9, 169.7, 168.2
(5 x COCH;s), 90.7 (C-1), 70.7 (C-5), 68.8 (C-3), 68.4 (C-2), 65.6 (C-4), 62.2 (C-6), 21.0, 20.9, 20.9, 20.8,
20.8 (5 x COCHs).

The spectral data are in accordance with the literature.?

Propargy! 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (3): 1,2,3,4,6-Penta-O-acetyl-a,B-D-
mannopyranose (2, 10.0g, 25.6 mmol, 1.0 eq.) and propargyl alcohol (7.18 g, 7.48 ml, 128 mmol,
5.0 eq.) were dissolved in dichloromethane (100 ml). After stirring for 20 min at room temperature, the
reaction mixture was cooled to 0 °C and BF;OEt; (16.22 ml, 128 mmol, 5.0 eq.) was added dropwise.
The mixture was stirred for 15 min at this temperature then at room temperature for 24 h. The solution
was treated with saturated NaHCOs; solution (25 ml), the aqueous layer was extracted with
dichloromethane (2 x 50 ml) and the combined organic layers were dried over anhydrous MgSQO,. The
solvent was removed in vacuo and the residue was purified by flash column chromatography
(cyclohexane/ethyl acetate, 1:1) to give compound 3 (7.23 g, 18.7 mmol, 73 %) as a colorless, viscous

oil.
Rf=0.43 (silica gel, cyclohexane/ethyl acetate, 1:1).

'H NMR, COSY (400 MHz, CDCls) & (ppm) = 5.36 (m, 3H, H-2, H-3, H-4), 5.02 (d, 1H, %/ = 1.7 Hz, H-1),
4.31-4.25 (m, 3H, H-6,, CH,—C=C), 4.10 (dd, 2/ = 12.2 Hz, 3/ = 2.5 Hz, 1H, H-6,), 4.01 (ddd, 3/ = 9.3 Hz,
3)=5.2 Hz, 3/ = 2.5 Hz, 1H, H-5), 2.47 (t, J = 2.4 Hz, 1H, CH), 2.15, 2.09, 2.03, 1.98 (4 x s, 12H, COCH; );
13C NMR, HSQC, HMBC (100.6 MHz, CDCls) 6 (ppm) = 170.8, 170.1, 170.0, 169.8 (4 x COCHs), 96.4 (C-1),
86.0 (C=CH), 75.7 (C=CH), 69.5 (C-2), 69.1 (C-5), 69.1 (C-3), 66.1 (C-4), 62.4 (C-6), 55.1 (CH,), 21.0, 20.9,
20.8, 20.8 (4 x COCHs).

The spectral data are in accordance with the literature.?

Propargy! a-D-mannopyranoside (4): Propargyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (3, 7.00 g,
18.1 mmol) was dissolved in methanol (70 ml) and sodium methoxide was added until a pH of 9-10
(approx. 60 mg) was reached. The reaction mixture was stirred at room temperature for 16 h.
Subsequently, the solution was neutralized using Amberlite 120 H* resin. The mixture was filtered over
Celite, which was washed thoroughly with methanol. The solvent was removed in vacuo to afford the
desired 1-propargyl-a-D-mannopyranoside (3.50 g, 16.1 mmol, 89 %) as a highly viscous syrup which

solidified soon to an amorphous solid.
Rs=0.85 (RP-silica gel, acetonitrile/water, 1:9);

IH NMR, COSY (400 MHz, CDs0D) & (ppm) = 4.96 (d, %) = 1.7 Hz, 1H, H-1), 4.27 (d, 1H, % = 2.4 Hz, CH>),
3.84 (dd, 2/ = 11.8 Hz, %/ = 2.3 Hz, 1H, H-64), 3.79 (dd, 1H, 3/ = 3.1 Hz, 3/ = 1.7 Hz, H-2), 3.74-3.58 (m, 3H,
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H-3, H-4, H—6p), 3.54-3.47 (m, 1H, H-5), 2.86 (t, *J = 2.4 Hz, CH); 3C NMR, HSQC, HMBC (100.6 MHz,
MeOD) & (ppm) = 99.8 (C-1), 80.0 (C=CH), 76.0 (C=CH), 75.1 (C-5), 72.5 (C-3), 72.0 (C-2), 68.5 (C-4), 62.8
(C-6), 54.8 (CH,-C=CH).

The spectral data are in accordance with literature.?

Propargyl  2,4-O-di-benzoyl-a-D-mannopyranoside  (5) and  propargyl  2,6-O-di-benzoyl-a-D-
mannopyranoside (6): Trimethyl orthobenzoate (3.1 ml, 18.1 mmol, 2.6 eq.) was added to a mixture of
1-propargyl-a-D-mannopyranoside (4, 1.5 g, 6.87 mmol, 1.0 eq.), trifluoroacetic acid (TFA, 45 pl) and
camphorsulfonic acid (CSA, 75 mg) in acetonitrile (60 ml) at room temperature. The suspension was
stirred for 2 h, until a clear colorless solution was obtained. The solvent was removed in vacuo and the
residue was redissolved in acetonitrile (45 ml). The solution was treated with 10% aqueous
trifluoroacetic acid (2.6 ml) at room temperature. After stirring for 1 h, the solvent was removed in
vacuo and the residue was co-evaporated with toluene (4 x 50 ml). The crude product was purified by
flash column chromatography (cyclohexane/ethyl acetate, gradient 0 % to 60 % ethyl acetate, Isolera
Flash Purification System) to afford the two title compounds (1.61 g, 3.78 mmol, 55 %, 1-propargyl 2,4-
O-di-benzoyl-a-D-mannopyranoside; 1.11g, 2.60 mmol, 38 %, 1-propargyl 2,6-O-di-benzoyl-a-D-

mannopyranoside) as colorless foams.
Propargy! 2,4-O-di-benzoyl-a-D-mannopyranoside (5):
Rf=0.48 (silica gel, cyclohexane/ethyl acetate, 2:1).

'H NMR, COSY (400 MHz, CDCls) & (ppm) = 8.12 — 8.05 (m, 4H, H-2—Ar), 7.64 — 7.58 (m, 2H, H—4—-Ar),
7.51—7.44 (m, 4H, H-3—Ar), 5.52 (pseudo-t, *J = 10.0 Hz, 1H, H-4), 5.45 (dd, *J = 3.5, %/ = 1.7 Hz, 1H, H—
2), 5.25 (d, ¥/ = 1.7 Hz, 1H, H-1), 4.45 (dd, 3/ = 9.8, 3/ = 3.5 Hz, 1H, H-3), 4.33 (d, ¥/ = 2.4 Hz, 2H, CH.),
4.00 (ddd, 3/ = 10.0, %/ = 4.1, 3/ = 2.3 Hz, 1H, H-5), 3.82 (dd, % = 12.6, *Juyx = 2.4 Hz, 1H, H-6.), 3.74 (dd,
2)=12.6,% = 4.1 Hz, 1H. H-6y), 2.51 (t, *J = 2.4 Hz, 1H, CH); 3C NMR, HSQC, HMBC (100.6 MHz, CDCls)
& (ppm) = 167.4, 166.1 (2 x CO—Ar), 133.9, 133.8 (2 x C—4—Ar), 130.1 (2 x C—2—Ar, 2 x C-2'—Ar), 129.3,
129.1 (2 x Cy), 128.8, 128.7 (C=3-Ar), 96.7 (C—1, Ucy = 173 Hz), 78.4 (C=CH), 75.6 (C=CH), 72.8 (C-2),
71.2 (C-5), 70.3 (C-4), 68.7 (C=3), 61.5 (C—6), 55.4 (CH,-C=CH).

IR (ATR) Amax/cm™ 3465, 3292, 2927, 1715, 1601, 1451, 1317, 1261, 1111, 1059, 1011, 884, 708.
[a]3? — 11.9° (c = 1.00, CHCl3).

HRMS (ESI): calculated for [C23H2,0s + Nal*: 449.1212, found: 449.1225.
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Propargy! 2,6-di-O-benzoyl-a-D-mannopyranoside (6):
Rf=0.23 (silica gel, cyclohexane/ethyl acetate, 2:1);

'H NMR, COSY (400 MHz, CDCls) & (ppm) = 8.14 — 8.09 (m, 2H, H—2—Ar®), 7.93 — 7.88 (m, 2H, H-2-Ar?),
7.65 — 7.59 (m, 1H, H—4-Ar?), 7.53 — 7.48 (m, 1H, H-4-Ar®), 7.48 — 7.42 (m, 2H, H-3-Ar®), 7.26 — 7.21
(m, 2H, H-3-Ar?), 5.41 (dd, 3/ = 3.4, 3/ = 1.7 Hz, 1H, H-2), 5.15 (d, *J = 1.7 Hz, 1H, H-1), 4.93-4.87 (m,
1H, H-6,), 4.51 (dd, /= 12.2, 3/ = 1.8 Hz, 1H, H-6p), 4.31 (d, %/ = 2.4 Hz, 2H, CH,), 4.20 (dd, %/ =8.7,
3)=3.3 Hz, 1H, H-3), 4.22-3.89 (m, 2H, H-4, H-5), 2.47 (t, *J = 2.4 Hz, 1H, CH); C NMR, HSQC, HMBC
(100.6 MHz, CDCls) & (ppm) = 167.5 (CO-Ar®), 166.1 (CO-Ar?), 133.5, 133.5 (2 x C—4—Ar), 130.0, 129.9
(2 x C=2-Ar), 129.7, 129.4 (2 x Cy), 128.7, 128.8 (2 x C—3-Ar), 96.9 (C—1, Ycy = 173 Hz), 78.5 (C=CH),
75.5 (C=CH), 72.1 (C-2), 72.1 (C-4), 71.5 (C=5), 70.0 (C-3), 67.8 (C—4), 63.5 (C=6), 55.1 (CH,-C=CH).

IR (ATR) Amav/cm™ 3458, 3345, 3236, 2957, 1717, 1703, 1451, 1317, 1262, 1109, 1053, 977, 706, 648.
[a]3% - 17.7° (c = 1.00, CHCl3).
HRMS (ESI): calculated for [CasH2,0s + H]*: 427.1393, found: 427.1404.

1,2,3,4,6-Penta-O-benzoyl-a, 3-D-mannopyranose (7): Benzoylchloride (70.0 ml, 380 mmol, 6.8 eq.) was
added dropwise to a stirred solution of d-mannose (1, 10.0g, 55.6 mmol, 1.0eq.) and 4-
(dimethylamino)-pyridine (DMAP, 30 mg) in pyridine (120 ml) under an argon atmosphere at 0 °C. The
reaction mixture was stirred at this temperature for 40 min, then for 36 h at room temperature. The
solvent was removed in vacuo and the residue was taken up in dichloromethane (400 ml) and water
(100 ml), the organic layer was washed with brine (200 ml), saturated NaHCOs solution (2 x 200 ml) and
again with brine (100 ml). The separated organic layer was dried over anhydrous MgSQO, and the solvent
was removed in vacuo. The residue was dissolved in 100 ml of boiling EtOH, then slowly cooled to room
temperature. The precipitate was collected by filtration und dried in vacuo to give compound 7 as a

colorless powder (36.6 g, 52.3 mmol, 94 %, mixture of both anomers a/f 4.3:1).
a—anomer: Ry = 0.48 (silica gel, toluene/ethyl acetate, 19:1).
B—anomer: R = 0.36 (silica gel, toluene/ethyl acetate, 19:1).

Signals assignable to a-anomer: *H NMR, COSY (400 MHz, CDCls) & (ppm) = 8.23—7.84 (m, 10H, H-Ar),
7.71-7.27 (m, 15H, H-Ar), 6.64 (d, 3/ = 2.0 Hz, 1H, H-1), 6.29 (pseudo-t, 3/ = 10.2 Hz, 1H, H-4), 6.08 (dd,
3/=10.3,3/=3.3 Hz, 1H, H-3), 5.92 (dd, °/=3.3,°/=2.0 Hz, 1H, H-2), 4.70 (dd, ®/ = 12.2, °J = 3.7 Hz, 1H,
H-6.), 4.51 (pseudo-dt, 3/ = 10.0, %/ = 2.9 Hz, 1H, H-5), 4.51 (dd, 3/ = 12.2, 3/ = 3.7 Hz, 1H, H-65); *C NMR,
HSQC, HMBC (100.6 MHz, CDCls) 6 (ppm) = 166.2, 165.8, 165.4, 165.3, 163.7 (5 x CO-Ar), 134.2, 133.8,
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133.7,133.5, 133.2 (5 x Cg), 130.3, 130.1, 130.0, 129.9, 129.1, 129.0, 128.9, 128.8, 128.6, 128.6, 128.5
(C-Ar), 91.5 (Yey = 180 Hz, C-1), 71.3 (C-5), 70.1 (C-3), 69.6 (C-2), 66.3 (C-4), 62.5 (C-6).

Signals assignable to B-anomer: *H NMR, COSY (400 MHz, CDCls) 6 (ppm) = 8.18-7.84 (m, 10H, H-Ar),
7.67-7.27 (m, 15H, H=Ar), 6.44 (d, 3/ = 1.2 Hz, 1H, H-1), 6.18 (pseudo-t, %/ = 9.8 Hz, 1H, H-4), 6.11 (dd,
3/=3.2,%/=1.1Hz, 1H, H-2),5.81 (dd, */ = 10.0, */ = 3.2 Hz, 1H, H-3), 4.76 (dd, */ = 12.4, %/ = 2.8 Hz, 1H,
H-64), 4.56 (dd, %/ = 12.3,%/ = 4.4 Hz, 1H, H-6y), 4.38 (ddd, °/ = 9.7,/ = 4.3,3/ = 2.8 Hz, 1H, H-5); *C NMR,
HSQC, HMBC (100.6 MHz, CDCls) 6 (ppm) = 166.2, 165.7, 165.6, 165.4, 164.3 (5 x CO-Ar), 133.9, 133.7,
133.7,133.6, 133.2 (5 x Cg), 130.3, 130.2, 130.0, 130.0, 129.5, 128.9, 128.8, 128.8, 128.6, 128.6, 128.6,
128.5 (C-Ar), 91.4 (Yey = 163 Hz, C-1), 73.5 (C-5), 71.7 (C-3), 69.5 (C-2), 66.5 (C-4), 62.8 (C-6).

The spectral data are in accordance with the literature.*

2,3,4,6-Tetra-O-benzoyl-a-D-mannopyranosy! bromide (8): 1,2,3,4,6-Penta-0O-benzoyl-a,B-D-
mannopyranose (7, 5.0 g, 7.14 mmol, 1.0 eq.) was dissolved in dichloromethane (25 ml) and treated
with HBr (33 % in acetic acid, 12.3 ml, 71.4 mmol, 10 eq.) at 0 °C. After 2 h, another portion of HBr
(1.0ml, 33% in acetic acid) was added. TLC (cyclohexane/ethyl acetate 2:1) showed complete
conversion after 4 h. The reaction mixture was diluted with dichloromethane (25 ml), washed with
water (25 ml), saturated aqueous NaHCOs solution (4 x 25 ml) and brine (25 ml). The separated organic
layer was dried over anhydrous MgSO, and the solvent was removed in vacuo to give compound 8

(4.51 g, 6.85 mmol, 96 %,) as a yellowish, viscous oil.
Rf=0.60 (silica gel, cyclohexane/ethyl acetate, 2:1).

'H NMR, COSY (400 MHz, CDCls) & (ppm) = 8.13—7.82 (m, 8H, H—Ar), 7.64-7.27 (m, 12H, H-Ar), 6.59 (d,
3J=1.1Hz, 1H, H-1), 6.32-6.22 (m, 2H, H-3, H-4), 5.91 (dd, /= 2.9, 3/ = 1.7 Hz, 1H, H-2), 4.75 (dd,
2J=12.5, )= 2.4 Hz, 1H, H-6.), 4.66 (pseudo-dt, 3/ =9.4, 3/=3.1Hz, 1H, H-5), 4.51 (dd, %/ =12.5,
3)=3.7 Hz, 1H, H-65); 3C NMR, HSQC, HMBC (100.6 MHz, CDCls) & (ppm) = 166.1, 165.5, 165.4, 165.1
(4 x CO-Ar), 133.9, 133.8, 133.5, 133.3 (4 x Cy), 130.0, 129.9, 129.9, 129.8, 128.9, 128.8, 128.8, 128.7,
128.6, 128.5 (C—Ar), 83.4 (C-1), 73.3 (C-5), 73.1 (C-2), 69.2 (C-3), 66.1 (C-4), 61.9 (C-6).

The spectral data are in accordance with literature.®

2,4-Di-O-benzoyl-3,6-di-0-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyranoside)-1-propargyl-a-b-manno-

pyranoside (9): 1-Propargyl 2,4-0O-di-benzoyl-a-D-mannopyranoside (5, 415 mg, 0.97 mmol, 1.0 eq.) and
2,3,4,6-tetra-O-benzoyl-a-D-mannosylpyranosyl bromide (8, 1.27 g, 1.94 mmol, 2.0 eq.) were dissolved
in dichloromethane (11 ml) in a thoroughly flame dried flask under argon atmosphere. The solution was
stirred for 20 min at O °C. Silver triflate (AgOTf, 543 mg, 2.11 mmol, 2.4 eq.) in toluene (3 ml) was added

dropwise. Immediately, a yellowish precipitate was formed. After 1.5 h the greenish reaction mixture
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was treated with NEts (500 pl), then filtered over Celite which was washed thoroughly with
dichloromethane. The solvent was remove in vacuo and the residue was purified by flash column
chromatography (cyclohexane/ethyl acetate, gradient 0% to 50% ethyl acetate, Isolera Flash

Purification System) to afford compound 9 (1.06 g, 0.67 mmol, 69 %) as a colorless foam.
Rf=0.40 (silica gel, cyclohexane/ethyl acetate, 2:1).

'H NMR, COSY, TOCSY (600 MHz, CDCls) & (ppm) = 8.33-8.30 (m, 2H, H-Ar), 8.14-8.10 (m, 4H, H-Ar),
8.09-8.01 (m, 6H, H-Ar), 7.88-7.80 (m, 6H, H-Ar), 7.74-7.70 (m, 2H, H-Ar), 7.64-7.47 (m, 8H, H-Ar),
7.46-7.27 (m, 20H, H-Ar), 7.22-7.19 (m, 2H, H-Ar), 6.14 (t, % = 10.1 Hz, 1H, H-4"), 6.02-5.96 (m, 2H,
H-3, H-4), 5.93 (t, ) = 10.0 Hz, 1H, H-4), 5.79-5.76 (m, 2H, H-2*, H-2), 5.71 (dd, /) = 10.1, % = 2.8 Hz,
1H, H-3'), 5.37-5.35 (m, 3H, H-1, H-1', H-2), 5.15 (d, ¥ = 1.8 Hz, 1H, H-1"), 4.68 (dd, 3/=9.8,
3) = 3.5 Hz, 1H, H-3), 4.65-4.52 (m, 4H, H—6,", H-5", H=5', H—6."), 4.47 (dd, 2/ = 16.0, *J = 2.4 Hz, 1H, O—
CH,,,—C=C), 4.43-4.36 (m, 3H, H-6,", H—64', O—CH,,,—C=C), 4.33 (ddd, 3/ = 10.3,%/ = 6.1,/ = 2.1 Hz, 1H,
H-5), 4.17 (dd, 2/=10.8, 3/=6.2 Hz, 1H, H-6, ), 3.81 (dd, 2/=10.9, 3/=2.1 Hz, 1H, H-6), 2.60 (t,
4J = 2.4 Hz, 1H, ~C=C—H); 3C NMR, HSQC, HMBC (151 MHz, CDCls) & (ppm) = 166.7, 166.3, 166.2, 165.7,
165.6, 165.4, 165.4, 165.4, 164.8, 164.7 (10 x CO), 133.8, 133.6, 133.6, 133.5, 133.4, 133.4, 133.2,
133.1, 133.1, 133.0 (10 x C—4-Ar), 130.4, 130.1, 130.1, 130.0, 130.0, 129.8, 129.8, 129.8, 129.7 (C-Ar),
129.4,129.3, 129.3, 129.3, 129.3, 129.1, 129.1, 129.1, 129.0, 129.0 (10 x C,~Ar), 128.7, 128.6, 128.5,
128.4, 128.4, 128.3 (C-Ar), 99.6 (C—1°), 97.6 (C-1"), 96.4 (C-1), 78.3 (-C=C-H), 76.1 (-C=C-H), 76.0
(C-3), 71.7 (C-2"), 70.4 (C-3"), 70.4 (C-2), 70.3 (C-5), 70.3 (C-2'), 69.7 (C-3), 69.4 (C-5"), 69.0 (C-5"),
68.6 (C—4), 67.1(C—6), 66.7 (C—4"), 66.7 (C—4""), 62.8 (C—6"), 55.2 (~CH,~C=C).

IR (ATR) Ama/cm™ 3064, 2955, 2926, 1778, 1722, 1642, 1451, 1257, 1066, 1026, 1001, 705, 686, 648.
[a]3? - 50.7° (c = 1.00, CHCl3).
HRMS (ESI): calculated for [Co1H74026 + Na]*: 1605.4366, found: 1605.4390.

1-Methanesulfonyl-2-(2-(2-(2-methanesulfonylethoxy)ethoxy)ethoxy)ethane  (11): Methanesulfonyl
chloride (Ms-Cl, 4.48 ml, 56.6 mmol, 2.2 eq.) and tetraethylene glycol (10, 5.00 g, 25.7 mmol, 1.0 eq.)
were dissolved in dichloromethane (125 ml) at 0 °C. The reaction mixture was treated with NEt;
(10.7 ml, 77.2 mmol, 3.0 eq.) and stirred for 45 min. Subsequently, water (125 ml) was added and the
separated organic layer was washed with ice-cold 2 N HCI (125 ml), saturated agueous NaHCOjs solution
(125 ml) and brine (125 ml). The organic layer was dried over anhydrous Na,SO4 and the solvent was

removed in vacuo to give compound 11 (8.78 g, 25.1 mmol, 98 %) as a yellowish oil.

Rf=0.20 (silica gel, cyclohexane/ethyl acetate, 1:2).
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'H NMR, COSY (300 MHz, CDCl3) & (ppm) = 4.40-3.35 (m, 4H, 2 x MsO-CH), 3.79-3.74 (m, 4H, MsO-
CH,—CH5), 3.70-3.61 (m, 8H, MsO—Et—O[(CH.),—0-],—Et—OM:s), 3.07 (m, 6H, 2 x —CHs); *C NMR, HSQC,
HMBC (75 MHz, CDCls) 6 (ppm) =70.8 (2 x CH—CH,—0), 70.7 (2 x CH~CH»=0), 69.3 (2 x MsO—-CH,),
69.2 (2 x MsO—CH,—CH>), 37.8 (2 x —CHj3).

The spectral data are in accordance with literature.®

1-Azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (12): 1-Methanesulfonyl-2-(2-(2-(2-methane-
sulfonylethoxy)ethoxy)ethoxy)ethane (11, 2.00 g, 5.71 mmol, 1.0 eq.) was dissolved in a mixture of EtOH
(12 ml) and dimethylacetamide (DMAc, 3 ml) and NaNs (1.15g, 17.7 mmol, 3.1 eq.) was added. The
reaction mixture was refluxed for 6 h and subsequently slowly poured into a mixture of water (20 ml)
and dichloromethane (20 ml). The separated organic layer was washed with water (50 ml) and brine
(50 ml). The organic layer was dried over anhydrous Na,SO4 and the solvent was removed in vacuo. The
residue was co-evaporated with toluene (4 x 50 ml) to give compound 12 (1.36 g, 5.57 mmol, 98 %) as

a colorless oil.
Rf=0.60 (silica gel, cyclohexane/ethyl acetate, 4:2).

IH NMR, COSY (300 MHz, CDCls) & (ppm) = 3.72-3.62 (m, 12H, 2 x N5—CHo—CHs, 2 x CH>~CH>—0), 3.39
(t, %) = 5.1 Hz, 4H, N3—CH.); *C NMR, HSQC, HMBC (75 MHz, CDCls) & (ppm) = 70.9 (2 x CH,—CH»—0),
70.2 (2 x N3=CH>—CH>), 50.8 (2 x Na—CH>).

The spectral data are in accordance with the literature.”

(1-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazole-4-yl)methoxy)-2,4-di-O-benzoyl-3,6-

di-O-(2,3,4,6-tetra-O-benzoyl-a-b-mannopyranosyl)-a-D-mannopyranoside  (13): DMF (50 ml) was
degased by freeze-pump-thaw-cycle three times, then 2,4-di-O-benzoyl-3,6-di-O-(2,3,4,6-tetra-O-
benzoyl-a-dD-mannopyranoside)-1-propargyl-a-D-mannopyranoside (9, 325 mg, 0.21 mmol, 1.0 eq.) and
1-azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (12, 725 mg, 3.08 mmol, 15 eq.) were dissolved
under argon atmosphere. Subsequently, the freeze-pump-thaw-cycle was repeated again for three
times. CuBr (15 mg, 0.10 mmol, 50 mol%) and N,N,N',N'',N"-pentamethyldiethylenetriamine (PMDTA,
50 ul, 0.24 mmol, 85 mol%) were added and the teal reaction mixture was stirred at 45 °C for 1.5 h.
Subsequently, it was diluted with ethyl acetate (40 ml) and washed with aqueous saturated NH4Cl
solution (2 x 40 ml). The aqueous layer was diluted with water so that all salts were dissolved and
washed with ethyl acetate (30 ml). The separated organic layer was washed with brine and dried over
anhydrous MgSQ,. The solvent was removed in vacuo and the residue was purified by flash column
chromatography (cyclohexane/ethyl acetate, gradient 0% to 90% ethyl acetate, Isolera Flash

Purification System) to afford compound 13 (302 mg, 0.40 mmol, 81 %) as a colorless oil.
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Rf=0.28 (silica gel, cyclohexane/ethyl acetate, 2:4).

'H NMR, COSY, TOCSY (600 MHz, CDCl3) & (ppm) = 8.33-8.29 (m, 2H, H-Ar), 8.14-8.00 (m, 10H, H-Ar),
7.89 (s, 1H, Hiiazole), 7.86-7.82 (m, 4H, H-Ar), 7.78-7.75 (m, 2H, H-Ar), 7.72=7.69 (m, 2H, H-Ar), 7.61—
7.35 (m, 20H, H-Ar), 7.31-7.27 (m, 8H, H-Ar), 7.22—7.18 (m, 2H, H-Ar), 6.14 (t, *J = 10.1 Hz, 1H, H-4"),
6.06-5.99 (m, 3H, H-3", H-4, H-4), 5.82-5.81 (m, 1H, H-2"), 5.76-5.74 (m, 1H, H-2), 5.70 (dd,
3)=10.0, 3 = 2.8 Hz, 1H, H-3"), 5.34-5.32 (m, 2H, H-1/, H-2), 5.27 (s, 1H, H-1), 5.19 (s, 1H, H-1""), 5.00
(d, 2 = 12.2 Hz, 1H, O—CH2,—C=C), 4.84 (d, J = 12.2 Hz, 1H, O—~CH2—C=C), 4.64 (dd, 3/ = 9.8, ¥/ =3.4 Hz,
1H, H-3), 4.61 (dd, 2/ = 12.4, 3/ = 2.5 Hz, 1H, H-6.’), 4.58-4.53 (m, 4H, triazole—CH,, H—6a", H-5"), 4.47
(dt, 3 =10.1, 3/ = 2.9 Hz, 1H, H-5'), 4.42-4.39 (m, 1H, H-5), 4.34 (dd, 2/ = 12.2, 3/ = 4.4 Hz, 1H, H-6,"),
4.29 (dd, 2/ = 12.4, 3) = 3.1 Hz, 1H, H-61"), 4.18 (dd, 2/ = 10.9, 3/ = 5.2 Hz, 1H, H-6.), 3.89 (t, 3/ = 5.0 Hz,
2H, triazole~CH,—~CH.), 3.80 (dd, 2/=11.0, 3/ =2.2 Hz, 1H, H-6s), 3.64 (m, 10H, alkyl CH,), 3.33 (t,
3J = 5.0 Hz, 2H, Ns—CH.); 3C NMR, HSQC, HMBC (151 MHz, CDCls) & (ppm) = 166.3, 166.2, 166.2, 165.7,
165.6, 165.3, 165.3, 165.3, 164.8, 164.7 (10 x CO), 143.3 (Cq—in triazole), 133.7, 133.5, 133.5, 133.5,
133.4,133.4, 133.2, 133.1, 133.1, 133.0 (10 x C—4—Ar), 130.3, 130.1, 130.1, 130.0, 130.0, 129.9, 129.9,
129.9, 129.8, 129.7, 129.7 (C—Ar), 129.4, 129.4, 129.3, 129.3, 129.3, 129.1, 129.1, 129.1, 129.0, 129.0
(10 x C4—Ar), 128.6, 128.6, 128.6, 128.5, 128.5, 128.5, 128.5, 128.4, 128.4 128.2 (C—Ar), 124.6 (triazole-
CH), 99.7 (C-17), 97.8 (C-1*), 97.0 (C—1), 76.9 (C-3), 71.8 (C-2), 70.7 (3 signals, respectively alkyl CH.),
70.4 (C=2°), 70.3 (C-3"), 70.3 (C=2"), 70.1 (alkyl CHa), 69.9 (C-5), 69.6 (C=5), 69.5 (triazole—CH,—~CH,),
69.5 (C-3‘), 69.0 (C=5"), 68.4 (C—4), 66.9 (C—6), 66.6 (C—4), 66.5 (C—4"), 62.8 (C—6"), 62.5 (C—6"), 61.0
(O—CH,—C=C), 50.7 (N5—CHs), 50.3 (triazole—CH.).

IR (ATR) Amax/cm™ 2954, 2927, 2876, 2106, 1727, 1602, 1452, 1264, 1108, 1097, 1028, 710.
[a]3? —33.7° (c=1, CHCl3).
HRMS (ESI): calculated for [CosHooNsO2s + Nal*: 1849.5650, found: 1849.5684.

(1-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazole-4-yl)methoxy)-3,6-di-O-a-D-manno-

pyranosyl-a-D-mannopyranoside  (14): (1-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-
triazole-4-yl)methoxy)-2,4-di-O-benzoyl-3,6-di-O-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl)-a-b-

mannopyranoside (13, 500 mg, 0.27 mmol) was dissolved in a mixture of MeOH (4 ml) and
dichloromethane (4 ml) and treated with NaOMe (15 mg, 0.27 mmol, 1 eq.). After stirring for 24 h at
room temperature RP-TLC (acetonitrile/water 2:8) showed complete conversion. The reaction mixture
was neutralized with concentrated HCl (two drops were required). Subsequently, the solvent was
removed in vacuo and the residue was coevaporated with toluene (3 x 50 ml). The residue was purified
by preparative HPLC (MeOH/H,0, 80:20 for 10 min, then 50:50 for 10 min, flow rate: 37.5 ml/min,

Rt 14.7 min) to give the desired unprotected product (14, 150 mg, 0.19 mmol, 71 %) as a colorless solid.
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Rf=0.57 (RP-silica gel, acetonitrile/water, 2:8).

IH NMR, COSY (600 MHz, D-0) & (ppm) = 8.07 (s, 1H, H-Ar), 5.03 (d, /= 1.7 Hz, 1H, H-1), 4.89 (d,
3/=1.7Hz, 1H, H-1), 4.85 (d, 3/=1.7Hz, 1H, H-1"), 4.79-4.78 (m, 1H, O—CH:—C=C), 4.69 (d,
2J=12.6 Hz, 1H, O—~CH2—C=C), 4.60 (t, 3/ = 5.0 Hz, 2H, triazole—CH.), 4.55 (dd, 3/=3.0, 3/ = 1.7 Hz, 1H,
H-2), 4.01 (dd, °J = 3.3,%/ = 1.7 Hz, 1H, H-2), 3.90-3.56 (m, 26H, all other), 3.45-3.42 (m, 2H, N3—CH,);
13C NMR, HSQC, HMBC (151 MHz, D,0) & (ppm) = 143.4 (Cq—triazole), 125.4 (CH in triazole), 102.3 (C—
19, 99.6 (C-1), 99.3 (C-1"), 78.5 (C-3), 73.2, 72.6, 71.2, 70.5, 70.3, 69.9 (C-2), 69.8, 69.6 (C-2), 69.5,
69.4, 69.1, 68.7 (triazole—CH,—CH>), 66.6, 65.4, 64.9 (C—=6), 60.9, 59.9, 50.0, 50.0 (N35—CH,, triazole—CHy).

IR (ATR) Amax/cm™ 3355, 2929, 2114, 1642, 1454, 1350, 1302, 1256, 1130, 1048, 1026, 980.
[a]3? - 63.2° (c = 0.75, MeOH).

HRMS (ESI): calculated for [CagHsoNeO19 + Na]*: 809.3028, found: 809.3030.
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d. 'H and 3C NMR spectra
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Figure S1. 'H NMR (600 MHz, CDCls), compound 2.
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Figure S2. 3C NMR (151 MHz, CDCl3), compound 2.
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Figure S3. 'H NMR (400 MHz, CDCls), compound 3.
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Figure S15. 'H NMR (400 MHz, CDCl3), compound 8.
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Figure S16. 1*C NMR (100.6 MHz, CDCls), compound 8.
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Figure S17. 'H NMR (600 MHz, CDCl3), compound 9.
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Figure S18. 13C NMR (151 MHz, CDCls), compound 9.
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Figure S19. 'H NMR (300 MHz, CDCl3), compound 11.
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Figure S20. 3C NMR (75 MHz, CDCls), compound 11.
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Figure S22. 13C NMR (75 MHz, CDCls), compound 12.
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Figure S23. 'H NMR (600 MHz, CDCl3), compound 13.
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Figure S24. 13C NMR (151 MHz, CDCl3), compound 13.
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Figure S25. 'H NMR (600 MHz, D,0), compound 14.
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Figure S26. 13C NMR (151 MHz, D,0), compound 14.
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S2. Characterization of trimannose-alkyne-1,2-bis(hexadecyl)glycerol-

hbPGes
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Figure S27. 'H NMR (400 MHz, pyridine-ds), trimannose-alkyne-BisHD-hbPGegs.
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Figure S28. Diffusion-ordered NMR spectrum (DOSY) (400 MHz, pyridine-ds), trimannose-alkyne-BisHD-hbPGes.
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S3. Fluorescent labeling with Oregon Green 488 (OG 488) azide
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Figure S29. UV-Vis spectra of OG 488-alkyne-BisHD-hbPGg; after purification (A), of the first (C) and of the 18th (E) filtrate of
the spin filtration; UV-Vis spectra of OG 488-trimannose-alkyne-BisHD-hbPGes after purification (B), of the first (D) and of the

18th (F) filtrate of the spin filtration.
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S4. Radiolabeling

a. Polyether lipids
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Figure S30. Radio-TLCs of the radiolabeling of alkynes-BisHD-hbPGes (A: reaction time 1 min, RCY 86 %; B: reaction time 10 min,
RCY 98 %) and trimannose-alkyne-BisHD-hbPGgs (C: reaction time 10 min, RCY 98 %) with ['8F]F-TEG-N3 via CUAAC. Reg #1
corresponds to the respective polyether lipid, Reg #2 attributes to [18F]F-TEG-Ns.

b. Removal of copper

Subsequent to the click reaction, copper was removed using a Chelex 100 resin (BioRad), which

(according to the supplier) exhibits uniquely high selectivities for metal ions. In order to investigate the

efficiency, we added sodium sulfide to a sample of the purified reaction mixture and to a sample prior

to the removal of copper. In the first case, we observed no precipitation of copper sulfide, whereas in

the second case we obtained a darkish precipitate of copper sulfide.
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S5. Liposome characterization

a. Liposome size
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Figures S31. D,pp plotted against g2 data and thereof calculated hydrodynamic radii of alkyne-BisHD-hbPGes-shielded liposomes
(A) and trimannose-alkyne-BisHD-hbPGgs-shielded liposomes (B). Experiments were conducted with an aliquot of the liposomes
used for the animal experiments after complete disappearance of 18F-radioactivity.

b. Liposome stability
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Figure S32. Autocorrelation functions of alkyne-BisHD-hbPGes-shielded liposomes (A) and trimannose-alkyne-BisHD-hbPGes-
shielded liposomes (B). Blue curves are acquired shortly after the manufacturing of the liposomes. Red curves are acquired at
least one month later (A: 1 months later; B: 7 month later).

An aliquot of the liposomes (alkyne-BisHD-hbPGes-shielded and trimannose-alkyne-BisHD-hbPGes-
shielded) in PBS buffer used for the animal experiments was stored at 4 °C until complete disappearance
of radiation. Subsequently, the size of the liposomes was determined via dynamic light scattering (DLS).
Following these experiments the samples were stored at 4 °C for at least one month and were then re-
measured via DLS. Figure S32 shows overlays of the two measurements of the same liposome sample,

each at different time points. Since relating curves differ in position only to a marginal degree and the
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shape of the curves did not change, this strongly indicates that the liposomes are stable within the

respective period of time (A, B: 4 months; C: 1 month).

S6. Animal studies

a. Positron emission tomography (PET) studies

To track the pharmacokinetic profile during the first hour after intravenous administration of the 8F-
radiolabeled, polyether-shielded liposomes and the respective non-liposomal polymers, time activity
curves were determined by defining volumes of interest (VOIs) around important organs and quantifying

the amount of radioactivity inside the VOIs (Figure S33 and S34).

A B
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Figure S33. Time activity curves of the accumulation of [*F]FTT-alkyne-BisHD-hbPGes (A) and [*8F]FTT-trimannose-alkyne-
BisHD-hbPGes (B) in organs of interest of male C57BL/6 mice.
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Figure S34. Time activity curves of the accumulation of ['8F]FTT-alkyne-BisHD-hbPGes-shielded liposomes (A) and [18F]FTT-
trimannose-alkyne-BisHD-hbPGegs-shielded liposomes (B) in organs of interest of male C57BL/6 mice.
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Table S1. Ex vivo biodistribution data in percent injected dose per gram tissue (% ID/g tissue) for polyether lipids and liposomal formulations in male C57BL/6 mice.

18 [ F]FTT- [8F]FTT-
[*°F]FTT- 18 18 \ .
[F]FTT-alkyne- trimannose- [ F]FTT-aIkyne- [ F]FTT-alkyne- tr|mann'ose- tmmann.ose-
. . BisHD-hbPGes BisHD-hbPGes alkyne-BisHD- alkyne-BisHD-
organ BisHD-hbPGes alkyne-BisHD- } .
(1h) hbPGes liposomes liposomes ' hbPGe; . hbPGe3
(1h) (1h) (4 h) liposomes liposomes
(1h) (4 h)
lung 10.2241.28 11.78+1.34 10.9641.08 7.45+0.58 3.89+2.68 1.734£0.23
blood 29.87+3.85 27.60+2.28 43.86%2.78 19.3440.86 5.28+2.30 1.9840.22
liver 12.06%2.25 24.53+2.86 19.6143.52 42.5743.24 87.66+20.00 82.74+9.82
spleen 5.94+0.38 23.73+3.48 51.66+4.48 96.90+16.64 128.72+18.66 140.22+12.64
kidney | 8.29+1.26 7.37+0.47 9.95+1.83 8.63+0.91 1.7440.19 1.314+0.13
kidney r 8.20+1.24 7.39+0.49 10.17+1.94 8.88+0.87 1.87+0.23 1.3610.12
muscle 0.41+0.06 0.37+0.05 0.44+0.10 0.43+0.06 0.10+0.02 0.10+0.01
heart 4.80+0.45 498+1.29 7.90+1.50 4.05+0.56 1.1840.56 0.68+0.09
urine 35.80+14.59 27.22+8.67 6.76+5.39 2.50+0.27 1.7610.59 1.08+0.26
intestine 2.50+0.80 2.01+0.24 2.91+1.16 4.21+0.69 0.84+0.70 0.71£0.13
testes 1.1240.15 0.98+0.09 0.73+0.07 0.83+0.07 0.19+0.06 0.25+0.03
lymph nodes inguinal® 1.64+0.18 1.6740.21 1.9540.36 3.18+0.76 0.73+0.09 1.62+0.39
bone marrow 0.37+0.19 2.21+0.55 0.55+0.13 0.91+0.23 0.66+0.08 1.50+0.16
femur (without marrow) 0.50+0.11 0.82+0.22 0.58+0.10 0.65+0.23 0.19+0.07 0.38+0.13
skin 0.77+0.11 0.53+0.07 0.68+0.11 1.01+0.23 0.15+0.05 0.27+0.09
n=5 n=5 n=5 n=5 n=5 n=5
urine n=5 urine n=5 urine n=4 urine n=4 urine n=5 urine n=5

3 Since liposomes were injected intravenously, the distribution to several lymph nodes should be comparable.
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4 Summary and Outlook

In the developmental process of novel drug delivery systems (DDSs), in vivo tracking is crucial to
understand the influence of physicochemical properties of the nanoparticles on their pharmacokinetic
profile. For this purpose, positron emission tomography (PET) is a powerful and non-invasive nuclear
imaging technique, providing an excellent spatial and temporal resolution combined with the possibility
of quantification. In the herein presented work, different nanodimensional DDSs were evaluated via PET

and/or biodistribution studies in mice and rats. Figure 13 gives an overview of the cumulated work.

In vivo Evaluation

of
Nanodimensional j‘> (= SN
Drug Delivery Quantification |
Systems via PET of retained {1 CuAC
copper

tumor / blood ratio

/

=
i

Dendritic cell

Figure 13. Overview of the cumulated work.
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Each of the following chapters refers to a box in Figure 13. If adequate, at the end of each chapter, a

corresponding outlook is given.

1. From F labeled to **!I-labeled HPMA-polymers — short- versus long-term biodistribution

Based on former studies, revealing favorable in vivo characteristics for ®F-labeled HPMA-ran-LMA
copolymers?, such as a prolonged plasma half-life as well as an enhanced tumor accumulation, the in
vivo fate of a high molecular weight HPMA-ran-LMA copolymer, which had exhibited the most promising

properties during short-term evaluation, should be evaluated over a longer period of time.

In this respect, the HPMA-ran-LMA copolymer, synthesized by combining reactive ester chemistry with
the RAFT polymerization technique, was radiolabeled with ['*!]iodide via electrophilic aromatic
substitution on tyramine side chains. [**!Jradioiodination was accomplished in a mixture of DMSO and
phosphate buffered saline (PBS) using chloramine-T (CAT) as oxidizing agent. In this way, 1 mg of
polymer precursor could be radiolabeled in radiochemical yields (RCYs) about 50 % in a total synthesis

time (including purification via size exclusion chromatography (SEC)) of less than 20 min.

It is worth mentioning, that *!l-incorporation could be accomplished using the same polymer batch, as
for the prior ¥F-labeling. This provided almost identical polymers. Still, non-radioactive versions of the
F-and I-labeled polymer were synthesized in order to enable a direct comparison between their
physicochemical properties. Surprisingly, both F-and I-labeled polymers were a bit more hydrophilic
(higher critical micelle concentrations) and formed slightly larger micellar aggregates then the non-
labeled polymers. However, in direct comparison F-and I-labeled polymers were similar to each other,
131|_

which allowed for a direct correlation of structure-property relationships between the 8F- and the

labeled HPMA-ran-LMA copolymer in vivo.

In vivo results were obtained by means of biodistribution and metabolism studies in rats, bearing
Walker 256 mammary tumors. Despite the physicochemical similarity between the F- and I-labeled
polymers, significant differences between the short-term distribution (2 h) of the ®F-HPMA-ran-LMA
copolymer and the **!I-labeled analog were observed. For the *!I-labeled polymer, hepatic and splenic
uptake was increased, whereas for the 8F-labeled polymer a much higher uptake in the kidneys could
be observed after 2 h. Given their physicochemical similarity, this was attributed to different

metabolization pathways.

The longer-lived radioisotope 3| enabled tracking of the pharmacokinetics over three days. During this
time period the polymer concentration in the blood decreased continuous. Major blood clearance was
observed within the first 24 h after injection. In contrast, there was an increase in tumor uptake

observable over 24 h, which only slowly decreased thereafter. However, the tumor/blood ratio
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increased over the complete observation period of 72 h (Figure 13, 1st box). Taken together, these
findings strongly emphasizes an EPR-mediated passive tumor accumulation, thus demonstrating the
suitability of this HPMA-based copolymer system for anticancer treatment. Although it may have limited
potential for a targeted transport of drugs which are just hydrophobically embedded, it might be a

promising carrier for covalently bound drugs.

Additionally, the in vivo stability of the 3!I-label was investigated as well, since deiodination is an issue.
This was accomplished via ex vivo biodistribution experiments, considering the uptake in the thyroid.
Studies revealed a percentage of <1 % of the injected dose being present in the thyroid at all time-
points. Together with the percentage of the injected dose in the kidneys which was also <1 % during the
whole observation time, that suggests a low deiodination rate of the polymer in vivo. Furthermore, the
distribution of the polymer in the blood pool was examined. For this purpose, blood samples obtained
during the biodistribution studies were separated into different fractions (blood cells, proteins as well
as plasma water), whose radioactivity was measured. It was found, that about half of the polymers were
present in the plasma water during the whole period of 72 h, whereas the other half interacted with

serum proteins and blood cells, which is in accordance with former studies.®®

2. Towards stealth liposomes — from PEG to hbPG lipids, from cholesteryl to dialkyl anchorage

A major part of this work focused on the in vivo evaluation of stealth liposomes, shielded by
multifunctional hyperbranched polyglycerols (hbPG) bearing a dialkyl anchor (Figure 13, 2nd box).
Different hbPG lipids (M, = 2900, 5200 g mol?) were examined, regarding their ability to shield the
liposomes from being detected by the mononuclear phagocyte system (MPS). A linear
bis(hexadecyl)glycerol-PEG lipid (M, =3000 g mol') was investigated as well, in order to enable a
comparison between hbPG and PEG with respect to shielding properties. Furthermore, a special focus
was set on the performance of the dialkyl anchor, regarding a stable anchorage of the polyether lipids
in the lipid bilayer of the liposomes. This was due to the fact that cholesteryl-anchored polyether lipids,
investigated in a former study®, did not provide a stable anchorage, causing, that no stealth effect could

be demonstrated.

Well-defined polyether lipids were synthesized via anionic ring-opening polymerization. To enable
radioactive labeling of the polyether lipids via copper-catalyzed alkyne-azide cycloaddition (CuAAC),
alkyne moieties were introduced in a post-modification step. Radiolabeling of the polymers was carried

out using [*®F]F-TEG-N3 via CuAAC with excellent RCYs exceeding 95 % after 10 min.

Subsequent liposome preparation was accomplished by thin-film hydration method followed by
repeated extrusion. Performing the extrusion manually led to two major problems: high radiation

exposure for the experimentalist and strong fluctuations of the liposomes sizes (determined by dynamic
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light scattering), even with the same shielding polymer. Therefore an automatic extrusion device was
developed, which ensures a reproducible pressure during the extrusion process and has a separate
control module. In this way, it is possible to obtain liposomes with reproducible sizes in addition to a

remote control of the extrusion process, which considerably reduces the radiation exposure.

To investigate the fate of the polyether lipids and their corresponding liposomal formulations, in vivo
LUPET studies as well as ex vivo biodistribution studies were conducted with healthy, male C57BL/6 mice.
Dynamic scans over 1 h were started at the time of injection in order to follow the initial distribution.
For the liposomal formulations also static scans of 30 min were run 3.5 h after injection to gain
information regarding pharmacokinetics at later stages. Organ distribution was examined 1 h after the
injection and additionally 4 h after injection for the liposomal formulations. Within 1 h, the non-
associated polyether lipids were rapidly cleared via the renal system, which was expected, as their
molecular weights were below the renal threshold. In contrast, the corresponding liposomes circulated
in the blood stream over a period of 1 h. These findings prove firstly, that the dialkyl anchor provides a
stable anchorage of the polyether lipids and secondly, that hbPG just like PEG is suitable to shield
liposomes from being detected by the MPS. After 4 h, the liver and spleen uptake increased for all three
systems (although to varying degrees), hinting at a partly detection of the liposomes by the MPS.
However, for all three systems, a fraction of the liposomes was continuously circulating in the blood

after 4 h.

It can be concluded, that the three investigated liposomal formulations showed a comparable in vivo
behavior with remarkable differences in splenic uptake. Liposomes shielded by the lower-weight hbPG
lipids exhibited the lowest splenic uptake both after 1 and 4 h p.i. and are presumably subjected to the
lowest detection by the MPS. Overall, hbPG-shielded liposomes showed a favorable biodistribution,
rendering them promising novel nanovesicles for drug transport and targeting. In contrast to the PEG-
lipids, multifunctional hbPG lipids enable the attachment of a variety of structures, such as targeting
vectors and radiolabels, facilitating cell-specific drug delivery combined with simultaneous carrier
trafficking. With respect to different polymer anchors it can be concluded that a change of the polymer
anchor from cholesterol to bis(alkyl)glycerol leads to a significant increase in the stability of the
liposomes. Thus, the utilization of bis(alkyl)glycerol hbPG lipids enables “stealth” behavior in

combination with multifunctionality.

Because of the potential of the hbPG-shielded liposomes, they are worth further improvement in the
future. For example, the dialkyl anchor could be elongated for an even more stable anchorage of the
shielding polymers. Additionally the composition of the liposomes could be altered in order to gain more

stability. Here, a switch to phospholipids with a high phase transition temperature might be
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advantageous, in order to stabilize the lipid bilayer. With the optimized and evaluated systems in hand,

a loading of the liposomes with therapeutics could be tested in future work.

3. CuAAC on liposomes — but what about the retention of copper?

As described above, radiolabeling of the polyether lipids via CUAAC was performed prior to the liposome
formation. This approach ensured the separation of cytotoxic copper, but entailed a time-consuming
radiosynthesis on the other hand. Thus, a direct radiolabeling of preformed liposomes via CUAAC was
investigated. Usually, macromolecular structures can easily be purified from light-weighted substances
by SEC, unless the substances are retained by the macromolecular structure. In terms of a CUAAC, this
would lead to a non-removable fraction of copper, making a usage of the drug delivery systems
problematic. Thus, a quantification of the final copper content of the liposomes after purification should

be accomplished.

For this purpose, 1 mlof a 1 M Cu(ll) nitrate solution was irradiated at the TRIGA Mark Il research reactor
Mainz to obtain 310 MBq of c.a. [®*Cu]Cu(ll). The irradiated solution was directly used as catalyst for the
CuAAC between non-radioactive F-TEG-N3 and liposomes (Figure 13, 3rd box). Subsequently, liposomes
were purified via SEC. Combined liposome containing fractions as well as a sample containing the same
amount of [5*Cu]Cu(ll) nitrate solution that was used for the CuAAC were measured in a gamma
detector. Comparison of the resulting values gave the amount of copper still associated with the
liposomes after purification. In this way, the final copper content of the liposomes could
straightforwardly be quantified, revealing that only 0.018 % of the added radioactivity was still
associated with the liposomes after purification. This referred to an absolute amount of copper of
0.17 ng. For humans dietary reference values for Cu range between 0.9 to 2 mg per day in different
countries’, so the residual 0.17 ng of copper are absolutely uncritical in terms of an application in vivo.
Besides this very application, the experimental methodology may be applied to study many other CUAAC
reactions, used for the synthesis of radiolabeled or non-radioactive species, which are intended for
human applications. The utilization of a ®*Cu-spiked Cu catalyst, in the same amount as for the “normal”
CuAAC, allows for an uncomplicated gquantification of even very small amounts of copper, which may
be hardly to measure by conventional analytical methods and without manipulating or destroying the

sample.

After ensuring that copper is retained by the liposomes only to a marginal degree, first attempts to
radiolabel the liposomes with [*F]F-TEG-Ns; were accomplished, in order to investigate the yield of the
CuAAC. Here, a RCY of 27.4 % was reached after 10 min, which should be improvable by either increasing
the liposome concentration in the reaction mixture or increasing the polyether lipid content of the

liposomes. An improvement is worth trying, as the possibility to radiolabel liposomes directly, instead
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of radiolabel components, remove copper and do the liposome formation afterwards, significantly
simplifies the radiosynthesis, saves time, enables a higher amount of radioactivity per volume and

results in a lesser radiation exposure for the experimentalist.

4. Towards targeted liposomes — addressing dendritic cells with trimannosylated liposomes

In the last part of this work, hbPG-shielded liposomes, bearing multiple carbohydratic trimannose
molecules on their surface (Figure 13, 4th box), were investigated, regarding their potential to address
dendritic cells (DCs) in vivo. The results were compared to similar liposomes bearing no trimannose on

their surface, which had been evaluated previously.®

In this respect, the higher-weight hbPG lipid (M, = 5200 g mol?)?, bearing four alkyne functionalities,
was functionalized with trimannose azide in a CuUAAC. The usage of two equivalents trimannose azide
resulted in a degree of functionalization of 1.5. This approach left free alkyne functionalities for a
subsequent radiolabeling with [*F]F-TEG-N3 or for a fluorescence labeling with Oregon Green 488
(OG 488) azide, both performed via CuAAC. The BF-label allowed for an in vivo tracking of the
trimannosylated hbPG lipids and respective liposomes, whereas the OG 488-label was introduced for

future cell studies.

To investigate the in vivo fate of the trimannosylated versus the non-mannosylated polyether lipids and
their corresponding liposomal formulations, in vivo UPET and ex vivo biodistribution studies were
conducted in healthy, male C57BL/6 mice. Dynamic scans over 1 h, started at the time of injection,
revealed the initial distribution. For the liposomal formulations also static scans of 30 min were run 3.5 h
after injection to gain information regarding pharmacokinetics at later stages. Organ distribution was
examined 1 h after the injection and additionally 4 h after injection for the liposomal formulations.
Within 1 h, a major amount of the non-associated polyether lipids was cleared via the renal system,
which was expected, as their molecular weights were below the renal threshold. However, the
mannosylated hbPG lipids increasingly accumulated in liver, spleen and bone marrow, compared to the
non-mannosylated polyether lipids. For the corresponding liposomal formulations, this effect was even
more pronounced. The mannosylated liposomes highly accumulated in liver and spleen, compared to
their non-mannosylated counterparts. These findings suggest, that the mannosylated liposomes were

recognized by DCs, expressed in the mentioned organs.

However, it cannot be excluded that other immune cells, besides DCs, were targeted as well. Future cell
studies on murine splenic immune cells have to elucidate which cell types are addressed in particular
and to which extent. For this purpose, OG 488-labeled polyether lipids (mannosylated and non-
mannosylated) and respective liposomal formulations have already been synthesized. Furthermore, it

would be worth testing liposomes bearing other carbohydrate structures, besides trimannose on the
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surface, regarding their ability to address DCs in cells studies. The most promising candidates could then

be evaluated in vivo. If successful, a loading with DC-stimulating molecules and antigens could be

attempted, in order to come closer to an inducible activation of DCs via DDSs, followed by a targeted

immune response.
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5.1 List of abbreviations

% ID/g tissue
[18F]FETos
[8F]F-TEG-N3
[18F]FTT
AIBN
AROP

As

ATRP

BGO
BisHD

Ba

c.a.

cf.

CAT

Ch

CHCA
CMC
cryo-TEM
CSA

CT

CTA

CTP

CuAAC

DBPP
DAST

DC

percentage of injected dose per
gram of tissue

2-[*8F]fluoroethyl-1-tosylate

1-azido-2-(2-(2-
[18F]fluoroethoxy)ethoxy)ethane

[*8F]F-TEG-triazole
2,2’-azo-bis-(isobutyronitrile)
anionic ring-opening polymerization
specific activity

atom transfer radical polymerization
bismuth germanate
1,2-bis(hexadecyl)glycerol
becquerel

carrier added

carrier free

chloramine-T

cholesterol
a-cyano-4-hydroxy-cinnamonic acid

critical micelle concentration

cryo-transmission electron
microscopy

camphorsulfonic acid
computed tomography

chain transfer agent

4-cyano-4-
((thiobenzoyl)sulfanyl)pentanoic acid
Cu(l)-catalyzed azide-alkyne
cycloaddition

dispersity
apparent diffusion coefficient
N,N-diethylaminosuflur trifluoride

dendritic cell

DCM
DC-SIGN
DDS

DLS
DMF
DMSO
DP3os
DOPC
DOSY
DPPE
DPPG
DSPC
DSPE

D,

£

EA

EC

EEGE
EO

EPR effect
ETAAS
eV
Ep+,max
FBP

FCS
F-TEG-N3

GPC

dichloromethane

dendritic cell-specific ICAM-3 grabbing
nonintegrin

drug delivery system
dynamic light scattering
dimethylformamide
dimethyl sulfoxide

bond dissociation energy at 298 K

1,2-dioleoyl-sn-glycero-3-
phosphocholine

diffusion-ordered NMR

dipalmitoyl phosphatidylethanolamine

1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol
1,2-distearoyl-sn-glycero-3-
phosphocholine
1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine

z-average diffusion coefficient
excitation energy

ethyl acetate

electron capture

ethoxyethyl glycidyl ether

ethylene oxide

enhanced permeability and retention
effect

electrothermal atomic absorption
spectrometry

electronvolt
maximum B*-energy
filtered back projection

fluorescence correlation spectroscopy

1-azido-2-(2-(2-
fluoroethoxy)ethoxy)ethane

gel permeation chromatography
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hbPG
HPGe
HPMA
HRMS

HSAB concept

Kryptofix®222
KTFA
lin

LMA
LOR
LSO
Man
MeCN
MIP
My
mPEG
MPS
MRT
My
MWCO
n.c.a.
NCE
NMP
0G 488
Ol

OSEM

PBS
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hyperbranched polyglycerol
high-purity germanium
N-(2-hydroxypropyl)methacrylamide
high-resolution mass

Pearson acid base concept

intravenous

inductively coupled plasma mass
spectrometry

infrared

4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8]hexacosane

potassium trifluoroacetate

linear

lauryl methacrylate

line of response

lutetium oxyorthosilicate
mannose

acetonitrile

maximum intensity projection
number average molecular weight
methoxyPEG

mononuclear phagocyte system
magnetic resonance tomography
weight average molecular weight
molecular weight cut-off

no carrier added

new chemical entity
N-methylpyrrolidone

Oregon Green 488

optical imaging

ordered subsets expectation
maximization

post injection

phosphate buffered saline

PDI
PEG
PET
PFPMA
PG
PMDTA
PTFE
RAFT
ran

RCY

Rh

RI

RP
rom

R¢

'w
SEC
SEM
SM(d18:1/18:0)
SPAAC
SPE
SPECT
t1/2
TFA
THF

Tl

TLC

trimannose
azide

polydispersity index
poly(ethylene glycol)

positron emission tomography
pentafluorophenyl methacrylate

polyglycerol

N,N,N’,N”,N”‘
pentamethyldiethylenetriamine

polytetrafluoroethylene

reversible addition-fragmentation
chain transfer

random

radiochemical yield
retardation factor
hydrodynamic radius
refractive index

reverse phase

revolutions per minute
retention time

van der Waals radius

size exclusion chromatography
standard error of the mean

N-stearoyl sphingomyelin

strain-promoted alkyne-azide
cycloaddition

solid phase extraction

single photon emission computed
tomography

half-life

trifluoroacetic acid

tetrahydrofuran

therapeutic index

thin-layer chromatography
(1-(2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethyl)-1H-
1,2,3-triazole-4-yl)methoxy)-3,6-di-O-

a-D-mannopyranosyl-a-b-
mannopyranoside
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Ts-TEG-N3

TXRF

us

VOl

Ao

2-(2-(2-azidoethoxy)ethoxy)ethyl-p-
toluenesulfonate

total reflection X-ray fluorescence
ultrasound

ionization potential

volume of interest

mean lifetime

Ore gap
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