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Abstract 

Prostate cancer (PCa) is the second most common diagnosed cancer type among men worldwide. In 

relation to death rate, it is on the fifth place of all cancer types worldwide. When it is diagnosed early, 

the chances of cure are very good with a 5-year survival rate of 98%. Patients with advanced cancer 

often develop metastases, reducing the chances of cure drastically. Thus, an early diagnosis and 

therapy is crucial for an appropriate medical care. 

The prostate-specific membrane antigen (PSMA) is a membrane-bound glycoprotein, which shows 

only a low expression in the healthy prostate but can be overexpressed up to 1000-fold by prostate 

cancer cells. Additionally, the expression correlates with the progress of the disease enabling 

classification of the stage of the disease. The discovery and exploration of PSMA led to an improvement 

of the patients care. Today, PSMA is used as target structure for the targeted diagnosis and therapy of 

prostate cancer and related metastases. 

PSMA gained particular interest in the field of radiopharmacy. Here, addressing PSMA enables an early 

imaging and diagnosis of prostate cancer in the positron emission tomography (PET) or single-photon 

emission computed tomography (SPECT), even before morphological chances can be seen in computed 

tomography (CT) or magnetic resonance imaging (MRI). Besides this, PSMA enables the targeted 

enrichment of therapeutic radiopharmaceuticals. Many sensitive and highly potent PSMA 

radiopharmaceuticals were developed in the last years. Especially known among these are 

[68Ga]Ga-PSMA-11 for PET, which is already approved by the FDA and [177Lu]Lu-PSMA-617 for therapy 

of PCa. 

Despite the research already conducted and the clinically established radiopharmaceuticals, in PSMA-

based diagnosis and therapy of PCa there are still fields and problems that need to be improved or 

solved. Examples are the unwanted off-target accumulation of PSMA ligands or the targeted drug 

delivery. The aim of this work is the development of novel PSMA ligands, improvement of already 

existing ligands and the provision of solutions and applications for the existing problems of the PSMA 

imaging and therapy. For this purpose, new designed radiopharmaceutical compounds were 

synthesized, radiolabelled with diagnostic and/or therapeutic radionuclides, evaluated regarding their 

in vitro properties and in part evaluated regarding in vivo behaviour.  

The first section of this work sets its focus on the use of the hybrid chelators DATA5m and AAZTA5 as 

radiolabelling moiety. Here, different PSMA inhibitors were functionalised with the hybrid chelators. 

The DATA5m-based compounds DATA5m.SA.KuE and DATA5m.PSMA-617 were evaluated regarding their 

radiolabelling properties with gallium-68. In followed up in vitro binding affinity studies the PSMA 

binding behaviour of the two compounds were examined. AAZTA5.SA.KuE, which was synthesised and 



evaluated radiochemically in previous studies, was also included. In animal studies, the potential of 

[68Ga]Ga-DATA5m.SA.KuE as diagnostic radiopharmaceutical and [44Sc]Sc-/[177Lu]Lu-AAZTA5.SA.KuE as 

theranostic PSMA ligand were proven, as they show better kidney clearance than [68Ga]Ga-PSMA-11, 

for example. 

The second part deals with the problem of the PSMA-based therapy of PCa related bone metastases, 

since PSMA expression in bone metastases can be very heterogeneous. This makes the therapy with 

normal PSMA ligands more difficult. To solve this problem, the compound 

DOTA-L-Lys(SA.Pam)-PSMA-617 was developed in this work. Beside a PSMA target vector, the 

compound contains an additional bisphosphonate structure as targeting unit. The bisphosphonate 

enables the enrichment in bone areas with increased metabolism, as it is found in bone metastases. 

This enables the enrichment in PCa related bone metastases via two independent mechanisms. After 

synthesis, the novel compound was successfully radiolabelled with the therapeutic nuclide 

lutetium-177 and it showed a high in vitro PSMA and bone binding potential. In in vivo studies with 

tumour-bearing mice, it showed promising enrichment in the tumour as well as in the bone. This makes 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 to an interesting compound for therapy of PCa related bone 

metastases.  

In the third part of this work, two drug delivery systems were developed, which enable the targeted 

transport of drugs to the prostate cancer cells via a PSMA targeting unit. For this purpose, BisHD-hbPG 

polymers were functionalised with a SA.KuE target vector and formed into liposomes. An additional 

18F-label enables the evaluation of the in vivo behaviour of the PSMA liposomes in PET measurements. 

In this work, the functionalisation of the polymers with the PSMA inhibitor, the radiolabelling and the 

liposome formation were established successfully. The in vivo examinations are pending. As second 

delivery system, a small molecule drug delivery conjugate (SMDC) was synthesized and evaluated. The 

cytotoxic drug MMAE was conjugated via the enzymatically cleavable linker valine-citrulline and 

squaric acid to the PSMA targeting unit 617.KuE. In vitro examinations showed that the novel 

compound is able to transport the drug via PSMA targeting to the cancer cell and MMAE is released 

via degradation of the valine-citrulline linker. Nevertheless, the cytotoxicity of the compound is lower 

than the cytotoxicity of free MMAE and the PSMA affinity is not that good than that of PSMA-617. 

Animal studies displayed that the application of the novel compound can inhibit tumour growth. Here, 

optimisation of the structure is necessary to increase affinity and cytotoxicity.  

The last part of this work deals with the optimisation of the lysine-urea-glutamate (KuE) structure, 

which is the targeting vector of the most common PSMA radiopharmaceuticals. It is literature-known 

that the structure lysine-glutamate-urea-glutamate (K-EuE) provides better pharmacological 

properties. Thus, both target vectors were conjugated to squaric acid and were evaluated regarding in 



vivo binding to PSMA along with the targeting unit of PSMA-617, KuE.617. All three structures had 

comparable affinities. Additionally, the influence of chelators on binding affinity should be examined. 

For this, each targeting unit was conjugated to the chelators DATA5m, AAZTA5 and DO2AGA and the 

PSMA affinity as determined. Here, it was particularly noticeable that the addition of a chelator led to 

a general degrease of affinity. This was especially evident with the targeting unit SA.K-EuE. It was 

shown that the SA.K-EuE targeting unit is not suitable for conjugation with chelators. The superiority 

of K-EuE over KuE as it is described in literature could not be confirmed for squaric acid-based 

compounds. Although the affinities of the chelator conjugated SA.KuE and 617.KuE got also lower but 

only to a lesser extent. Additionally, no clear trend could be observed which chelator or which targeting 

unit had the better affinity. This seems to be dependent of the respective combination. In further 

studies, spacer moieties should be introduced between chelator and targeting unit to evaluate if a 

further distance between the two units can reduce the affinity degreasing influence of the chelator. 

 

  



  



Zusammenfassung 

Prostatakrebs (PCa) ist die zweithäufigste diagnostizierte Krebsart unter Männern weltweit. Bezogen 

auf die Sterblichkeitsrate liegt Prostatakrebs auf Platz fünf aller weltweit vorkommenden Krebsarten. 

Bei frühzeitiger Diagnose sind die Heilungschancen mit einer 5-jahres-Überlebensrate von 98 % sehr 

gut. Patienten mit fortgeschrittenen Prostatakrebs entwickeln häufig Metastasen und die 

Heilungschancen sinken drastisch. Aus diesem Grund ist eine frühzeitige Diagnose und Therapie 

essentiell.  

Das Prostataspezifische Antigen (PSMA) ist ein membrangebundenes Glykoprotein, dass in der 

gesunden Prostata nur in einem sehr geringen Maße auftritt, aber von Prostatakrebszellen bis zu 

1000-fach überexprimiert sein kann. Ebenso korreliert die Expression mit dem Verlauf der Krankheit, 

was eine Einschätzung des Krankeitsstadiums erlaubt. Die Entdeckung und Erforschung dieses 

membrangebundenen Proteins führte zu einer deutlichen Verbesserung der Patientenversorgung. So 

wird das PSMA heute als Targetstruktur zur zielgerichteten Diagnose und Therapie von Prostatakrebs 

und den entsprechenden Metastasen eingesetzt.  

Besonderes Interesse erlangte PSMA im Bereich der Radiopharmazie. Hier ermöglicht die Adressierung 

von PSMA die frühzeitige Bildgebung und Diagnose von Prostatakrebs in der Positronen-Emissions-

Tomographie (PET) oder Einzelphotonen-Emissionscomputertomographie (SPECT), noch bevor 

morphologische Veränderungen in der Computertomographie (CT) oder Magnetresonanztomographie 

(MRT) sichtbar werden. Daneben ermöglicht PSMA die zielgerichtete Anreicherung von 

therapeutischen Radiopharmaka. Viele sensitive und hoch potente PSMA Radiopharmaka wurden in 

den letzten Jahren entwickelt. Besonders bekannt sind hierunter das durch die FDA zugelassene 

[68Ga]Ga-PSMA-11 für die PET und [177Lu]Lu-PSMA-617 für die Therapie von PCa.  

Trotz der bereits erfolgten Forschung und bereits klinisch etablierten Radiopharmaka, gibt es immer 

noch Bereiche und Probleme in der Diagnose und Therapie von PCa mit Hilfe von PSMA, die es zu 

optimieren, beziehungsweise zu lösen gilt. Hier ist zum Beispiel die ungewollte off-target Anreicherung 

von PSMA Liganden oder auch der gezielte Wirkstofftransport zu nennen. Das Ziel dieser Arbeit ist die 

Entwicklung neuer PSMA Liganden, Verbesserung bereits existierender PSMA Liganden und die 

Bereitstellung von Lösungsansätzen und Anwendungen für bestehende Probleme der PSMA 

Bildgebung und Therapie. Dazu werden neu designte radiopharmazeutische Verbindungen 

synthetisiert, mit diagnostischen und/oder therapeutischen Radionukliden radioaktiv markiert und 

diese hinsichtlich ihrer in vitro Eigenschaften und zum Teil auch hinsichtlich ihrer in vivo Eigenschaften 

untersucht. 



Der erste Abschnitt dieser Arbeit legt seinen Fokus auf die Verwendung der Hybridchelatoren DATA5m 

und AAZTA5 als Radiomarkierungseinheit. Hierbei wurden verschiedene PSMA-Inhibitoren mit den 

Hybridchelatoren funktionalisiert. Die DATA5m basierten Verbindungen DATA5m.SA.KuE und 

DATA5m.PSMA-617 wurden hierbei hinsichtlich ihrer Radiomarkierungseigenschaften mit Gallium-68 

untersucht. In folgenden in vitro Bindungsaffinitätsstudien wurden die beiden Verbindungen und die 

schon in voran gegangenen Arbeiten synthetisierte und radiochemisch untersuchte Verbindung 

AAZTA5.SA.KuE hinsichtlich hier PSMA Bindungseigenschaften untersucht. In Tierstudien konnte das 

Potential von [68Ga]Ga-DATA5m.SA.KuE als diagnostisches Radiopharmakon und [44Sc]Sc-/[177Lu]Lu-

AAZTA5.SA.KuE als theranostischer PSMA-Ligand gezeigt werden, die zum Beispiel bessere 

Nierenausscheidung aufwiesen, als [68Ga]Ga-PSMA-11. 

Der zweite Abschnitt befasst sich mit der Problematik der PSMA-basierten Therapie von PCa-bedingten 

Knochenmetastasen, da diese in ihrer PSMA Expression sehr heterogen sein können. Dies erschwert 

die Therapie mit reinen PSMA-Liganden. Zur Lösung dieses Problems, wurde in dieser Arbeit die 

Verbindung DOTA-L-Lys(SA.Pam)-PSMA-617 hergestellt. Sie besitzt neben einem PSMA Targetvektor 

auch eine Bisphosphonatstruktur als Targetvektor. Die Bisphosphonateineit ermöglicht die 

Anreicherung Knochenbereichen mit erhöhtem Stoffwechsel, wie er in Knochenmetastasen zu finden 

ist. So kann eine Anreicherung über zwei unterschiedliche Mechanismen erfolgen. Die entwickelte 

Verbindung wurde nach Synthese erfolgreich radiochemisch mit dem therapeutischn Nuklid 

Lutetium-177 markiert und zeigte in vitro hohes PSMA- und Knochenbindungspotential. In vivo Studien 

in tumortragenden Mäusen zeigten sowohl eine vielversprechende Anreicherung im Tumor, als auch 

im Knochenbereich, was [177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 zu einer Interessanten Verbindung 

für die Therapie von PCa-bedingten Knochenmetastasen macht. 

Im dritten Teil dieser Arbeit wurden zwei Wirkstofftransportsysteme entwickelt, die es ermöglichen 

über einen PSMA-Targetvektor Wirkstoffe gezielt zur Prostatakrebszelle zu transportieren. Dazu 

wurden BisHD-hbPG-Polymere mit dem SA.KuE-Targetvektor funktionalisiert und zu Liposomen 

verarbeitet. Ein zusätzliches 18F-Label ermöglicht die Untersuchung des in vivo Verhaltens der PSMA-

Liposome in PET Messungen. In dieser Arbeit konnte die Funktionalisierung der Polymere mit dem 

PSMA Inhibitor, die Radiomarkierung und die Liposomsynthese erfolgreich etabliert werden. Die in 

vivo Untersuchungen stehen noch aus. Als zweites Wirkstofftransportsystem wurde ein Small molecule 

drug delivery Konjugat (SMDC) synthetisiert und evaluiert. Dazu wurde das Zytostatikum MMAE über 

den enzymatisch spaltbaren Linker Valin-Citrullin und über Quadratsäure an den PSMA-Targetvektor 

617.KuE gekoppelt. In vitro Untersuchungen zeigten, dass die neue Verbindung gezielt über PSMA 

transportiert wird und auch die MMAE Freisetzung gezielt über den Valin-Citrullin-Linker erfolgt, 

allerdings ist die Zytotoxizität geringer, als die des freien MMAEs und auch die PSMA-Affinität ist 

deutlich schlechter, als die von PSMA-617. Tierstudien zeigten, dass die Applikation der Verbindung 



das Tumorwachstum inhibieren kann. Hier ist eine Optimierung der Struktur nötig zur Erhöhung der 

Affinität und Zytotoxizität. 

Der vierte Abschnitt behandelt die Optimierung der Lysin-Harnstoff-Glutamat (KuE) Struktur, die als 

Targetvektor in den gängigsten PSMA-Radiopharmaka vorkommt. Es ist Literaturbekannt, dass die 

Struktur Lysin-Glutamat-Harnstoff-Glutamat (K-EuE) bessere pharmakologische Eigenschaften 

aufweist. Daher wurden beide Targetvektoren an Quadratsäure gekoppelt und zusammen mit der 

Targetingeinheit von PSMA-617, 617.KuE hinsichtlich der in vitro Bindung an PSMA untersucht. Alle 

drei Strukturen wiesen ähnliche Affinitäten auf. Des Weiteren sollte der Einfluss von Chelatoren auf 

die Bindungsaffinität untersucht werden. Dazu wurde an jede der drei Targetingeinheiten die 

Chelatoren DATA5m, AAZTA5 und DO2AGA gekoppelt und ebenfalls die PSMA-Affinität bestimmt. Hier 

viel besonders auf, dass sich durch die Anbringung eines Chelators generell die Affinität verschlechtert. 

Dies war besonders deutlich bei SA.K-EuE. Es wurde gezeigt, dass der SA.K-EuE Targetvektor nicht 

geeignet ist für die Konjugation an Chelatoren. Die, in der Literatur benannte, Überlegenheit von K-EuE 

gegenüber KuE konnte für Quadratsäure-basierte Verbindungen nicht bestätigt werden. Zwar 

verschlechterten sich die Affinitäten auch beim Anbringen eines Chelators an SA.KuE und 617.KuE, 

allerdings nur in einem geringen Maße. Hier war außerdem kein eindeutiger Trend zu erkennen, 

welcher Chelator oder welche Targeteinheit die besten Affinitäten ermöglicht. Dies scheint abhängig 

von der jeweiligen Kombination zu sein. In weiteren Studien sollte ein Spacer zwischen Chelator und 

Targetingeinheit gebracht werden, um zu untersuchen, ob so der Einfluss des Chelators auf die Affinität 

reduziert werden kann. 
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1. Introduction  

Our society is ageing. Although younger people can develop cancer, the chance of developing cancer 

increases significantly with the age.1 For example, in the US one of two men and one of three women 

will be diagnosed with cancer in their lifetime.2 This shows the importance of diagnosis and therapy of 

cancer in medicine. An early diagnosis is just as important as a therapy that is optimally suited and 

adapted to the patient. 

When radioactivity was discovered in 1896 by Henri Becquerel, no one could have imagined the 

contribution it could make to modern medicine nowadays.3 

First imaging techniques became possible through the discovery of the X-rays by Roentgen in 1895, 

even before the discovery of radioactivity itself.4 Radioactivity gained a lot of attention and many 

methods and techniques were developed to use radioactivity for medical applications. This includes 

the development of the tracer principle by de Hevesy in 1923 or the first evaluation of the human 

blood flow using radioactivity by Blumgart and colleagues in 1927.5,6 

With diagnostic application areas, such as positon emission tomography (PET) or single-photon 

emission computed tomography (SPECT) and the therapeutic use of radionuclides, nuclear medicine is 

an important field in modern patient care.7 

 

1.1 Positron emission tomography (PET) 

The development of non-invasive imaging techniques has contributed to a considerable improvement 

in the diagnosis and monitoring of diseases. A differentiation is made between structural imaging and 

functional imaging. Probably the best known are computed tomography (CT), magnetic resonance 

imaging (MRI) and ultrasound. All three of these procedures belong to structural imaging and allow 

the visualisation of the morphological structure of the body.4 This can be used to identify 

morphological changes associated with a disease. However, many diseases often do not show any 

morphological changes or develop them in later stages of the disease. This is where functional imaging 

techniques show an advantage.7 Nuclear medical imaging procedures such as positon emission 

tomography (PET) or single photon emission computed tomography (SPECT) can be used to visualise 

metabolic processes in the body. For example, cancer can be diagnosed based on its increased 

metabolism compared to healthy cells before it becomes morphologically visible in structural imaging 

or before the first symptoms appear.10 If both methods (PET/CT, PET/MRI or SPECT/CT) are combined, 

meaningful images can be generated and an exact localisation of the tumour or the location of the 

disturbed metabolism is possible.14 
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In 2015, 62% of the annual nuclear medicine imaging examinations in Germany were carried out using 

SPECT or SPECT/CT and 24% using PET and PET/CT.8 Although PET has a better resolution and 

sensitivity, it is much more cost-intensive than SPECT.9  

In PET, the patient receives an injection of a radioactively labelled compound. Depending on the type 

of compound, it participates in the metabolism and can be localised in the body via the resulting 

γ-radiation.10 The injected compound is dosed in such a way that it participates in the metabolism 

without influencing it (tracer principle).11 

One major application belongs to the field of oncology. In Germany, the radiopharmaceutical [18F]FDG 

(2-deoxy-2-[18F]fluoro-D-glucose) is mainly used for this purpose. In 2013, 95% of PET examinations 

were carried out with [18F]FDG.12 In recent years, however, the number of available 

radiopharmaceuticals has increased due to constant research and further development. 

 

1.1.1. Function of PET 

The basis of PET is the decay of β+-emitters. These nuclides are proton rich, which makes them instable. 

They stabilise themselves by conversion of a proton into a neutron (equation 1a). During this process, 

a positron (e+) and an electron neutrino (νe) are emitted. This leads to a decrease of the atomic number 

(Z) and the increase of the neutron number (N) by one. The mass number (A) remains constant 

(equation 1b).13 

a) p1
1  →  n0

1 +  e+ + νe + Q 

b) XN  →  XN+1 +  e+ + νe  + Q  Z−1
A  Z

A  

Equation 1: Formulation of the β+-conversion. 

As the mother nuclide stabilises during the β+-conversion, kinetic energy Q is released. This is 

transferred to the particles that are created during the conversion. These are the daughter nuclide, 

and the two emitted particles, the positron e+ and the electron-neutrino νe The kinetic distributed 

statistically between the three particles and limited to a maximum energy Qβ
max, which is characteristic 

for a certain nuclide. This energy is normally in the range of 20 keV and few MeV.13 The energy 

distribution to each of the three particles is shown in equation 2. 

Qβ
max =  Edaughter nuclide + Epositron + Eelectron−neutrino 

 Equation 2: Distribution of the conversion energy. 
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Normally, just a little amount of energy is distributed to the daughter nuclide (recoil energy). The large 

amount is divided between e+ and νe. Due to the statistical distribution between both particles, a 

continuous energy spectrum can be found.13  

The emitted proton covers a certain distance. Along the way, it interacts with the surrounding matter 

and loses kinetic energy through inelastic collisions, ionisation or production of free radicals. The range 

of the positron depends on the energy and the surrounding matter.14 For example, a positron with an 

energy of 1 MeV covers a distance of about 3 m in air and in aluminium it has a range of only 1.5 mm.13 

Its lifetime is about 400 to 500 ps.14 When the positron has reached an energy of about 5 to 10 eV and 

hits an electron, annihilation occurs in which the complete mass of the positron and the electron is 

converted in energy of 1.02 MeV according to E=mc2. The complete process, starting from β+-

conversation until annihilation is shown in figure 1.  

 
A differentiation is made between direct annihilation and positronium formation. In direct 

annihilation, all the energy is emitted directly in the form of photons. Here again, a distinction is made 

between different types of annihilation, where two-quantum annihilation and three-quantum 

annihilation are the most common.14,15 Both types are shown in figure 2.  

How many gamma rays are emitted depends on the spin orientation of the positron and the electron. 

If there is an antiparallel alignment, two protons with an energy of 511 keV each are emitted with an 

angle of 180°, which can differ by a few milliradians if the system was not at absolute rest during 

annihilation.15 With parallel alignment of the spins, three photons are emitted with different angles 

and energy distribution.15 The probability of either two- or three-quantum annihilation depends on the 

quantum states and the ratio of the cross sections, which is 1/372 (two-quantum state/three-quantum 

state).15 

Figure 1:  Illustration of the β+-decay, the travel distance of the positron, which is proportional to the β+ energy, and the 
subsequent annihilation with the emission of two γ-quants with an angular distribution of 180° and 511 keV each. Figure based 
on Ganguly et al.14 
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Figure 2: Three-quantum annihilation (A) and two-quantum annihilation (B) and their energy distribution. Figure based on 
Ache.15 

 
If the positron reaches a kinetic energy level of less than 100 eV other possibilities besides the free 

annihilation can occur. This could be an interaction with matter, which can result in either ionisation 

(equation 3a) or electronic excitation (equation 3b). In addition, the positron can combine with a shell 

electron to form a positronium(PS, equation 3c).13  

a) e+ + M →  e+ +  M+ +  e− 

b) e+ + M →  e+ +  M∗ 

c) e+ + M →  PS +  M+ 

Equation 3: Interaction possibilities of a positron with a kinetic energy lower 100 eV. a) ionisation; b) electronic excitation; c) 
formation of a positronium (Ps).13 

 
The positronium can be seen as a hydrogen analogue in which the proton has been replaced by the 

positron.13 The formation of the positronium is described by the ore gap theory.16 This theory states 

that the positronium formation can only occur in a narrowly defined energy window, the so called ore 

gap. Above this energy value, the already discussed interaction with matter occurs and below this value 

the energy to form a positronium is too low. The ore gap lays between the first excited state of M and 

(V-6.8) eV, where V describes the ionisation potential of the electron and 6.8 eV represents the binding 

energy of the positronium.13,17 As with free annihilation, the positronium can occur as a state with 

antiparallel spin (singlet-Ps, para-Ps), as well as state with parallel spin (triplet-Ps, ortho-Ps). The ratio 

of both states is 1:3 (p:o). The para-positronium has a lifetime of around 1.25*10-10 s and annihilates 

under emission of two gamma rays with 511 keV each and an angle of 180°. The characteristic of this 

positronium is that it always annihilates at exactly the same angle and with exactly the same energy 

distribution is used in PET as the fundamental measurement principle. In comparison, the ortho-

positronium shows a longer lifespan of around 1.4*10-7 s and annihilates under the emission of three 

γ-quants with a variable energy distribution and angle.13,15 
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As already discussed, based on the measurement principle, only the para-positronium is suitable for 

PET, but the longer lasting ortho-positronium converts into the para-positronium its lifetime due to 

the influence of magnetic fields, which can be caused by surrounding ions. As a result, annihilation of 

the para-positronium occurs significantly more frequently than annihilation of the ortho-positronium 

despite the initial ortho-positronium formation rate of 75%.13,15,16,18 

To localise the site of accumulation of the radiotracer in the patient, the so-called coincidence 

measurement is used.19 The patient is positioned in a ring-shaped detector system. If in a defined 

period two gamma rays with an energy of 511 keV each are registered at opposite points of the 

detector, it is registered as true event and used to calculate a 3D picture. The point of annihilation is 

located on the imaginary line between both measurement points of the detector, the so called line of 

response (LOR).19 Coincidence measurement is based on two assumptions that do not fully apply in 

reality, which leads to a lack of precision. On the one hand, it is assumed that the positron was 

travelling in a straight line. However, due to the different energies of the isotopes, no exact line can 

be defined. Additionally, the actual decay of the isotope does not occur on the LOR but only the 

annihilation of the emitted positron. The second assumption is that the angular distribution of the 

gamma rays is exact 180°. This distribution can vary slightly.19,20 Modern PET devices have a resolution 

of 3-5 mm.21 Coincidence measurement is also the reason for the superior sensitivity of PET in contrast 

to SPECT. PET also does not require collimators, while the gamma cameras used in SPECT require such 

collimators.19,22 Figure 3 shows the principle of a PET measurement. 

 

Figure 3: Schematic illustration of the annihilation of a positronium (Ps) and the subsequent coincidence measurement in the 
PET detector ring. Coincidence measurement is also possible after direct two-quant annihilation. Figure based on Piel et al.21 

 
PET detector rings are only able to detect 1% of all annihilations processes. This is due to the limited 

axial field of view and the absence of an ideal detector material.23,24 Beside the true registered events, 

there are two additional events which can be detected as coincidence event (figure 4). Randoms are 

two photons coming from two different annihilation events but are randomly registered 
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simultaneously at two opposite points of the detector. Coincidence events as result of scattering are 

called scatters. Randoms as well as scatters must be excluded from the measurement to get a correct 

PET image.20,22,24  

 

Figure 4: Annihilation events that can be registered in the coincidence measurement. Trues arise from the measurement of 
the two photons that originate from an annihilation event and run on an LOR. They are the events that are to be measured. 
Randoms arise when two photons from two different annihilation processes are randomly detected by two opposite detector 
elements. Scatters occur when a photon is scattered. 

 
Modern PET cameras, as shown in figure 3, are ring-shaped scintillation detectors arranged around the 

patient and divided into blocks. These blocks consist of several scintillation crystals coupled to a 

photomultiplier. If a photon hits such a crystal, a light flash (also in form of a photon) is generated and 

the photomultiplier transforms this photon into an electrical signal, which is registered by the PC.19,25 

The selection of the scintillation material is crucial for the performance of the detector. Some 

important aspects have to be considered to get a detector, which detects a high number of incoming 

gamma rays. Detection of all gamma rays is impossible due to physical boundaries. At the moment, 

there did not exist a perfect detector material. All state-of-the-art detector materials are a compromise 

of all important factors.20 The most important aspect is the stopping power. Stopping power describes 

the ability of the material to slow down an incoming gamma rays, so it can be detected. This can be 

achieved through high density and high atomic numbers. Spatial resolution is also important. The 

better the spatial resolution, the better the exact place of annihilation can be determined. This can be 

achieved by using smaller crystals, but has higher costs as a consequence. A good energy resolution 

enables a good filtration of scattered coincidence events and a short cool down and processing time 

of the detector allows the registration of more photons in one time unit. If the scintillator has a high 

light output, more crystals can be coupled to one multiplier.22,24–27  

While the NaI(Tl) detector is the tool of choice for general gamma ray detection because of its 

properties and is also very well suited for SPECT, it is not optimal for PET because it does not ensures 
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good detection for higher γ-energies than 200 keV, as occur in PET with 511 keV.25 In the seventies, 

bismuth germanate crystals (BGO, Bi4GeO12) were introduced and represented the PET standard for a 

long period of time until it was replaced by more efficient cerium-doped orthosilicates like gadolinium 

orthosilicate (GSO, Gd2SiO5:Ce) or lutetium oxyorthosilicate (LSO, Lu2SiO3:Ce).19,22,25,27 Table 1 shows 

an overview of some physical properties of the mentioned scintillation materials. 

Table 1: Physical properties of some PET detector materials. Data taken from Ziegler.22 

 NaI BGO GSO LSO 

Density (g/cm3) 3.7 7.1 6.7 7.4 

Effective Z 51 75 59 65 

Photons (MeV) 41000 9000 8000 26000 

Scintillation time (ns) 230 300 60 40 

 

1.2 Diagnostic radionuclides 

There are many known radioactive isotopes but only few are suitable for PET imaging due to the 

operating principle of PET. Most important limiting factor is the conversion mode of the radioactive 

isotope. Since the measurement principle consists of the detection of gamma rays generated during 

annihilation of a positron and an electron only isotopes undergoing β+-conversion can be used. 

Additionally, some more factors for choice of a nuclide have to be considered. Table 2 shows a 

selection of the most important PET nuclides and their properties. 

Table 2: Common PET-nuclides and their properties. Data taken from Qaim28, Costa et al29, Filosofov et al30, Holland et al31 
and Yoshinaga et al32. 

nuclide t1/2 Eβ+ max (MeV) β+-conversion  production 

15O 2.0 min 1.73 99.9% 15N(p,n)15O (cyclotron) 

13N 10.0 min 1.20 100% 16O(p,α)13N (cyclotron) 

11C 20.4 min 0.96 99.8% e.g. 14N(p,α)11C (cyclotron) 

18F 110 min 0.63 97% 18O(p,n)18F (cyclotron) 

124I 4.2 d 2.13 22% e.g. 124Te(p,n)124I (cyclotron) 

68Ga 67.7 min 1.90 89% 68Ge/68Ga-generator 

89Zr 78.4 h 0.90 22.7% 89Y(p,n)89Zr (cyclotron) 

44Sc 3.93 h 1.47 94% 44Ca(p,n)44Sc (cyclotron) 

44Ti/44Sc-generator 

82Rb 1.27 min 3.15 21.2% 82Sr/82Rb-generator 
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As described, only proton rich β+ emitters are suitable for PET. Important to consider is the concurrence 

process of the β+ conversion, the electron capture (EC). Electron capture describes the process of the 

capture of an electron into the nucleus and its conversion together with a proton into a neutron 

(equation 4).13 

a) p + 𝑒−
1
1 →  n0

1 +  νe + Q 

b) XN  →  XN+1 +  νe Z−1
A + Q Z

A  

Equation 4: Formulation of the electron capture process. 

 
During this process, no positron is released and thus it is not suitable for PET and the isotope which is 

selected should have a high β+ conversion percentage and a low EC percentage. 

Another important point is the maximum β+ energy of the nuclide. This is the maximum energy that 

can be transferred to the positron and is proportional to the average travel distance of the positron 

until annihilation occurs. The further its range, the lower is the resolution of the PET image. Therefore, 

the nuclide of choice should have a low maximum β+ energy.33 

A factor to consider is the half-life (t1/2). Two points are important here. First, the half-life has to match 

the biological behaviour of the lead structure. A good example in this context are antibodies in the 

immuno-PET. Antibodies show comparatively slow pharmacokinetics and thus longer half-lives are 

required. Commonly used short-lived nuclides like fluorine-18 (t1/2 = 109.8 min) or gallium-68 

(t1/2 = 67.7 min) are not suitable in this context. They are normally used for the so-called small 

molecules. For antibody labelling longer-lived nuclides like zirconium-89 (t1/2 = 78.4 h) or iodine-124 

(t1/2 = 4.2 d) are used.34–37 Radionuclides with a very short half-life like oxygen-15 (t1/2 = 2.0 min) or 

nitrogen-13 (t1/2 = 9.9 min) show to short half-lives even for easy tracer syntheses. They are only used 

as simple compounds like [15O]H2O or [13N]NH3.38–40 

Another important aspect to consider in terms of half-life is the time that passes from production to 

application. After production of the nuclide, the synthesis of the desired radiopharmaceutical takes 

place, followed by purification and quality control. It is important to develop fast procedures to keep 

the time as short as possible. Optimally the injection should be done three half-lives after the 

production to allow a good imaging result.38 

Next, the specific activity As has to be noted, The specific activity is defined as amount of radioactive 

isotope in the probe related to the complete amount of the element and is given as Bq/g.41 The specific 

activity should be as high as possible to gain isotopically pure compounds and is influenced by the 

production of the nuclide. There are three different possible states. Is the nuclide complete pure, it is 

named carrier-free (c.f.). This state can only be achieved with artificially produced elements, such as 
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technetium, since contamination with other isotopes cannot be prevented in the case of natural 

elements. Such isotopes are called no carrier added (n.c.a.) isotopes. If an isotope of the same element 

is added during the production or cannot be separated, the received isotope is called carrier added 

(c.a.). This can be the case, if adsorption of the desired isotope at the vessel wall has to be prevent. By 

adding such a carrier, the specific activity decreases significantly.38,42 

Another aspect is the availability.29 Due to the radioactive properties, PET nuclides cannot be 

purchased and stored in advance. They have to be produced for each application, so the availability is 

directly connected to the production. There are three production routes for radionuclides. Some 

nuclides, including the most prominent PET nuclide fluorine-18 or carbon-11 can be produced via a 

cyclotron. Such cyclotrons are expensive in acquisition and maintenance, thus cyclotrons are only 

found in big nuclear medical facilities. Due to their longer half-life, some nuclides, such as fluorine-18, 

can be transported from the cyclotron site to local nuclear medicine units. In addition, there are 

reactor produced nuclides.43 Another cheaper and simpler alternative and thus also feasible for 

practising nuclear medicine physicians is the availability of nuclides via radionuclide generator (see 

1.2.1). Such generators are cheaper and handy than cyclotrons and reactors.44,45 The most prominent 

diagnostic radionuclide technetium-99m (SPECT) is available via a 99Mo/99mTc generator.46 The 

development of the 68Ge/68Ga generator in the last decades led to an erratic development of 68Ga-

based radiopharmaceuticals.44,47,48 

 

1.2.1 Gallium-68 

The circumstance that gallium-68 (t1/2 = 68 min) is available via generator system and its physical 

properties made it a popular PET nuclide.49,50 It converts with 89% by β+ conversion to zinc-68 (see 

equation 5). Its maximum β+ energy is 1.90 MeV and its average energy is 0.74 MeV.50 

Ga3731
68  →  Zn3830

68 +  e+ +  νe + Q 

Equation 5: β+-conversion of gallium-68. 

 
Gallium has the atomic number 31 and is part of group 13 (IUPAC nomenclature) of the periodic table 

of elements, also called third main group, boron group or earth metal group.  

In aqueous solution, gallium-68 exits in the oxidation number +3. The cation shows a pka value of 2.6 

and an ion radius of 47-62 pm.51 Important to keep in mind is that free hydrated Ga(III) is only stable 

in acidic medium, thus radiolabelling has to be carried out under acidic conditions. At higher pH values 

Ga(OH)3 and at even higher pH values [Ga(OH)4]- is formed.50,51 Following the HSAB principle by 

Pearson52, gallium is a hard lewis acid and forms stable complexes with hard bases. In the complexation 
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chemistry mainly ligands with oxygen- or nitrogen atoms are used for complexation of gallium. 6-fold 

coordinated gallium complexes are the most thermodynamically stable and mostly used ones. In those 

complexes, a pseudo-octahedral coordination is found. Besides the coordination number of 6, also 

3-,4- and 5-fold coordinated complexes are known.  

In the complex chemistry of gallium-68, attention must be paid to the fact that the gallium ion Ga(III) 

is similar to Fe(III). Both have the same charge, similar ion radii, similar ionisation potentials and both 

prefer a coordination number of six. It must therefore be ensured that the gallium-68 complex is more 

stable than the corresponding iron complex and the work should be as iron-free as possible. In vivo, 

the serum protein transferrin, which is responsible for iron transport in the body, has two iron-binding 

sites with high gallium(III) affinity. Possible PET gallium-68 complexes must be more stable than the 

corresponding 68Ga-transferrin complex to avoid transchelation.50,51,53,54 

Gallium-68 is obtained using a 68Ge/68Ga radionuclide generator. The principle of this generator system 

is as following: The long-lived mother nuclide is fixed on an inorganic (e.g. TiO2) or organic matrix. The 

mother nuclide converts into the shorter-lived daughter nuclide and an equilibrium arises after a 

defined time which correlates with the half-life of the daughter nuclide. The daughter can be eluted 

from the matrix while the mother remains and decays further, thus producing new daughter nuclide. 

It is important that daughter and mother differ chemically, making an efficient separation possible. 

There are two different types of radiochemical equilibrium. In secular equilibrium, the half-life of the 

mother is significantly longer than that of the daughter (t1/2, daughter << t1/2, mother) and the activity of the 

mother nuclide does not decrease measurably while many half-lives of the daughter pass. A secular 

equilibrium is found at a half-life ratio of 1:100. After reaching the equilibrium, the activity of both 

nuclides remain the same. The 68Ge/68Ga radionuclide generator is an example for such an equilibrium. 

The other kind is the transient equilibrium. Here, the mother also shows a longer half-life than the 

daughter, but with a ratio less than 1:100 (t1/2, daughter < t1/2, mother  < 100 t1/2, daughter). In this case, the 

conversion of the mother is not negligible any more. In contrast to the secular equilibrium, after 

reaching the state of equilibrium, the activities of both nuclides are not equal. The activity of the 

daughter exceeds the activity of the mother nuclide. The 99Mo/99mTc generator is an example for a 

transient equilibrium.13,50,55 

In case of the 68Ge/68Ga radionuclide generator the mother nuclide germanium-68 is produced by 

irradiation of a gallium target (e.g. Ga2O3 or Ga4Ni) via the (p, 2n) nuclear reaction using a cyclotron. 

High current cyclotrons are required. The production of germanium-68 by nuclear fission is also 

possible but the yield is lower.55 After purification, germanium-68 is fixed on the matrix and is ready 

for use as generator. It converts by EC with a half-life of 270.8 d to gallium-68. The elution of gallium-68 

is usually done with a dilute hydrochloric acid solution. The equilibrium is reached after ~14 hours. In 
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clinical routine the generators are eluted much more frequently, since 90% of the maximum of the 

activity of gallium-68 is generated after about three half-lives (3 hours).47,48,50,55 Because of the long 

half-life of the mother nuclide germanium-68 the generator can be used at least one year.44 

Theoretically, it is possible to use the eluted gallium-68 directly for synthesis of radiotracers. Practically 

there are some points to consider. During the lifetime of a generator, there is a potentially increasing 

germanium-68 breakthrough. This is a problem because of the long half-life of germanium-68. The 

generator can also carry some impurities like iron(III) or the conversion product zinc-68 or titan, a 

component of the matrix. Additionally, due to the elution with a hydrochloride acid solution, the 

proton concentration is very high and this can produce problems during the labelling procedure.48,56 

So-called post-processing methods enable the separation of these unwanted impurities so that 

gallium-68 can be obtained in pure form. There are three common forms of post-processing. The 

simples tone is the fractionating. The eluate is collected in small fractions and only the fractions with 

the highest activity are used. This is no direct purification but only a concentration of activity, because 

about two third of the activity is contained in 1 to 2 mL of the eluate. Though this process impurities 

such as Zn(II) or Fe(III) are not chemically separated but there is less present due to the smaller 

volume.57–59  

Another technique is the use of anion exchange cartridges. The eluate is transferred in another vessel 

containing a higher HCl concentration, so that at the end the gallium is dissolved in a 5.5 M HCl solution. 

At these conditions gallium is present as [68Ga]GaCl4- and can be adsorbed on a strong anion exchange 

cartridge. Water flushes the gallium-68 from the exchanger, which can than be used for labelling. The 

68Ge-breakthrough is removed, but other impurities like zinc and iron remain in the solution.47,60,61  

The third and most effective method is the use of cation exchange cartridges. The eluate is flushed 

directly through a cation exchanger and the gallium-68 is fixed. Afterwards, it is washed with an 

acetone/HCl-solution. This washing step removes all metallic impurities. The pure gallium-68 is then 

eluted from the cartridge using another acetone/HCl-solution and used for radiolabelling. This 

technique yields 97% of the eluted gallium within 4 minutes in a purified form.47,56,59 To avoid the use 

of acetone in pre-clinical and clinical applications, variants of the cation exchange-based post-

processing were developed. Ethanolic or saline containing solutions are used here instead of 

acetone.56,62 

The development of radionuclide generators enables the availability of nuclides for diagnosis and 

therapy even without the presence of large-scale equipment such as a cyclotron. Additionally, an 

elaborate purification of the medically usable daughter nuclides is avoided. Thus the interest in the 
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development of novel generator systems and generator-based radiopharmaceuticals has increased 

remarkably in the last decades.55  

 

1.2.2 Scandium-44 

Scandium-44 is another radionuclide, which is suitable for PET. With 3.97 h, it has a longer half-life 

than gallium-68. This enables PET imaging of tracers with longer pharmacokinetic properties, as well 

as the transportation to other facilities.63 Besides the suitable half-life there are additional physical 

properties, making scandium-44 a promising PET nuclide. It converts with a percentage of 94.3% via 

β+ conversion into calcium-44 (see equation 6). The maximum β+ energy is 1.47 MeV, whereby the 

emitted positron shows an average  energy of 0.63 MeV.64,65 

Sc2321
44  →  Ca2420

44 +  e+ +  νe + Q 

Equation 6: β+-conversion of scandium-44. 

 
In aqueous solution, scandium-44 is present as a trivalent cation. Just like gallium-68 it is categorized 

as a hard lewis acid and forms stable complexes with hard bases such as oxygen or nitrogen. There are 

known coordination numbers ranging from 6 to 8, while 8 is the preferred one.66 In application, 

scandium is often coordinated by the chelator DOTA (1,4,7,10-tetraazacyclo-dodecane-1,4,7,10-

tetraacetic acid), with which it forms stable complexes.63,64,66–69 

There are two common production routes for scandium-44. One option is that it can be obtained via a 

44Ti/44Sc generator. Titan-44 converts via EC with a half-life of 60.6 years into scandium-44.70 Titan-44 

itself can be produced via the 45Sc(p,2n)44Ti nuclear reaction. Also nuclear fission of vanadium or 

chrome targets is possible.55 After irradiation and separation of titan-44, it can be fixed on an anion 

exchange cartridge. The scandium can be eluted with an oxalic acid/HCl-solution from the generator 

matrix.30 As with the gallium-68 generator, this is an example for a generator with secular 

equilibrium.70 The disadvantage is the availability of the generator. The production of titan-44 is very 

elaborate due to the small cross section of the 45Sc(p,2n)44Ti reaction and the resulting need of a long 

irradiation time.71 Thus, the direct production of scandium-44 using a cyclotron is quite more popular.63 

The scandium is produced using the 44Ca(p,n)44Sc reaction with a proton energy of 8-13 MeV. Normally 

[44Ca]CaCO3 or natural Calcium is used as target material.72,73 

Scandium is chemically quite similar to the therapeutic nuclide lutetium-177 despite a somewhat 

smaller ion radius. Therefore scandium-44 is suitable as diagnostic counterpart for lutetium-177 in 

theranostic approaches.74,75 In terms of theranostic usage, the therapeutic nuclide scandium-47 is also 

an interesting counterpart to scandium-44, because of the identical chemical properties.76,77 
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1.2.3 Fluorine-18 

The most prominent PET nuclide is fluorine-18. Its half-life of 109.6 min, the maximum β+ energy of 

0.63 MeV, its 97% β+ conversion and its chemical properties are well suited for use as PET nuclide.28,78,79 

Equation 7 shows the β+ conversion of fluorine-18. 

F99
18  →  O198

18 + e+ +  νe + Q 

Equation 7: β+-conversion of fluorine-18. 

 
Because of its comparatively long half-life with 109.6 min, the synthesis of complex tracers, their 

purification and quality control are possible while at the same time enough activity is left to perform 

longer in vivo examinations. The half-life additionally enables the transport of fluorine-18 or 18F-labeled 

tracers to facilities without a cyclotron.80 The low β+ energy results in a low range (< 2.4 mm) of the 

positron and therefore in a good resolution of the PET image.81 

The production of fluorine-18 is cyclotron-based. More than 20 different production routes are known 

in which different flourine-18 species are obtained and which can be used in different radiolabelling 

strategies (see 1.4.2.). The most common method is the nuclear reaction 18O(p,n)18F. Water that has 

been enriched with oxygen-18 ([18O]H2O) is irradiated with protons in an energy range of 16 → 3 MeV 

yielding n.c.a. fluorine-18. It is obtained as fluorine anion in aqueous solution ([18F]F-
aq) and can be used 

for nucleophilic radiofluorination reactions. This nuclear reaction leads to specific activities of 

104 – 105 Ci/mmol. If fluorine-18 is needed for electrophilic radiofluorination, it is usually produced via 

the nuclear reaction 20Ne(d,α)18F (deuteron energy range 14 → 0 MeV). Neon gas is used as target and 

fluorine-18 is obtained as [18F]F2 gas. To avoid an adsorption of [18F]F2 at the target wall, the addition 

of [natF]F2 gas is required. Therefore it can only be obtained as c.a. [18F]F2 gas with a specific activity of 

1-10 Ci/mmol, which is significant lower than that of fluorine-18 produced via 18O(p,n)18F nuclear 

reaction.28,78,79 

The most prominent 18F-tracer is [18F]FDG. It is used in PET imaging regarding neurological, oncological 

and cardiological questions. With 90% it is most commonly used in oncology.82 

 

1.3 Endoradiotherapy and therapeutic nuclides 

Besides the diagnostic area, radioactivity can also be used in therapy. The most common method is 

the therapy with an external photon or particle beam. To keep the radiation dose that reaches the 

tumour as large as possible, while keeping the unwanted radiation of healthy tissue as small as 

possible, a precise knowledge of geometry and localisation of the tumour is required.83,84 In contrast 
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to that, endoradiotherapy (ERT) is similar to PET. Radionuclides are attached to molecules that 

accumulate in the target tissue and enable a high specificity and selectivity of the radiation. ERT also 

enables the therapy of patients with multicentral or multifocal tumours or metastases which can’t be 

completely treated by normal radiation beam.83   

Nowadays chemotherapy is the tool of choice in cancer treatment and shows some advantages in 

contrast to extern beam radiation therapy and ERT, but also disadvantages, which can not to be 

neglected. Especially the side effects can be severe and thus allow only the therapy of patients with a 

certain health condition. The principle of ERT and the precise irradiation of the cancer cells significantly 

reduces the side effects in comparison to chemotherapy.84 

The mechanism of action of ERT is based ionisation caused by radiation of the emitted nuclides. While 

β+ emitters are used in PET, β- , α and auger electron emitters are used in ERT.84–86 The aim of the 

therapy is the damage of the DNA of the cancer cells and the following induction of apoptosis or similar 

mechanisms, which ultimately results in the death of the cancer cell. There are two ways a damage of 

the DNA can be obtained. On the one hand, ionising radiation can interact directly with DNA and cause 

single-strand breaks. On the other hand, the ionising radiation can lead to the formation of free 

radicals, which then interact with the DNA and lead to its damage.85 There are many different DNA 

damages, which are recognised and repaired by special repair mechanisms with varying degrees of 

ease and thus also lead to cell death in different degrees of success. Single-strand breaks or DNA base 

damage can be recognised more easily than double-strand breaks or multiply damaged sites.85,87 

The severity of the damage to the radiated cell depends on the absorbed dose of energy, which is 

transferred from the irradiation to the cell. The higher this so-called linear energy transfer (LET) is, the 

more the cell is damaged and the more likely double-strand breaks and the death of the cell occur.84 

α particles show the highest LET, followed by β- particles.88 There are two more effects which are 

important for a high effectiveness of ERT. Based on the chosen radionuclide, the range of the radiation 

is longer than the diameter of one cell. Thus, cancer cells which have not internalised or bound the 

radioligand are also irradiated (cross-fire effect). Additionally, the radiation-induced bystander effect 

causes cells to behave as if they had been irradiated, even though they were not exposed to radiation. 

This may be due to the fact that they are in the direct vicinity of irradiated cells and are induced by 

signal factors. However, the exact mechanism of the bystander effect is not yet known.89,90 

Similar to PET, there are some parameters of the nuclide which have to be considered during the choice 

of the ERT nuclide. Table 3 shows a selection of possible ERT nuclides and their physical properties. 
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Table 3: some common ERT-nuclides and their properties. Data taken from Zalutsky86, Zalutsky et al91, Qin et al92, Qaim93 and 
Apostolidis et al.94 

Nuclide Type t1/2 EAverage  Mean range production 

131I short range β- 8.1 d 182 keV 910 µm 130Te(n,γ)131m,gTe -> 131I 

177Lu short range β- 6.7 d 133 keV 670 µm 176Lu(n,γ)177Lu 

176Yb(n,γ)177Yb -> 177Lu 

186Re medium range β- 3.8 d 362 keV 1800 µm 185Re(n,γ)186Re 

153Sm medium range β- 1.9 d 229 keV 1200 µm 152Sm(n,γ)153Sm 

90Y long range β- 2.7 d 935 keV 3900 µm 89Y(n,γ)90Y 

90Sr/90Y-generator 

225Ac α 10.0 d 5.74 MeV 40-100 µm e.g. 226Ra(p,2n)225Ac 

211At α 7.21h 5.87 MeV 50 µm 209Bi(α,2n)211At 

 

Very important parameters are the energy of the emitted radiation, the type of radiation and the 

range. These must be chosen dependent on the size of the tumour.95 α emitters have the largest LET 

(ca. 80-100 keV/µm), but only a short range (40-100 µm). β- emitters vary in their energy and range 

but generally have a greater range (0.05-12 mm), but smaller LET (ca. 0.2 keV/µm) than α emitter. 

Auger emitter have a high LET (1-23 keV/µm) but a very short range (few nm).88,96 Larger tumours 

should be treated with β- emitters of greater range, while for smaller tumours or its residues after 

surgical removal β- emitters with lower energy or α emitters can be considered. Therefore, it is 

important to know the dimensions of the tumour before therapy. Previous PET examination can 

provide information.84–86,88,95,96 To get the maximum dose of radiation at the target tissue it is 

important to choose a nuclide with a half-life which matches the pharmacokinetics of the therapeutic 

agent. With regard to the half-life, the same considerations as with PET are important.95 Additionally, 

the availability and the costs of the nuclide have to be considered.95 

 

1.3.1 Lutetium-177 

Lutetium-177 is one of the most prominent radioisotopes used for ERT. This is due to the very well 

suited physical properties for ERT of the lanthanide and due its easy production with high specific yields 

at a lot of facilities worldwide.97 Lutetium-177 converts to hafnium-177 with a half-life of 6.7 d via 

β- conversion (equation 8). 

Lu10671
177  →  Hf10572

177 + e− +  ν̅e + Q 

Equation 8: Conversion of lutetium-177 in hafnium-177. 
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The conversion takes place at 76% with a maximum energy of Eβ(max) = 0.497 MeV to the ground state 

hafnium-177, at 9.7% to the first excited state (Eβ(max) = 0.384 MeV) and at 12% to the third excited 

state (Eβ(max) = 0.176 MeV). The second excited state is negligible. The excited states converts to the 

ground state through γ emission. Here the gamma lines with energies of 208 keV (11%) and 113 keV 

(6.6%) are interesting due to their possibility to be used in SPECT imaging. Because of that fact, the in 

vivo behaviour of 177Lu-labeled compounds can be monitored by SPECT imaging .98,99  

Lutetium-177 has a range of 670 µm in tissue. Thereby, it is perfectly suitable for therapy of smaller 

tumours and metastases. The low β- energy and the low-energy photon emission result in a low 

radiation dose of patient, physician and radiochemist and also simplify the use of higher activities of 

lutetium-177. Additionally, the half-life of 6.7 days enables more complex synthesis as well as transport 

to other facilities.98 

The production can be achieved by to different ways. Figure 5 shows an overview.  

 

Figure 5: Production routes of lutetium-177. 

 
The first production route is the nuclear reaction 176Lu(n,γ)177Lu. Natural or with lutetium-176 enriched 

Lu2O3 is used as target. This route is the simplest and cheapest one, but beside the desired 

luetitium-177, long-lived lutetium-177m is formed as side product as well. This has to be considered in 

terms of dosimetry and waste disposal. An alternative route is an indirect production route. Here, 

Yb2O3 is irradiated in a (n,γ) nuclear reaction and ytterbium-177 is produced. This converts to 

lutetium-177 with a half-life of 1.9 h. This leads to n.c.a. lutetium-177 and higher specific activities are 

achieved in contrast to the direct production route. Additionally, no lutetium-177m contaminant is 

present. The disadvantage is that the small amounts of lutetium-177 produced have to be separated 

from the target material and the irradiation yield is much lower than with direct production.86,97,98,100 
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There are also production routes using a cyclotron, these routes have no significance in routine 

application.98 

Like the diagnostic nuclides gallium-68 as well as scandium-44, lutetium-177 prefers the oxidation state 

of +3. The hard lewis acid Lu(III) forms stable complexes with hard ligands like oxygen or nitrogen with 

coordination numbers of 6 to 9.99 

 

1.4 Radiolabelling chemistry 

The way a radionuclide is attached to the tracer depends on the type of nuclide. A difference is made 

here between organic nuclides, like fluorine-18 or carbon-11 and metallic nuclides like gallium-68 or 

lutetium-177. Organic nuclides can be inserted via a covalent bond, whereby with some isotopes, like 

carbon-11, one takes advantage of the fact that the element occurs in many biomolecules and it is 

simply to swap an atom for the radioactive isotope. Other organic nuclides, like fluorine-18, can only 

be introduced this way, as they only rarely occur in (bio)molecules. Analogies between existing units 

are used here (analogy tracer, see section 1.3.2.).38 Metallic nuclides have to be bound in a different 

way. So-called chelators are bound covalently to the target vector and these chelators are forming a 

chelate complex with the radiometal. Generally in terms of analogy tracers and chelators it has to be 

noted that the introduction can influence the chemical, physical and pharmacological properties of the 

original biomolecule or the target vector.101,102 

 

1.4.1 Chelatorsystems 

As already mentioned, radio metals are introduced into the radiopharmaceutical via chelators. Figure 6 

shows the general structure of a metal nuclide-based radiopharmaceutical.  

 

Figure 6: General design of a radiotracer with a metalnuclide. Figure based on Fani et al.103 

 
The three major units of such a radiotracer are the target vector, which is a pharmaceutical component 

that determines the biological localisation in the patient. This can be for example peptides, small 
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molecules, antibodies or fragments of antibodies. Secondly, a chelate moiety, which is responsible for 

complexation of the therapeutic or diagnostic radionuclide. And third, the linker unit can fulfil several 

tasks. First, it can act as a spacer to put space between the often-bulky chelator and the target vector 

to avoid steric influences. Furthermore, it can serve as a modulator of the pharmacokinetics of the 

radiotracer.103 A very interesting and promising linker unit is squaric acid.104 It can be introduced as 

squaramides and shows, beside an easy chemistry, positive features regarding pharmacokinetic 

properties. For further information, see section 1.5.  

So-called bifunctional chelators (BFC) have enough functionalities (usually carboxyl groups) that bind 

to the target structure and at the same time enough functionalities remain for a stable complexation 

of the radiometal.105 As an alternative, the backbone of the chelator can also be functionalised.103 

There are some important criteria, which have to be considered during the selection of the BFC. It is 

important that the nuclide/chelator complex shows a high thermodynamic as well as a high kinetic 

stability. The thermodynamic stability is the strength of the binding/interaction of the donor atoms 

and the nuclide. The kinetic stability describes the stability against dissociation or transmetalation. The 

radionuclide must not leave the chelator inside the body. This would lead to the loss of the diagnostic 

or therapeutic effect and additionally, the nuclide can also have a toxic effect. The following points 

have to be addressed to get a stabile complexation: a) the size of the chelator have to match with the 

ion radius of the nuclide; b) the number and chemical properties of the donor atoms have to fit to the 

nuclide; c) the charge. Beside this, as described in section 1.1.1, there are natural complex former, like 

transferrin and attention has to be paid that the complexation of the nuclide in the BFC is more stable 

than the complexation of the natural complex former to avoid transchelation.103,106,107 

Based on the structure of a chelator, there are to groups of chelators, acyclic and macrocyclic chelators. 

In general, macrocyclic chelators are thermodynamically more stable than acyclic chelators because of 

the high number of free rotatable bindings of the acyclic chelator. To form a chelate complex, an acyclic 

chelator must undergo a drastic change in its conformation. This leads to a higher decrease of entropy 

than it is the case for cyclic chelators, which already have a pre-oriented conformation due to their 

cyclic system and no large rotation of the bonds is possible (macrocyclic effect).102,103,108 Acyclic 

chelators showing a low energy barrier to form chelate complexes, which enables a fast complexation 

at mild conditions. This has the advantage that sensitive molecules can be labelled. On the other hand, 

the low energy barrier also results in lower kinetic stability, which leads to rapid dissociation of the 

complex and thus low in vivo stability.102,103 Due to the higher energy barrier macrocyclic chelators 

showing a significant higher kinetic stability, but require higher temperatures (60-95 °C) and longer 

reaction times to yield a quantitative labelling result which is a problem with sensitive molecules like 
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antibodies.102 Based on the pre-oriented structure the number of complexable nuclides for some 

macrocyclic nuclides are smaller in contrast to acyclic chelators.100 

 

1.4.1.1 Acyclic chelators 

Acyclic chelators are open chain polydental ligands which contain donor atoms like nitrogen or oxygen 

and therefore suitable for complexation of metal ions. In 1974, this principle was used for the first time 

by Sundberg et al. to label proteins with indium-111. EDTA (ethylenediaminetetraacetic acid) was used 

as chelator.103,109,110 Since then many different acyclic chelators were developed. An overview of some 

important acyclic chelators are shown in figure 7.  

 

Figure 7: Structures of common acyclic chelators. 

 
Since the complex stability of EDTA/Me(III) complexes has proven to be very unstable and thus not 

applicable in vivo, the chelator DTPA (diethylenetriaminepentaacetic acid) was developed.111 DTPA can 

be labelled at mild conditions with a wide range of radiometals.102 Therefore, it is one of the most used 

acyclic chelators and also finds clinical application. For example, the indium-111 labelled and FDA 

approved compound [111In]In-DTPA-octreotide is used as SPECT-radiotracer for neuroendocrine 

tumours.102,105 Due to the poor kinetic stability of DTPA, attempts have been made to improve the 

stability through derivatisation of the backbone. This modification leads to a more rigid form which 

also leads to a less loss of entropy compared to DTPA during the process of complexation and thus 

resulting in a higher kinetic stability.103 This is how the bifunctional chelator MX-DTPA or also known 

as tiuxetan (1,4-methyl-benzyl isothiocyanate diethylenetriamine pentaacetic acid) was designed, 

which can be linked to a target vector via a isocyanate unit and which owns a more rigid scaffold due 

to the methylated backbone. This chelator was used for coupling to the CD-20 antibody Ibritumomab 
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and is used for imaging (indium-111) and for therapy (yttrium-90) under the FDA approved name 

ZevalinTM.103,112 

Another important representative of acyclic chelators is HBED (N,N'-Di(2-

hydroxybenzyl)ethylenediamine-N,N'-diacetic acid). The phenolic unit enables not only the 

complexation of trivalent metals but also the complexation of metals like technetium or palladium.113 

HBED shows optimal labelling properties for gallium and also a high in vivo stability.105 The bifunctional 

derivative HBED-CC (N,N'-bis-[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N'-diacetic acid) 

has gained a lot of attention in recent years. HBED-CC was conjugated to a urea-based PSMA (prostate-

specific membrane antigen) inhibitor and used for PET imaging of prostate cancer. Today, the so-called 

[68Ga]Ga-PSMA-11 ([68Ga]Ga-PSMA-HBED-CC) is state of art in PET imaging of prostate cancer and one 

of the most used tracers in this field.114–116 

 

1.4.1.2 Macrocyclic chelators 

Beside the acyclic chelators there is the group of macrocyclic chelators. Compared to acyclic chelators, 

they show higher thermodynamic stabilities, as well as a higher kinetic inertness, but require harsher 

labelling conditions and longer labelling reaction times.102 There exist a variety of macrocyclic 

chelators. Some important bifunctional macrocyclic chelators are shown in figure 8.  

 

Figure 8: Structures of some common chelators and their bifunctional derivatives. 

 
Among all, DOTA (1,4,7,10-tetraazacyclo-dodecane-1,4,7,10-tetraacetic acid) is the most important 

one in radiopharmacy. DOTA is based on a cyclene scaffold, whose nitrogen atoms were 
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functionalised.103 DOTA complexes a variety of di- and trivalent metals stable. Beside the diagnostic 

nuclides like gallium-68, scandium-44 or indium-111, it can also be labelled with therapeutic nuclides 

like lutetium-177, actinium-225 or yttrium-90 and is therefore suitable for use in theranostic 

approaches.102,111 For example, one can simply access the theranostic nuclide pairs yttrium-86 (PET) 

and yttrium-90 (ERT) or scandium-44 (PET) and scandium-47 (ERT) which all form stable complexes 

with DOTA.77,117 DOTA can be functionalized using the carboxy groups. Although usually the four cyclic 

nitrogen atoms and three carboxy groups are sufficient donor atoms for the complexation of many 

metals, it can occur that the coordination is disturbed by the functionalisation. This problem may occur 

especially with higher lanthanides and lead to stability problems.105 A solution of this problem can be 

the functionalisation of the backbone, such as the introduction of an additional glutaric acid as seen in 

DOTAGA (1,4,7,10-tetraazacyclododececane-1-glutaric acid-4,7,10-triacetic acid) or the 

functionalisation of the backbone with a p-Bn-NCS ester (p-SCN-Bn-DOTA). For both variants, an 

additional functional unit is available for functionalisation while all four carboxy groups of the cyclene 

scaffold are free for complexation.102,105 A variety of DOTA derivatives are commercially available, 

making the DOTA chelator universally applicable. An example of the clinical use of DOTA conjugated 

radiopharmaceuticals is [68Ga]Ga-DOTATOC. It is used for PET imaging of neuroendocrine tumours.118 

Another prominent example of DOTA-based radiopharmaceuticals is PSMA-617, which can be labelled 

with lutetium-177 or actinium-225 for therapy of prostate cancer.119,120 

Another chelator is NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid). Due to its hexadental N2O3 

structure the number of complexable nuclides is not that high than in comparison to DOTA. It is 

particularly well suited for gallium-67/68 and copper-64. Due to its size and donor atom number and 

the high in vivo stability NOTA is considered as optimal chelator for gallium-68.102,105 In contrast to 

other macrocyclic chelators, NOTA can be labelled with gallium-68 at mild conditions.105,121 

NOTA is not a BFC per se, since all functional groups for complexation of the nuclide (e.g. gallium-68) 

are needed. Here, analogous to DOTAGA, the functionalisation of the scaffolding offers a solution. 

NODAGA (1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid) or p-SCN-Bn-NOTA provide an 

additional functional group and are BFCs.102 Both NODAGA and p-SCN-Bn-NOTA are among the most 

important BFC derivatives of NOTA.105 

In the area of PET nuclides, both gallium-68 as well as scandium-44 form stable complexes with the 

important chelators NOTA and DOTA. Here however, it can be observed that the 68Ga-NOTA complex 

is more stable than the 68Ga-DOTA complex and in contrast to this, the 44Sc-DOTA complex is again 

more stable than the 44Sc-NOTA. The reason is the number of donor atoms of each chelator and the 

preferred coordination number of the metal nuclide. NOTA provides six donor atoms and gallium 
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prefers the coordination number of six. In contrast, DOTA has eight donors, which can be used 

completely to complex scandium-44. Scandium-44 prefers the coordination number 8.66 

 

1.4.1.3 Hybrid chelators 

A third class of chelators are the hybridic chelators (figure 9) which combine the strong chelator/metal 

interaction and the kinetic stability of macrocyclic chelators with the fast labelling kinetic under mild 

conditions of acyclic chelators. The combination of the advantages of both chelator classes are 

achieved through the combination of structural features of both chelator types. Hybrid chelators have 

a cyclic component as well as an acyclic part.105,122,123 The heptadentale chelator AAZTA (1,4-bis 

(carboxymethyl)-6-[bis(carboxymethyl)]amino-6-methylperhydro-1,4-diazepine) matches this 

concept. AAZTA consists of a perhydro-diazepine scaffold with two cyclic amines and an exocyclic 

amine, which can act as donor atoms for labelling. A functionalisation of the amines with carboxy 

groups provides further donor atoms.124,125  

 

Figure 9: Structure of the hybrid chelators AAZTA and DATAm and their BFC derivatives AAZTA5 and DATA5m. 

 
AAZTA was originally developed as Gd(III) chelator for MRI, but also shows good labelling properties 

with transition metals like scandium-44 or lanthanides like lutetium-177 and can be therefore used as 

chelator in ERT and PET applications.126–128 To connect AAZTA to target vectors, the bifunctional version 

AAZTA5 (1,4-bis-(carboxylmethyl)-6-[bis-(carboxymethyl)-amino-6-pentanoic-acid]-perhydro-1,4-

diazepine) was developed.128 Known in literature are currently AAZTA conjugates with peptidic target 
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vectors such as AAZTA5-TOC for neuroendocrine tumours128, with small molecules like FAP inhibitors 

(AAZTA5.SA.FAPi)129 and antibody conjugates such as AAZTA5-SA-bevacizumab125. 

At low pH values, which are present e.g. during gallium-68 labelling, AAZTA shows a pseudo-axial 

conformation AAZTA, which makes gallium-68 complexation more difficult. Additionally, three 

different  [68Ga]Ga-AAZTA species with varying stability are observed.130,131 For this reason, the AAZTA 

structure was optimized for an optimal gallium-68 labelling and stability. This is how the hexadental 

DATAm (1,4-bis(carboxymethyl)-6-[amino(methyl) carboxymethyl]methylperhydro-1,4-diazepine) was 

developed, showing optimal labelling properties at mild conditions and short reaction times in 

combination with very good complex stabilities with gallium-68.130,132,133 Both DATAm as well as its 

bifunctional version DATA5m (1,4-bis(carboxymethyl)-6-pentanoic acid[amino(methyl) carboxymethyl] 

perhydro-1,4-diazepine) form a stable octahedral complex with their N3O3 structure with gallium-68.134 

This favourable conditions enable the labelling of sensitive molecules such as antibody conjugates. The 

chelator DATA can also be used in kit type labelling strategies enable a simplified application and 

handeling.123,135 There are known DATA based radiopharmaceuticals which are already clinical 

examined. These include the somatostatin agonist [68Ga]Ga-DATATOC122,123 and the FAP inhibitor 

[68Ga]Ga-DATA5m.SA.FAPi136. 

 

1.4.2 Radiofluorination 

Fluorine-18 can be introduced into an organic molecule covalently. While carbon-11 can be introduced 

as radioactive label through the exchange of an existing carbon atom of the compound, however, 

fluorine rarely occurs in biomolecules, thus this method is not often applicable. Therefore, fluorine-18 

is inserted through the exchange of other atoms or groups of the molecule. Here, some analogies are 

used. Possible exchange candidates are, for example, hydrogen atoms or hydroxyl groups due to their 

behaviour as bioisoster to fluorine.137-139 Hydrogen is a possibility because of the similar van der Waals 

radii (hydrogen: 1.20 Å; fluorine: 1.35 Å), whereas the binding energy of the carbon to the fluorine is 

stronger than to hydrogen (H-C: 98 kcal/mol; F-C: 112 kcal/mol).81 The exchange of hydroxyl groups 

against a fluorine is another attractive variant and it is possible due to the similar electronic properties. 

Both act as electron pair donors and both have similar carbon bond lengths (C-F: 1.39 Å; 

C-OH: 1.43 Å).38,81,137–139 

It should be kept in mind that the introduction of fluorine has an influence on the physicochemical as 

well as on the pharmacological properties of the tracer, since, for example, the electronegativity of 

fluorine can have an influence on the charge distribution of the molecule, if a hydrogen atom is 

replaced by fluorine.38,138,139 
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In general, a distinction is made between three different radiofluorination methods. They are 

described below. 

 

1.4.2.1. Nucleophilic radiofluorination 

Nucleophilic radiofluorination is the most common method in radiopharmaceutical chemistry. N.c.a. 

[18F]F- is introduced via a second order nucleophilic substitution (SN2) into the labelling precursor. 

Common leaving groups for these reactions are sulfonic esters, such as triflate, nosylate or tosylate, 

but also halogens, such as iodine or bromine. It is obvious that fluorine, which is also a good leaving 

group, is not used as a leaving group in radiofluorination, as otherwise the specific activity is 

lowered.78,140 Another aspect which has to be considered while using the SN2 mechanism is the Walden 

inversion. With stereospecific compounds, it comes to an inversion of the conformation. For example, 

this must be considered when using this reaction during the synthesis of [18F]FDG.141 

[18F]F- is obtained in an aqueous solution after production. In this aqueous form it is not suitable to use 

in a nucleophilic reaction due to the fact that [18F]F- forms hydrogen bonds with the water, degreasing 

the nucleophilicity drastically. The [18F]F-
aq has to be purified and cleaned from all traces of water prior 

usage. This step is called azeotropic drying. Fluorine-18 is trapped on an anion exchange cartridge and 

water is removed. To elute [18F]F- from the cartridge, a solution of acetonitrile, a cryptand and a base 

is used.79,81  

Suitable bases are salts with soft cations such as K+ or Cs+. This leads to a weak ion pair, which can be 

separated easily. The base is added, for example, as oxalate or carbonate and is also used to prevent 

the formation of HF. The aminopolyether Kryptofix® 2.2.2 (4,7,13,16,21,24-Hexaoxa-1,10-

diazabicyclo[8.8.8]-hexacosane) is normally used as cryptand. Tetraalkylammonium carbonate is also 

possible. This phase transfer catalyst has the task to trap the cation and leads to the formation of a 

strong nucleophilic [18F]F- anion.79 

The mixture eluted from the exchanger is dried to dryness and completely freed from water by a 

repeated azeotropic distillation using acetonitrile. Thereupon, the desired solvent can be added and 

the radiofluorination can be started. As solvents, dipolar aprotic solvents like DMSO, DMF or 

acetonitrile are possible, because of their solvatisation of the cation, but no interaction with the 

fluoride.79,81,140,141 

As already mentioned, the most prominent example of 18F-tracer which is obtained by nucleophilic 

radiofluorination is [18F]FDG. Acetyl-protected mannose triflate is used here as the reactant. The 

triflate is the leaving group and after Walden inversion the acetyl protected [18F]FDG is formed. 

Hydrolysis is used for deprotection and the ready to use [18F]FDG is obtained.142 
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1.4.2.2. Electrophilic adiofluorination 

Electrophilic c.a. [18F]F2 which is used for electrophilic radiofluorination is produced in a cyclotron. 

Since, as already described, inactive carrier has to be added, the specific activity is significant lower in 

contrast to nucleophilic [18F]F-. Only one fluorine of [18F]F2 is a fluorine-18 isotope, thus the maximum 

radiochemical yield is 50% in such reactions. [18F]F2 is very reactive and less selective. Some methods 

are developed to transform [18F]F2 in less reactive and more selective fluorinating agents. For example, 

[18F]F2 can passed through a sodium acetate column to obtain [18F]acetylhypofluoride. Other examples 

for mild fluorinating agents are fluorosulfonamides and xenon difluoride.79–81,140,143 

The first synthesis of [18F]FDG in 1976 was a electrophilic synthesis route.144 Despite a lot of 

improvements of this synthesis route, today [18F]FDG is not produced via a electrophilic route anymore 

due to the disadvantages in comparison to the nucleophilic radiofluorination (specific activity, yield 

and side products).38,142,144 Clinically applied compounds that are produced by electrophilic fluorination 

are for example [18F]F-DOPA for dopaminergic imaging.81,145 

 

1.4.2.3. Radiofluorination with prosthetic groups 

Another method for fluorine-18 labelling is the labelling via a prosthetic group. It can be considered 

especially for labelling of sensitive biomolecules, such as antibodies, proteins or peptides.81 This 

molecules are not resistant against the harsh conditions which are required for the previous described 

methods due to sensitive structure elements such as disulphide bridges or H-acidic units.143 To label 

such molecules indirect labelling strategies with so-called prosthetic groups are possible. These are 

small units which can be labelled with fluorine-18 fast and in high yields using a direct fluorination 

method. These units can be introduced in the sensitive molecule using simple reactions such as 

alkylation or amidation. It is important to notice that prosthetic groups can also influence the 

pharmacologic properties. Therefore, it makes sense to use the existing structures. So, if a molecule 

which should be fluorinated using an indirect method, carries an alkyl chain, it is useful to exchange 

this alkyl chain against a radiofluorinated version. Is the molecule a peptide, for example, it is possible 

to use the primary amine of a lysine side chain for the introduction of the prosthetic group.81,140,143,146 

An important prosthetic group is [18F]Fluoroethyl tosylate ([18F]FETos). It is used in the synthesis of the 

clinical used O-2-[18F]fluoroethyl-L-tyrosine ([18F]FET).140,147 [18F]FETos can be prepared easy, fast and 

in high yields.38 Automated procedures are also known and established.148 

Another established method for the introduction of prosthetic groups is the use of the copper(I)-

catalysed huisgen 1,3-dipolar cycloaddition (CuAAC) and is also called click chemistry.149,150 This term 

was introduced 2001 by Kolb et al and refers to a category of organic synthetic reactions that allow to 
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synthesize compounds fast, under easy conditions, without further elaborate purification and in high 

yields.151 The click chemistry is not only of great interest in the field of radiopharmaceutical chemistry 

of great interest, but today also no longer indispensable in the general field of drug development.150,152  

During the copper(I) catalysed huisgen 1,3-dipolar cycloaddition an azide reacts with an alkyne forming 

a 1,2,3-triazol (Figure 10).149 Following this principle, the molecule to be labelled can be functionalised 

with an azide or an alkyne. The prosthetic group than carries the complimentary structure element 

and can be “clicked“ to the molecule after a successful direct radiofluorination.  

 

Figure 10: copper(I)-catalyzed 1,3-dipolar cycloaddition. 

 
While the uncatalysed cycloaddition of an alkyne and an azide is not part of the click chemistry due to 

long reaction times, high temperatures are required and because no pure product is obtained (a 

mixture of 1,5- and 1,4-substituted triazoles are achieved), the copper catalysis leads to a fast, 

regioselective reaction under mild conditions.149 Additionally, the reaction can be carried out in a lot 

of different solvents as well as in a wide pH range (4-12) and in presence of a lot of different functional 

groups.153,154 Copper(II)-salts, such as CuSO4 are possible as catalysts. It is reduced in situ to copper(I). 

As reduction agent sodium ascorbate has been established. Copper(I) salts can also be used directly, 

but the formation of side products can occur.153 

Figure 11 shows the mechanism of the CuAAC containing two copper atoms proposed by Worrell et 

al.155 In the first part of the catalytic circle, one copper atom coordinate the alkyne, forming an σ-bound 

copper acetylide with a π-bound to the other copper atom (I). This compound coordinates the azide 

(II). This is followed by a nucleophilic attack of the terminal nitrogen atom of the azide on the β-carbon 

atom of the alkine, forming a C-N bond (III). Then the ring formation and protonation follows leading 

to the 1,2,3-triazole (IV).155 
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Figure 11: Proposed CuAAC mechanism according to Worrell et al.155 

 
A disadvantage of the CuAAC is the fact that the copper has to be fully removed after the synthesis 

prior to patient application.156,157 It should also be noted again that the formed triazole could have 

influence on the pharmacological properties of the tracer.   

To avoid the usage of the cytotoxic copper, the strain-promoted-alkyne-azide-cycloaddition (SPAAC) 

was developed. Here stained alkynes, such as dibenzocyclooctynes are used.150,158 The usage of such 

stained alkynes pushes the alkyne into a conformation that favours the cycloaddition due to a 

degreased activation energy. The triazole is formed without the use of a copper catalyst.159  

 

1.5 Squaric acid as conjugation agent 

Squaric acid (SA, 3-4-dihydroxycyclobut-3-ene-1,2-dione) is a very interesting and versatile tool in 

chemistry. Due to its properties, it gained interest in a board field of chemistry and it is used for 

example in drug development160, as chelating agent161 or in organocatalysis162.  

Squaric acid got its name because of its nearly squaric structure and it shows an aromatic character, 

since it is planar and the Hückel-rule (4n+2 π electrons, n=0) is applicable.104 Due to this aromaticity, 

the dianion is highly mesomeric stabilised.104,163 It is a strong acid with pka values of pka1 = 0.5-1.2 and 

pka2 = 2.2-3.5.104  

Squaric acid is also increasingly used as linker molecule in the conjugation chemistry of 

carbohydrates104 or polymers164. Here, the chemical and physical properties are used for a simple 

conjugation. Normally, the esters of squaric acid are used as educt and are conjugated with amines.104 

Squaric acid can undergo a pH controlled asymmetric amidation with amines (figure 12). 104,165–167 
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Figure 12: Asymmetric amidation of squaric acid. 

 
First, under neutral pH conditions, the first amidation occurs and a monoamide is formed due to the 

increase of aromatic stability by addition of the amine. The second amidation can take place, when the 

pH value is increased. More basic conditions result in a deprotonated form of the monoamide. This 

deprotonation makes the nucleophilic attack of a second amine on the remaining ester group of the 

monoamide possible. Finally, a stable square bisamide is formed.165,167–169 The monoamide can be 

isolated and stored after the first reaction, which allows the exchange of the amine for the second 

amidation and therefore the asymmetric amidation.104,169 Amines are the only functional group that 

can be used for this type of amidation of squaric esters. This enables a simplified synthesis of 

conjugates, which only carrying one amine. No dimerization or side reactions with other nucleophilic 

groups occur and no elaborated protecting group chemistry and harsh deprotection is required as it is 

the case for many other standard amide formation reactions.104,125 Thus, also sensitive biomolecules, 

such as antibodies can be conjugated.125,165,170 Additionally since amines are often already a part of 

biomolecules, there is no need for a synthetically introduction.167  

 

1.6  Prostate cancer 

Cancer is one of the leading causes of death worldwide. While in many developing countries cancer is 

the second leading cause of death behind cardiovascular diseases, it is the leading cause in most 

industrialised countries.171 The incidence and mortality of cancer is increasing worldwide. The reasons 

are manifold. The rising world population and the ageing society play a role, as well as socio-economic 

trends.172 Among cancer, prostate cancer (PCa) is the second most common diagnosed cancer and at 

number five of cancer related deaths in 2020 worldwide.172 Although, two third of men who die from 

prostate cancer are older than 75, in studies of autopsies of persons died of other death causes, in the 

age group 50 to 59, more than 20% of people with prostate cancer were found.173 

The abrupt rise of prostate cancer case numbers in the 1990s was due to the introduction of the PSA 

test. PSA (prostate specific antigen) is an enzyme which is expressed in the prostate and elaborated 

PSA levels indicate PCa and it is therefore used as tumour marker for PCa.172 Today, the PSA test is not 

recommended for symptom free men for early detection since an elaborate PSA level doesn‘t 

necessarily indicate a pathological disorder of the prostate (false-positive) and the over diagnosis of 

symptom free prostate cancer often leads to physic and psychic stressful treatment without the cancer 
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ever becoming clinically significant for the patient. Nevertheless, an early diagnosis leads to a 5-year 

survival rate of around 98%.174 The advantages and disadvantages of a PSA test for early diagnosis of 

prostate cancer must therefore be well weighed.173,175,176 The classical rectal examination is still a 

reliable preventive check-up method.177 

 

1.6.1  Prostate-specific membrane antigen (PSMA) 

The prostate-specific membrane antigen (PSMA) is a zinc dependent glutamate carboxypeptidase II 

(GCPII) and consists of 750 amino acids with a mass of about 100 kDa.178,179 The type II membrane 

glycoprotein is membrane-bound and has a intracellular area with 18 amino acids, a transmembrane 

area containing the amino acids 19-43 and an extracellular area, which makes up the largest part of 

PSMA with more than 700 amino acids.179,180 

Besides the prostate, PSMA expression is also found in some other tissues like kidney, small intestine 

or the nervous system.178 Currently, the exact physiological function of PSMA in all the named tissues 

is not exactly known. There are only two known functions of PSMA as N-acetyl-L-aspartyl-L-glutamate 

peptidase (NAALDase) and folate hydrolase (see figure 13). In each case glutamate is split off from N-

acetyl-aspartyl-glutamate (NAAG) or folic acid-(poly)-γ-glutamate respectively.113,178  

 

Figure 13: Currently known enzymatic activities of PSMA. 

 
While PSMA is expressed in the healthy prostate only at low degrees, it is highly overexpressed in 

prostate cancer, reaching 100 to 1000 times of the normal value.181,182 This can be seen in over 90% of 

all PCa patients.183 The reason for this high overexpression in PCa is unknown.184 The expression degree 

is also dependent on the stage of the disease and therefore can be used for determination of the 

severity of the disease as well as for monitoring of the therapy process.180 The PSMA substrate complex 
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is internalized into the cell after binding of the substrate. This enables a trapping of the substrate and 

thus the radiopharmaceutical inside the PCa cell.181,182,185  

Patients with PCa can develop bone metastases.186 For patients with late stage PCa the metastasis of 

bone even affects 90%.187 The presence of bone metastases has a negative effect on the healing 

chances. Only 30% of patients with PCa related bone metastases still live after 5 years.183  

The binding pocket of PSMA with its active centre is well investigated.188 The extracellular area of PSMA 

is divided into a protease domain, an apical domain and a C-terminal domain. The binding pocket and 

the active site are composed of amino acids from all three domains.189 A schematic overview is shown 

in figure 14. 

 

Figure 14: Schematic illustration of the PSMA binding pocket. Figure was designed based on the information of 188-190. 

 
The binding pocket is funnel-shaped with a diameter of 20 Å and a depth of around 20 Å. The pocket 

generally consists of five areas. The active site is localized at the end of the funnel. The centre of the 

active site are two zinc ions, which are responsible for the enzymatic activity. Both zinc ions are 

tetrahedral coordinated by His553 and Glu425 or His377 and Asp453 respectively and bridged by 

Asp387. If there is no substrate in the binding pocket, then both zinc ions are coordinating a hydroxide 

anion. Next to the active site, the pharmacophore S1‘ pocket is localized. This pocket has a side of 

about 8 x 8 x 8 Å and is mainly responsible for the selectivity, specificity and affinity of PSMA towards 

potential substrates or inhibitors. To address this pocket is crucial for high binding affinities. It has a 

high affinity towards glutamate and glutamate like structures, which can also be seen in natural 

substrates. Glutamate structures are bound in this pocket via different ionic interactions as well as 
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hydrogen bonds. The side chain of Arg210 and the hydroxy groups of Tyr552 and Tyr700, interacting 

with the α-carboxylate group of glutamate, are worth mentioning. Additionally, the γ-carboxylate 

group of glutamate forms a hydrogen bond with the amide group Asn257 and a salt bridge with the 

side chain amine of Lys69. Van der Waals interactions are also important for the glutamate selectivity. 

Here, the side chains of Phe209 and Leu428 are crucial. The active site and the S1‘ pocket cover about 

8 Å of the complete binding pocket. The remaining 12 Å are known as non-pharmacophore site and 

this area is very variable concerning selectivity and conformation and thus accepts a variety of different 

structure types of the substrate or an inhibitor. In this area there are two structural characteristics of 

PSMA, which can increase affinity if these characteristics are addressed by the substrate or inhibitor. 

The so-called arginine patch is a positive charged area, defined by the side chains of Arg534, Arg536 

and Arg463. Thus, substrates or inhibitors with high affinity contain in position P1 negative charges. 

The entrance funnel of the binding pocket has an open and a closed conformation. While the 

conformation has no influence on enzyme activity, the open conformation exposes a binding area 

(Arg463, Arg511 and Trp541) for aromatic units. The aromatic unit can interact with the side chains of 

Arg511 and Trp541 with π-interactions. Addressing this area increases the affinity significantly.188–190 

The overexpression of PSMA in PCa cells and the internalisation makes PSMA an interesting target for 

diagnosis and therapy of PCa. Beside antibodies and their fragments, small molecule inhibitors are 

possible targeting vectors.185,191 

Small molecule inhibitors are targeting vectors, which are small compounds with a low molecular mass. 

Due to the well-known binding pocket, it is possible to adjust the inhibitor structure so that the 

inhibitor fits perfect into the pocket and obtain a high affinity. Some structural aspects are to be 

considered due to the described PSMA structure. To receive high affinities, position P1' should be a 

glutamate group that can interact optimally with the S1' pocket. In order to serve as inhibitor and not 

as a substrate, the small molecule have to carry a unit that addresses the zinc groups but can’t be split 

by the enzyme. Negative units such as carboxyl groups and aromatic units of the inhibitor structure 

located in the area of the entrance funnel can, in the right position, increase the affinity through 

interactions with the arginine patch or the aromatic binding unit respectively.  

The first developed PSMA inhibitors were based on a phosphonate scaffold (figure 15).192 The 

phosphonate unit isn’t cleavable by the active site but coordinates the zinc ions. However, they were 

not developed for the treatment or imaging of PCa, but for the treatment of neurodegenerative 

diseases, as NAAG is a neurotransmitter in the central nervous system.192 Among this developed novel 

PSMA inhibitors, 2-phosponomethyl pentanedioic acid (2-PMPA) is still today one of the most potent 

PSMA inhibitors and still used in vivo and in vitro examinations as blocking agent for control 
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experiments.185 Additionally, the affinity these compounds already show that even the exchange of 

glutamate against the structural similar aspartate leads to a decrease of affinity.192 

 

Figure 15: First PSMA inhibitors based on a phosphonate scaffold.192 

 
Despite further development of the phosphonate-based inhibitors193,194 and first clinical studies195 they 

no longer have great significance today.185 Due to the difficult synthesis and handling of this 

phosphonate-based compounds, Kozikowski et al. replaced the phosphonate against an urea unit. 

Urea units show the same inhibitory capabilities but the synthesis is easier.196 The structure activity 

relationship evaluations of Kozikowski et al showed also that a urea-based inhibitor should carry beside 

a glutamate group an additional group with carboxyl functionality to increase the affinity.196 These 

urea-glutamate based inhibitors have become established nowadays and are most often found in the 

form of lysine-urea-glutamate (KuE, figure 16A).185,191,197 While the glutamate terminus remain free for 

binding the S1‘ pocket, the lysine side chain can be used for further functionalisation, e.g. the 

conjugation to a chelator. Glutamate-urea-glutamate (EuE, figure 16B) is another common urea-based 

inhibitor.185,198,199 It was shown that an additional conjugation of a glutamate carboxyl group of EuE 

with the amino group of lysine (K-EuE, figure 16C) has a positive influence on e.g. affinity, 

internalisation and clearance properties. This is due to additional carboxyl group of lysine is modulating 

the hydrophilicity.199,200 

 

Figure 16: Common urea-based PSMA inhibitors. A: lysine-urea-glutamate; B: glutamate-urea-glutamate; C: lysine-glutamate-
urea-glutamate. 

 
Since the introduction of urea-glutamate based inhibitors, a wide variety of PSMA 

radiopharmaceuticals were developed and tested. Figure 17 shows an overview of some important 

urea-based PSMA inhibitors.  
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Figure 17: Some common PSMA radiopharmaceuticals. 

 
One of the first urea-based inhibitors in clinical use for imaging of PCa was the iodine-123 labelled KuE 

derivative MIP-1095. MIP-1095 was also labelled with the therapy nuclide iodine-131 and the first ERT 

with a urea-based PSMA inhibitor was carried out.184,201–203 [99mTc]Tc-MIP-1404 is the first PSMA 

technetium ligand which is investigated in a phase 3 clinical study.184,199,204 The most prominent and 

most used diagnostic PSMA radiopharmaceutical is [68Ga]Ga-PSMA-11.184,197 Here, KuE is linked via a 

hexyl linker to the HBED-CC chelator. The HBED-CC chelator contains aromatic units which participate 

in the ligand-enzyme interaction and thus increase the affinity. [68Ga]Ga-PSMA-11 shows a fast 

pharmacokinetic and a very good tumour-to-background ratio.115,184,205,206 A number of clinical studies 

prove the great benefit of [68Ga]Ga-PSMA-11.207–210 In 2020, [68Ga]Ga-PSMA-11 was officially approved 

by the FDA.211 The most prominent PSMA ligand in terms of therapeutic approaches PSMA-617. The 

KuE unit is linked to the chelator DOTA and the linking unit is optimally adjusted to the binding pocket 

with regard to pharmacokinetic properties. Thus, for example, the linker contains a naphthyl unit for 

binding to the aromatic unit of PSMA.197,212,213 The [177Lu]Lu-PSMA-617 therapy of PCa and especially 

the therapy of its final stage the metastatic castration-resistant prostate cancer was also investigated 

in several studies.214 A phase 3 clinical trial, the so-called VISION study, was finished mid-2021 and 

recommends the approval as standard care for patients with advanced PSMA-positive metastatic 

castration-resistant prostate cancer, due to a prolonged progression-free survival of patients.120 
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Besides the application of PSMA-167 with the β--emitter lutetium-177, applications with the α-emitter 

actinium-225 are also known.215,216 Based on the structure of PSMA-617, PSMA-1007 was developed. 

PSMA-1007 is a potent PSMA inhibitor for labelling with fluorine-18 and provides a cyclotron-based 

alternative to the generator-based [68Ga]Ga-PSMA-11.217,218 

 

1.7  Bisphosphonates 

Diseases such as osteoporosis, bone metastases or Paget’s disease are associated with an increased 

bone degradation through an enhanced osteoclast activity.219,220 For more than 40 years, 

bisphosphonates are used as therapeutic agent for such illnesses. The usage of bisphosphonates is 

based on two properties of the bisphosphonates. First, bisphosphonates show a high affinity towards 

hydroxyapatite (HAP), the main component of the inorganic bone matrix and second, bisphosphonates 

show an inhibitory effect towards osteoclast activity.219  

Structurally, bisphosphonates are derivatives of pyrophosphate, in which both phosphate groups are 

connected via a carbon atom.221 Figure 18 shows the general structure of bisphosphonates.  

 

Figure 18: Basic structure of bisphosphonates. 

 
The human bone consists to 9% of water, to 22% of an organic matrix and to 69% of an inorganic 

mineral matrix.222 The inorganic matrix again consists mainly of calcium and phosphate ions which 

forms the crystalline structure hydroxyapatite (HAP, Ca10(PO4)6(OH2)2) are responsible for the stability 

of the bone along with collagen.223 Because of the deprotonated oxygen atoms of the phosphate 

groups bisphosphonates are able to coordinate calcium ions bidental. This coordination is responsible 

for the high affinity towards hydroxyapatite.219 While the phosphate groups are indispensable for HAP 

binding, the rests R1 and R2 are variable. However, it should be noted that even small modifications of 

the rest groups can have a significant influence on the chemical, biological and therapeutic 

properties.221 Today, most of the common used bisphosphonates contain a hydroxyl group in the 

position of R2 because it was shown that achieve a tridental complexation of the calcium ions leading 

to a better HAP affinity in contrast to bisphosphonates without a hydroxyl group.219,224 R1 can be used 

for a further functionalisation. This led to a development of a variety of different bisphosphonates in 

the last decades. It was also shown that if the bisphosphonate carries a nitrogen or an amine in the 

rest R1 the antiresorptive effect and the inhibition of osteoclasts are increased by a factor of 10 to 

10.000.220 These results are the consequence of years of research and continuous development. While 
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bisphosphonates of the first generation contain no nitrogen and, in some cases, not even a hydroxyl 

group, bisphosphonates of the second and third generation contain at least one nitrogen. The second 

generation in combination with an alkyl chain and the third generation contains a nitrogen containing 

ring system.220,225 Examples of all three generations are shown in figure 19.  

 

Figure 19: Bisphosphonates of the three generations. 

 
The structural analogy of the bisphosphonates towards pyrophosphate is also the reason for the 

antiresorptive effect.226 The significant better inhibition of osteoclasts of nitrogen-containing 

bisphosphonates is due to different mechanisms of action of both types of bisphosphonates. After a 

bisphosphonate is bound to HAP, it is dissolved in the acidic surrounding of the osteoclast and is 

endocytosed. The further influence of the bisphosphonate now depends on the type of 

bisphosphonate. Bisphosphonates without nitrogen are build inside adenosine triphosphate (ATP), the 

energy supplier of a cell, due to its similarities with pyrophosphate. Since the P-C-P bond of the 

bisphosphonates is, in contrast to the P-O-P bound of pyrophosphates, not cleavable through cellular 

mechanisms, apoptosis is initiated. Nitrogen containing bisphosphonates inhibit the farnesyl 

pyrophosphate synthase (FFPS) leading to the stop of the mevalonate pathway. This has impacts on 

the construction of the cytoskeleton, like the break of action rings or influence of the vesicular 

transport inside the osteoclast. Further complex biochemical mechanisms lead to the apoptosis of the 

osteoclast.220,224,226 

Bisphosphonates are not only established in the conventional therapy, but also interesting in the field 

of nuclear medicine as targeting vector for therapeutic and diagnostic approaches. Bisphosphonates 

can be used for diagnosis and therapy of bone metastases. Due to the increased metabolic activity, 

bone metastases lead to an enhanced bone remodelling which is accompanied with an increased 

uncover of HAP to which bisphosphonates bind more than to healthy bone tissue.227 

First bisphosphonates used in nuclear medicine were simple bisphosphonates which complex a 

radionuclide but also offered enough free binding sites for complexation of calcium containing HAP.219 

In SPECT technetium-99m labelled compounds such as [99mTc]Tc-MDP ([99mTc]Tc-

methylenediphosphonate) and [99mTc]Tc-HMDP ([99mTc]Tc-hydroxymethylenediphosphonate) are used 

(figure 20).219,228 Radiopharmaceuticals such as [153Sm]Sm-EDTMP ([153Sm]Sm-
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ethylenediaminetetramethylene phosphonic acid), are leading to a reduction of pain of 62-84% in 

patients with bone metastasis are known for therapy.228,229 

 

Figure 20: bisphosphonates for use in nuclear medicine. 

 
A further development of these bisphosphonate tracers are bisphosphonates functionalized with a 

chelator. In these cases, all functional groups of the bisphosphonate remains free for HAP 

coordination, increasing the affinity.230 Examples for such bisphosphonates are NO2APBP and DOTA-

Zoledronate (Figure 20). While DOTA-Zoledronate contains a DOTA chelator and can be used for 

diagnosis as well as therapy, NO2APBP carries a NOTA chelator for gallium-68 labelling.231–233 

 

1.8  Small molecule drug conjugates 

Small molecule drug conjugates (SMDC) are understood to be molecules which consists of a 

therapeutic unit, e.g. a cytostatic drug, a cleavable linking unit and a small molecule as targeting vector. 

The aim is to transport the non-selective cytostatic drug with the help of a tumour specific targeting 

vector to the desired enrichment site, where it is released by the linker which is cleavable under special 

conditions. The affinity of the targeting vector leads to a highly selective accumulation in the target 

tissue and is accumulated much less in healthy tissue.234,235 This means that the cytostatic drug no 

longer has to be applied systematically, which can reduce side effects.236  

SMDCs are a further development of antibody drug conjugates (ADC).237 In contrast to ADCs, the usage 

of small molecules as target vectors have some advantages. They are cheaper and can be produced 

with a higher efficiency, show no immunological side effects and show better pharmacokinetic 

properties.237,238  
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About one of three clinical used ADCs containing the cytostatic drug monomethyl auristatin E 

(MMAE).239 The cytotoxic effect of MMAE is based on the inhibition of the tubulin depolymerisation 

and shows an average IC50 value of 3.2 ± 0.51 nM. This is 10 to 100 times more potent than doxorubicin 

(average IC50 value of 631 nM) in average.240,241 Beside ADC-based MMAE conjugates, some SMDC-

based MMAE conjugates are also known. MMAE is linked to the targeting system via the enzymatically 

cleavable linker valine-citrulline in many of this conjugates.242 One example of such a conjugate is the 

der ADC Brentuximab vedotin (figure 21). Here, MMAE is linked to a CD-30 antibody using the 

dipeptide valine-citrulline, a p-amino benzyloxycarbonyl (PABC) spacer and a maleimidecaproyl 

structure. This ADC is approved for the therapy of CD30-expressing peripheral T-cell lymphomas since 

2018.243–245 

 

Figure 21: Sturcture of the MMAE-based and valine-citrulline linked ADC Brentuximab-Vedotin. Black: Antibody; brown: 
maleimidocaproyl spacer; green: valine-citrulline linker; p-amino benzyloxycarbonyl (PABC) spacer; red: MMAE. 

 
Once the conjugate is bound to the target, it is internalized via clathrin-mediated endocytosis. In the 

cell it is incorporated into a lysosomal vesicle in that a high concentration of proteolytic enzymes are 

found. One of these enzymes is cathepsin B that recognise valine-citrulline as substrate and cleaves 

the amide bounding between the citrulline unit and the PABC spacer. The terminal PABC is not stable 

under these conditions and a 1,6-elimination takes place, which releases, beside PABC degradation 

products, the free MMAE. This can now unfold its cytotoxic effect in the cell.242,246 

Besides enzymatically cleavable linkers such as valine-citrulline, there are other classes of cleavable 

linkers. Acid-labile linker, like hydrazones are hydrolysed in the acidic environment of endosomes and 

lysosomes while they are stable in the pH neutral blood. Disulfid linker are stable in the blood under 

physiological conditions,  but they are reduced and cleaved by glutathione (GSH) in the cytoplasm.247,248 
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1.9  Liposomes 

Liposomes represent a different kind of drug delivery system. The first liposome was approved as drug 

delivery system in 1995 by the FDA.249 Liposomes are modelled on the cell membrane of natural cells 

and consist mainly of phospholipids.250 Phospholipids are amphiphilic structures with a hydrophilic 

head and a hydrophobic tail and glycerol as scaffold. Two of the hydroxyl groups of the glycerol are 

functionalized with fatty acids and form the hydrophobic tail area. The fatty acids vary in length and 

number of unsaturated bonds. The third hydroxyl group of glycerol is functionalized with a phosphate 

group. This in turn can be connected to various terminal head groups, depending on the type of 

phospholipid. A lot of different head groups are known, including amines, such as choline, alcohols like 

glycerol or amino acids like serine.251 Because of the amphiphilic character, phospholipids form a lipid 

bilayer in aqueous solutions which then in turn create a spherical vesicle, the liposome (figure 22). The 

bilayer encloses an aqueous area. Here, the phospholipids align themselves so that the hydrophobic 

tails form the inner part of the bilayer and the hydrophilic head groups are directed outwards towards 

the aqueous environment and the aqueous core. The size of a liposome can vary from 30 nm up to 

micrometres.250,252 Liposomes are suitable as transport system of different classes of drugs. 

Hydrophobic agents can be integrated inside the bilayer, while hydrophilic agents and other classes 

such as DNA or proteins can be transported inside the aqueous area.252,253  

 

Figure 22: Basic structure of a liposome. 

 
Some important parameters that have to be considered during liposome composition are the size, 

permeability, stability and charge. The size has a great influence on the pharmacokinetics and the 
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uptake in excretory organs. Liposomes with a size bigger than 5.5 nm are not taken up by the kidneys 

leading to an increased blood circulation. Liposomes with sizes between 50 and 100 nm are taken up 

by the liver.254 

The permeability of liposomes is determined by the so-called transition temperature of phospholipids 

(TC) and is dependent on the length and saturation of the fatty acids and the head group. If the 

surrounding temperature is lower than the transition temperature the liposome is stated in the so-

called gel phase. In this phase the permeability and fluidity are low. If the temperature is higher than 

the die TC, the liposome is stated in a fluid state with a high permeability, which can lead to a loss of 

the loaded drug. Thus, the transition temperature of liposomes for in vivo application should be above 

body temperature, so that no therapeutic payload is lost bevor internalisation.255,256 

Liposomes show a natural flip-flop effect, which can causes unwanted loss of payload. The introduction 

of cholesterol into the membrane is stabilising the liposomes. It is important to use a defined 

definition, because cholesterol is stabilising the liposomes, but also has an influence on the size.256  

Regarding the time of blood circulation to additional factors have to be considered. Classical liposomes 

interact and adsorb blood circulating proteins leading to an increased excretion.249 Liposomes consists 

of natural occurring phospholipids and thus are biodegradable and non-toxic.250,256 Nevertheless, 

liposomes are recognised by the so-called mononuclear phagocyte system (MPS). This leads to an fast 

excretion via liver and spleen.257 Polyethylene glycol (PEG) chains or other hydrophilic polymer chains 

which are integrated to the outer sphere of liposome structure, reduce this interactions and increase 

the blood circulation time.249 For a further functionalisation of the liposome, for example with a target 

vector, a lot of different further shielding units with additional linking able functionalities with 

increased circulation times are developed.258 One example are hyperbranched polymers. These are 

often hyperbranched polyglycerols (hbPG).259,260 
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2. Objectives 

Since several years, novel urea-based PSMA inhibitors gain great interest in nuclear medicine and 

oncology. Radioactive labelled PSMA ligands, such as [68Ga]Ga-PSMA-11 or [177Lu]Lu-PSMA-617, lead 

to an improvement in diagnosis and therapy of prostate cancer and can thus lead to an improved 

medical care of patients with prostate cancer.261 

There are some PSMA ligands which are already approved or are recommended to be approved.120,211 

Such compounds, like PSMA-617 or PSMA-11 already show good results in clinical routine, but still 

displays some disadvantages. One example is PSMA-617 which is recommended by a multicentre study 

for routine application for treatment of patients with late stage prostate cancer and recommended for 

FDA approval120, but nevertheless, besides the desired tumour uptake, it also shows undesired 

increased uptake in other tissues like the salivary glands.262 This side effect leads to an unwanted 

irradiation and destruction of these tissues.262 Additionally, there are other unsolved challenges, which 

cannot be solved by the actual existing compounds or research. Some of these challenges are 

addressed in this dissertation. For example, the development of suitable drug delivery systems for a 

targeted delivery of cytotoxic drugs to the prostate cancer cell or the therapy of bone metastases, 

which can be difficult to treat with the known PSMA ligands due to a heterogeneous PSMA expression. 

Here, for all of these problems, no suitable systems or applications could be established in the past. 

Further developments and new combinations of different approaches could lead to an increased 

medical care of prostate cancer patients.  

The present work focuses on the development, improvement and novel applications of urea-

glutamate-based PSMA inhibitors for the diagnosis and therapy of prostate cancer to improve the care 

of patients with prostate cancer. One major part deals with the use of the squaric acid conjugated 

PSMA inhibitor KuE (SA.KuE). The use of SA.KuE as linking unit was introduced by Nils Engelbogen in 

his dissertation263 and further developed by Lukas Greifenstein.121,264,265 In this work, the use of SA.KuE 

is further developed and evaluated.  

This work is divided into four main sections addressing different aspects of the project. In each 

subproject of this dissertation, a different aspect of the optimisation or new development of PSMA 

radiopharmaceuticals is discussed. These problems are addressed in form of publications and 

manuscripts. They should contribute to solve the still open problems and issues in the field of PSMA 

imaging and PSMA-based therapy as discussed above. An overview of the main projects is shown in 

figure 23. The objectives of the individual projects are described below. 
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Figure 23: Graphic overview of the four main projects.  

 

2.1  Project A: Hybrid chelator conjugated PSMA inhibitors  

The first project is about the synthesis and evaluation of hybrid chelator conjugated PSMA inhibitors. 

Hybrid chelators are chelators that combine structure elements of acyclic as well as macrocyclic 

chelators and thus combine the advantages of both types. Thus, hybrid chelators can be labelled with 

radionuclides fast and under mild conditions and show high complex stabilities. These properties of 

the hybrid chelators enable a kit-type approach, as it is common with 99mTc-radiopharmaceuticals266 

and thus enable an easier clinical routine. 

In the first publication Hybrid chelator-based PSMA-radiopharmaceuticals: translational approach 

belonging to this project, the hybridic chelator DATA5m is conjugated via a squaramide (SA) linker unit 

to the PSMA inhibitor KuE (lysine-urea-glutamate). This enables a kit-like labelling approach of a PSMA 

radiopharmaceutical. In a previous work, this inhibitor moiety was already linked to macroyclic 

chelators, such as DOTAGA or NODAGA, via squaric acid and the resulting compound DOTAGA.SA.KuE 
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was already evaluated in vitro and in vivo. In that study the compound was comparable to the clinical 

relevant compounds PSMA-11 und PSMA-617.121 

The conjugation of the chelator unit and the inhibition moiety via squaric acid is carried out in an 

asymmetric amidation reaction. An additional aim of this study is to show that this type of synthesis is 

faster and easier than the elaborated resin-based synthesis of PSMA-617, yielding a compound with 

comparable in vitro and in vivo potential. 

After the synthesis of DATA5m.SA.KuE, the radiolabelling properties with gallium-68 and the in vitro and 

in vivo behaviour are evaluated. Due to the structure of DATA5m it can only be labelled with the 

diagnostic radionuclide gallium-68.  

Along with DATA5m.SA.KuE, AAZTA5.SA.KuE is also evaluated in vitro and in vivo. AAZTA5 is also a hybrid 

chelator that can be labelled with diagnostic radionuclides, such as scandium-44, and therapeutic 

nuclides, such as lutetium-177 and thus can be used in theranostic approaches. The synthesis and 

radiochemical evaluation of AAZTA5.SA.KuE with scandium-44 and lutetium-177 was already carried 

out in a previous work.265  

For the in vitro evaluation of both compounds, the binding affinities were determined in a competitive 

binding assay and the internalisation ratios were determined in PSMA-positive LNCaP cells and 

compared with [68Ga]Ga-PSMA-11. The tumour accumulation and the general organ distribution were 

determined in PSMA-positive LNCaP tumour carrying Balb/c nude mice and compared with 

[68Ga]Ga-PSMA-11.  

[177Lu]Lu-PSMA-617 contains the macrocyclic chelator DOTA and is the most prominent representative 

of therapeutic used PSMA inhibitors. For previous diagnosis, dose calculations and therapy progress 

monitoring it is normally combined with the diagnostic PSMA radiopharmaceutical [68Ga]Ga-PSMA-11, 

which, however, has a different linker structure than PSMA-617. In the second manuscript of this 

project, [68Ga]Ga-DATA5m-PSMA-617 as novel diagnostic kit-based counterpart for [177Lu]Lu-PSMA-617, 

a DATA5m chelator should replace the DOTA chelator of PSMA-617. With [68Ga]Ga-DATA5m-PSMA-617 

a compound as diagnostic counterpart to [177Lu]Lu-PSMA-617 is presented that should keep the same 

pharmacokinetic properties by using the same linking unit. The synthesized DATA5m-PSMA-617 is 

evaluated regarding radiolabelling properties with gallium-68, lipophilicity and in vitro binding affinity. 

Evaluation of the in vivo pharmacokinetic properties are planned and are currently being conducted. 

It is compared with [68Ga]Ga-PSMA-617. The results of radiolabelling and binding affinity are compared 

to a previous study of J-P. Sinnes267.  
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2.2  Project B: Prostate cancer and related bone metastases 

90% of all men with prostate cancer in a late stage will develop PCa related bone metastases.268 Bone 

metastases reduce the live quality and are a negative indicator for the survival chances of the 

patient.269 Although these bone metastases are caused by prostate cancer, it is possible that they lose 

PSMA expression during the progression of the disease.186 This complicates the treatment of the 

metastases with the common PSMA radiopharmaceuticals, such as [177Lu]Lu-PSMA-617. Because of 

the high affinity towards the inorganic bone material HAP, bisphosphonates were established as 

targeting vector for pathologic changes of the bone with increased bone metabolism, as they can be 

found at bone metastases.219 

The aim of this project (manuscript named DOTA conjugate of bisphosphonate and PSMA-inhibitor: A 

promising combination for therapy of prostate cancer related bone metastases) is to develop a 

compound that carries both, a PSMA inhibitor as well as a bisphosphonate target vector, combining 

the advantages of PSMA targeting and bone targeting for therapy of primary tumours and especially 

therapy of PSMA expression heterogeneous PCa related bone metastases. Radiolabelling with 

lutetium-177 can be carried out using the additionally containing chelator DOTA. The HAP binding 

potential, as well as the in vitro PSMA binding affinity are to be tested. This should be followed by an 

ex vivo biodistribution study with LNCaP tumour-bearing Balb/c mice. In this study, the tumour and 

bone accumulation should be evaluated.  

 

2.3  Project C: PSMA inhibitor conjugated drug delivery systems 

An important concept in oncology is the transport of drugs with so-called drug delivery systems. This 

principle shifts away from the systemic application of drugs to the targeted transport to the place 

where they are supposed to show the effect.234 This enables the application of higher doses, reduces 

side effects due to the decreased accumulation in healthy tissue and can bypass bad bioavailability of 

some drugs.236,270  

In project C, the development of two different PSMA inhibitor-based drug delivery systems for the 

targeted transport of drugs to the prostate cancer is presented. One method to transport a drug can 

be the inclusion of the drug into liposomes. Liposomes are stable in the blood system and are only 

opened in the tumour cell, where the drug is then released. In this work (manuscript with the name 

18F-labeled, PSMA-specific liposomes: promising and PET-traceable tool for future targeted drug 

delivery in the treatment of prostate cancer), hyperbranched polyglycerols with hydrophobic alkyl 

chain anchors (BisHD-hbPG), functionalised via a copper(I)-catalysed huisgen 1,3-dipolar cycloaddition 

with the azide functionalized PSMA inhibitor SA.KuE (EuK.SA.Azide) are presented. Additionally, a 
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functionalisation and radiolabelling with [18F]F-TEG-Azide is carried out. After both functionalisation 

steps, the liposome should be formed with cholesterol and DOPC. To obtain liposomes with a defined 

size, they are separated via an extrusions process and the liposomes with one defined size are 

collected. Thus, liposomes are synthesized which are transported direct to the prostate cancer cell via 

the PSMA targeting vector KuE where the drug, e.g. a cytostatic drug, is released and can affect the 

cancer cell. Fluorine-18 labelling can be used to evaluate the in vivo behaviour in PET measurements. 

The use of the hyperbranched polyglycerols is to shield the liposome and increase the resistance to 

the mononuclear phagocyte system, leading to an increased blood circulation time. The radiolabelling 

of the PSMA inhibitor containing BisHD-hbPG polymers and the followed-up liposome formation 

should be compared with the radiolabelling and liposome formation of the PSMA inhibitor free BisHD-

hbPG polymers. 

The second manuscript (old drug, new delivery strategy: MMAE repacked) of this project describes the 

development of a small molecule drug delivery system. Here, the cytotoxic drug MMAE, which is too 

potent for the systematic application, should be conjugated via a cleavable linker to the targeting 

structure of PSMA-617. For conjugation the simplified synthesis of squaric acid conjugation chemistry 

should be used. Several types of cancer, including prostate cancer, show a high expression of the 

lysosomal protease cathepsin B, a valine-citrulline unit is used as cleavable linker, since it is a substrate 

of cathepsin B. Thus, a SMDC conjugate should be developed, in which the drug MMAE can be 

delivered in a targeted transport via the PSMA-617 targeting unit to the prostate cancer cell. Here, it 

will be internalised and MMAE will be released through the lysosomal cathepsin B mediated cleavage 

of the valine-citrulline linker. After the successful synthesis of the compound, the in vitro PSMA binding 

affinity as well as the in vitro cytotoxicity will be determined. The potential of the cleavable linker is 

evaluated in an enzyme-based cleavage assay. The toxicity should be further determined in healthy 

NOD-SCID mice and the therapeutic effect should be evaluated PSMA-positive LNCaP tumour-bearing 

NOD-SCID mice. 

 

2.4  Project D: PSMA inhibitor structure optimisation  

The most used urea-based PSMA inhibitor is KuE. Some studies indicating that the use of K-EuE instead 

of KuE leads to an improvement of the PSMA radiopharmaceuticals, for example regarding higher 

PSMA binding affinity or tumour-to-organ ratios.199,200 

In this project and in the manuscript comparison of the binding affinity of squaramide containing lysine-

urea-glutamate- and glutamate-urea-glutamate-based PSMA inhibitors, different KuE and K-EuE-

based PSMA inhibitors should be synthesized. The conjugation of the inhibitor structures to the 
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chelator moiety is performed by squaric acid-based conjugation, since the introduced squaramide 

should act as aromatic unit and should increase the affinity. Three different chelators should be used 

for functionalisation. The two hybrid chelators DATA5m and AAZTA5 are supposed to be investigated as 

well as the DOTA derivative DO2AGA, which has in one position an amine group instead of a carboxyl 

group, allowing further functionalisation via sqauric acid. For comparison with a common and 

frequently used reference compound, the DOTA chelator of PSMA-617 should be replaced by the three 

chelators and these compounds should be investigated. The in vitro binding affinity is determined in a 

competitive radioligand binding assay and the binding affinities of each compound were compared 

among each other and compared to the targeting units without a chelator to determine the binding 

potential of each targeting unit as well as the influence of the chelator towards affinity. 

 

2.5  Author contribution to the research project 

This dissertation and research project consist of different publications and manuscripts to which 

different authors have contributed. The author of this dissertation, Tilmann Grus, carried out literature 

research of already literature known PSMA radiopharmaceuticals and their potency and usability. He 

identified possibilities and concepts to optimise the existing literature-known compounds and he also 

investigated concepts to overcome the still existing and literature-known problems in this research 

field as discussed above. Tilmann Grus designed compounds to realise these concepts and developed 

suitable organic chemical synthesis routes and carried out these syntheses. Accordingly, the author of 

this dissertation synthesized and worked on many more compounds in the organic chemical 

laboratory, than discussed in this work, since some are not synthetically accessible and some didn’t 

show suitable properties in follow-up studies. Furthermore, T. Grus was main responsible for all in this 

work described radiochemical studies. He designed, planned, and carried out the radiochemical 

evaluations and the followed data analysis and interpretation. 

He was involved in the design of the in vivo and ex vivo animal studies and was also involved in some 

of those, in which he assisted in. Tilmann Grus also carried out the interpretation of the final results of 

the experiments and wrote the manuscripts.  

The contribution of T. Grus to the individual publications and manuscripts varies and some of the above 

mentioned contributions were done in some publications or manuscripts in close collaboration with 

other authors. A detailed contribution description to each publication and manuscript can be found in 

front of the corresponding publication or manuscript. 
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Summary 

PSMA is a promising target for diagnosis and therapy of prostate cancer. There are already several 

PSMA ligands known and applied in nuclear medicine.1 Nevertheless, these PSMA ligands are still not 

perfect. For example, [177Lu]Lu-PSMA-617 displays unwanted accumulation in healthy tissues such as 

kidney or salivary glands.2 This is dose limiting and can lead to severe side effects. A previous study 

already indicated that the novel squaric acid based KuE target vector (SA.KuE) shows similar or even 

better properties.3  

Another aim is the development of hybrid chelator conjugated PSMA ligands. Hybrid chelators, such 

as DATA5m or AAZTA5 can be radiolabelled fast and under mild conditions, which enables a kit-type 

application of hybrid chelator containing compounds. Kit-type applications simplify the 

radiosynthesis.4 The fresh prepared nuclide just has to be added to the kit vial and after brief shaking, 

the radiopharmaceutical is ready for use without further purification. Such kit applications are already 

known in technetium-99m chemistry where they are used as standard for simplification of clinical 

application.5 Several studies prove that DATA5m is suitable for kit applications.4,6  

DATA5m.SA.KuE was synthesized and showed good radiolabelling properties and stabilities with 

gallium-68. In vitro and in vivo behaviour was evaluated along with scandium-44 and lutetitium-177 

labelled AAZTA5.SA.KuE. Synthesis and radiolabelling was evaluated in a previous study.7 Both 

compounds showed two times lower in vitro PSMA binding affinity in comparison to PSMA-11, but 

internalisation ratio and tumour uptake was comparable. The sqauric acid containing compounds 

displayed a lower kidney uptake. This shows that these compounds have favourable kidney clearance 

properties, reducing radiation exposure of the kidney. This is especially important regarding therapy 

with [177Lu]Lu-AAZTA5.SA.KuE, since higher amounts of activity are used in therapy. The study showed 

that [68Ga]Ga-DATA5m.SA.KuE as well as the theranostic pair [44Sc]Sc-AAZTA5.SA.KuE and 

[177Lu]Lu-AAZTA5.SA.KuE are promising novel PSMA ligands for future diagnosis and therapy of prostate 

cancer.  

 

Autor contributions: 

Project conception was made by T. Grus X.X., X.X. and X.X. Organic synthesis and radiochemical 

synthesis, in vivo stability and evaluation of the radiochemical data was done by T. Grus X.X. was 

responsible for LNCaP cell cultivation, in vitro binding affinity assay and internalisation studies and for 

their data analysis. T.Grus, X.X. and X.X. performed the animal studies. X.X. performed the data analysis 

of the animal studies. T.Grus and X.X. wrote and edited the manuscript. All authors reviewed the 

manuscript. The project was supervised by X.X. and X.X. 
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Abstract 

Background: Prostate-specific membrane antigen (PSMA) has been extensively studied in the last 

decade. It became a promising biological target in the diagnosis and therapy of PSMA-expressing 

cancer diseases. Although there are several radiolabeled PSMA inhibitors available, the search for new 

compounds with improved pharmacokinetic properties and simplified synthesis is still ongoing. In this 

study, we developed PSMA ligands with two different hybrid chelators and a modified linker. Both 

compounds have displayed a promising pharmacokinetic profile.  

Methods: DATA5m.SA.KuE and AAZTA5.SA.KuE were synthesized. DATA5m.SA.KuE was labeled with 

gallium-68 and radiochemical yields of various amounts of precursor at different temperatures were 

determined. Complex stability in phosphate-buffered saline (PBS) and human serum (HS) was 

examined at 37 °C. Binding affinity and internalization ratio were determined in in vitro assays using 

PSMA-positive LNCaP cells. Tumor accumulation and biodistribution were evaluated in vivo and ex vivo 

using an LNCaP Balb/c nude mouse model. All experiments were conducted with PSMA-11 as 

reference.  

Results: DATA5m.SA.KuE was synthesized successfully. AAZTA5.SA.KuE was synthesized and labeled 

according to the literature. Radiolabeling of DATA5m.SA.KuE with gallium-68 was performed in 

ammonium acetate buffer (1 M, pH 5.5). High radiochemical yields (>98%) were obtained with 5 nmol 

at 70 °C, 15 nmol at 50 °C, and 60 nmol (50 µg) at room temperature. [68Ga]Ga-DATA5m.SA.KuE was 

stable in human serum as well as in PBS after 120 min. PSMA binding affinities of AAZTA5.SA.KuE and 

DATA5m.SA.KuE were in the nanomolar range. PSMA-specific internalization ratio was comparable to 

PSMA-11. In vivo and ex vivo studies of [177Lu]Lu-AAZTA5.SA.KuE, [44Sc]Sc-AAZTA5.SA.KuE and [68Ga]Ga-

DATA5m.SA.KuE displayed specific accumulation in the tumor along with fast clearance and reduced 

off-target uptake.  

Conclusions: Both KuE-conjugates showed promising properties especially in vivo allowing for 

translational theranostic use. 

Keywords: prostate specific membrane antigen PSMA; hybrid chelator; radionuclide diagnosis and 

therapy 

 

 

 

 



73 
 

1. Introduction 

Prostate-specific membrane antigen (PSMA) has become a very popular target in the diagnosis and 

treatment of prostate cancer in the last decade. PSMA is a glycoprotein with several functions 

originating from its glutamate-carboxypeptidase activity. In the central nervous system, PSMA acts as 

NAALADase, which cleaves the glutamate moiety from the neurotransmitter N-acetyl aspartyl 

glutamate. However, in the proximal small intestine, this enzyme, called folate hydrolase FOLH1, 

releases glutamate residues from poly-glutamated folate.1,2 Besides these physiological functions, 

PSMA seems to play an important role in prostate carcinogenesis since it is highly expressed in prostate 

tumor cells. This expression correlates with the aggressiveness and invasiveness of the tumor3–5, and 

is a major reason for choosing PSMA as a molecular target in the management of prostate cancer (PCa). 

Prostate cancer is the second most common cancer among men and the fifth leading cause of death 

worldwide.6,7 However, early detection of PC in a localized stage can significantly reduce its mortality, 

leading to a 5-year survival rate of more than 90%.8 In contrast, late-stage tumors are aggressive and 

almost resistant to available therapies. Metastatic castration-resistant prostate cancer (mCRPC) is one 

of the most aggressive forms of prostate cancer, with poor outcomes and restricted therapy options.9 

One of the most promising approaches herein is PSMA-targeted radioligand diagnosis and therapy. 

The unique characteristics of PSMA as a molecular target in combination with the small-molecule 

PSMA inhibitors as target vectors paved the way for the development of highly sensitive 

radiopharmaceuticals like the PET radioligand [68Ga]Ga-PSMA-11 and its therapeutic counterpart 

[177Lu]Lu-PSMA-617.10,11 

One of the challenges in designing appropriate PSMA inhibitors for theranostic use is balancing the 

reduction of off-target accumulation in order to minimize the exposure and irradiation of excretory 

organs and other tissues where physiological PSMA expression is known, such as the salivary glands 

and the kidneys12–15, with the development of PSMA ligands which can be easily synthesized and 

effectively labeled. To address some of these concerns, we developed AAZTA5.SA.KuE and 

DATA5m.SA.KuE. 

Like all PSMA ligands, the herein described PSMA radiopharmaceuticals consist of three parts: chelator, 

linker moiety, and a KuE-based PSMA-targeting vector. 

The chelator is responsible for the introduction of the radionuclide. In this study, the bifunctional 

hybrid chelators DATA5m (6-pentanoic acid-6-aminoperhydro-1,4-diazapine-triacetate) and AAZTA5 (6-

pentanoic acid-6-aminoperhydro-1,4-diazepine tetra-acetic acid) are used (Figure 1). With regard to 

radiometals, hybrid chelators combine the positive complexation properties of acyclic chelators, such 

as fast complexation kinetics at mild temperatures, with the advantages of cyclic chelators, such as 
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prolonged complex stability.16,17 In these structures, the two tertiary diazepine amines provide the 

cyclic component for complexation. Another amine outside the perhydro-1,4-diazepine backbone 

provides another complexation unit (acyclic component). The remaining complexation sites are 

provided by carboxy groups alkylated to the amines.16,18–20 

AAZTA5 shows ideal labeling properties for transition metals, such as scandium as well as for 

lanthanides, e.g., gadolinium and lutetium. Thus, AAZTA5 is suitable as a chelator for diagnostic use 

(e.g., scandium-44), as well as for therapeutic applications (e.g., lutetium-177).17,21,22 

The DATA5m chelator has optimal labeling properties at mild conditions for the generator-based PET 

nuclide gallium-68. Furthermore, the AAZTA and DATA chelators are also suitable for instant kit-

labeling applications with e.g., lutetium-177 and gallium-68.17,23 

 

Figure 1: Bifunctional derivatives of the hybrid chelators AAZTA5 and DATA5m. 

 
Lysine-urea-glutamate (KuE) has been established as a PSMA inhibitor. KuE consists of lysine and 

glutamate which are both linked to each other via a urea unit. KuE is based on the natural PSMA-

substrate NAAG, but cannot be cleaved by the enzyme.10 Both PSMA-617 and PSMA-11 carry this 

structural unit as the PSMA-binding entity.24 

The third structural element found in PSMA radiopharmaceuticals is the linker moiety, connecting the 

chelator to the urea-based target vector. In addition to the function of coupling, these linkers are 

usually designed to improve the pharmacokinetics of the compounds.10 These moieties can interact 

with the aromatic-binding region of the PSMA binding pocket, leading to an increase in the affinity of 

the PSMA ligand.25 The coupling of KuE is achieved via the side-chain amine of the lysine. Usually, 

amide coupling reactions are used for this purpose. Alternatively, conjugation can be achieved by using 

square acid diethyl esters (SADE). This group allows two amines to be selectively coupled via 

asymmetric amidation, forming a squaramide. This simplifies the synthesis in so far as, for example, 

no protective group chemistry is required, as is the case with standard amide couplings. The coupling 

reaction is selective with amines only and by controlling the amidation of both squaric acid esters via 
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pH.17,26–29 The control of the asymmetric amidation via the pH value can be explained by the different 

aromaticity and thus the different mesomeric stabilities of the individual intermediates at the different 

pH values (Figure 2).30–32 

 

 

Figure 2: Asymmetric amidation of SADE with different amines. The reactions are driven by change in aromaticity of the 
different intermediates. 

 
With regard to PSMA radiopharmaceuticals, the use of squaric acid shows another advantage. Squaric 

acid has an aromatic character and can therefore interact with the aromatic binding region in the PSMA 

binding pocket resulting in an increased affinity. Greifenstein et al. recently demonstrated that a 

squaramide containing DOTAGA-KuE derivative is comparable to the standard compounds PSMA-617 

and PSMA-11 in terms of in vitro binding affinity, tumor accumulation, and in vivo kinetics.28 

 
 

2. Results 

2.1. Organic synthesis 

2.1.1. Synthesis of AAZTA5.SA.KuE was according to literature.17 

The synthesis of the DATA chelator is based on the synthesis described by Farkas et al. 16 and 

Greifenstein et al. 17 It was synthesized according to Figure 3. 
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Figure 3: Synthesis of DATA5m: (a) tert-butyl bromoacetate, Na2CO3, ACN, 96%; (b) Pd/C, EtOH, formic acid, H2, 98%; (c) 
paraformaldehyde, 2-nitrocyclohexanone, MeOH, 77%; (d) Raney®-Nickel, EtOH, H2, 72%; (e) tert-butyl bromoacetate, DIPEA, 
MeCN, 62%; (f) Formalin (37%), AcOH, NaBH4, ACN, 74%; (g) LiOH, dioxane/H2O, 84%; (h) tertbutyl(2aminoethyl)carbamate, 
HATU, DIPEA, ACN, 94%; (i) TFA/DCM, 1:1. 

 

 
N,N'-dibenzylethyldiamines were first reacted with tert-butyl bromoacetate to give the di-alkylated 

compound 1. The benzyl protecting groups were then removed by reduction. The diazepane 3 was 

formed by a double Mannich reaction. For this purpose, 2-nitrocyclohexanone was used, the ring of 

which was opened using the anion exchanger Amberlyst® A21. In the following Mannich reaction, this 

ring-opened intermediate reacted with 2 to form the desired diazepane 3. 

After reduction of the nitro group (4), tert-butyl bromoacetate was added in an undercurrent to give 

the mono-alkylated compound 5. The secondary amine of 5 was then methylated in a reductive 

amination. This led to the protected chelator DATA5m 6. In order to functionalize 6 with the target 

vector, however, it was necessary to introduce an ethylenediamine bridge. For this purpose, the 

methyl ester of 6 was saponified using lithium hydroxide (compound 7) and the mono Boc-protected 

ethylenediamine was linked via an amide coupling to get 8. After an acidic deprotection compound 9 

could be conjugated to the target vector using squaric acid. 

The PSMA inhibitor lysine-urea-glutamate (KuE) was synthesized and coupled to 3,4-dibutoxycyclobut-

3-en-1,2-dione (SADE) according to Figure 4. 
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Figure 4: Synthesis of the PSMA inhibitor lysine-urea-glutamate-squaric acid monoester: (a) N(ε)-benzoyloxycarbonyl-L-lysine, 
triphosgene, triethylamine DCM, 0 °C; (b) L-glutamic acid di-tert-butyl ester hydrochloride, triethylamine, DCM, 41%; (c) Pd/C, 
MeOH, H2, 96%; (d) 3,4-dibutoxycyclobut-3-en-1,2-dione, 0.5 M phosphate buffer pH 7, ethyl acetate, 77%; (e) TFA/DCM, 1:1, 
83%. 

 
For the introduction of the urea unit, the amino group of the protected lysine was transformed into an 

isocyanate using triphosgene. The isocyanate was then reacted with tert-butyl protected glutamate 

and the protected PSMA inhibitor lysine-urea-glutamate 10 was obtained and followed by reductive 

deportation of the lysine side chain, yielding 11. This compound was then coupled to SADE in 

phosphate buffer at pH 7. Acidic deprotection of the protected compound 12 led to the couplable 

PSMA inhibitor lysine-urea-glutamate-squaric acid monoester 13 (KuE.SAME). 

The free primary amine of DATA5m (9) was then coupled to the free coupling side of KuE.SAME (13) in 

0.5 M phosphate buffer at pH 9 to obtain the final compound DATA5m.SA.KuE (14) (Figure 5). 

 

Figure 5: Synthesis of DATA5m.SA.KuE (14) 0.5 M phosphate buffer pH 9, 10%. 

 

2.1.2. Radiolabelling 

Radiolabelling of AAZTA5.SA.KuE with scandium-44 and lutetium-177 was performed according to the 

literature.17 

DATA5m.SA.KuE was radiolabeled with gallium-68 in ammonium acetate buffer (1 M, pH 5.5), varying 

amounts of precursor (5 nmol to 60 nmol), and different temperatures (room temperature to 70 °C). 

 



78 
 

Labeling was carried out in triplicate with 30–50 MBq of gallium-68. Figure 6A shows the kinetic studies 

of the gallium-68-radiolabeling of DATA5m.SA.KuE. The lower the quantity of precursor used, the higher 

the temperature required to obtain quantitative radiochemical yields (RCY). Labeling of 10 nmol at 

50 °C only achieved a RCY of 56% after 15 minutes. The increase to 15 nmol at 50 °C results in 

quantitative RCY (> 99%). The increase of temperature even allowed the quantitative labeling (> 99% 

RCY) of 5 nmol. Furthermore, 50 µg (60 nmol) can be radiolabeled in yields of over 99% with gallium-

68 even at room temperature. The high radiochemical yield and high purity of [68Ga]Ga-DATA5m.SA.KuE 

was confirmed by radio-HPLC (Figure 6B). 

 

Figure 6: (A) Kinetic studies of 68Ga-radiolabeling of DATA5m.SA.KuE for various amounts of precursor and different 
temperatures. Labeling of 15 nmol at 50 °C, 5 nmol at 70 °C and 60 nmol at RT resulting in quantitative RCYs after one minute. 
Radiolabeling of 10 nmol at 50 °C results in a RCY of 56% after 15 minutes. (B) Radio-HPLC of [68Ga]Ga-DATA5m.SA.KuE. tR (free 
gallium-68) = 2.0 min; tR ([68Ga]Ga-DATA5m.SA.KuE) = 8.8 min. Radio-HPLC confirmed purity and high RCY of [68Ga]Ga-
DATA5m.SA.KuE. (C) Stability studies for [68Ga] Ga-DATA5m.SA.KuE complex in human serum (HS) and phosphate buffered 
saline (PBS) of intact conjugate at different time points. 

 
Studies of the complex stability were performed in human serum (HS) and phosphate buffered saline 

(PBS). In both media, [68Ga]Ga-DATA5m.SA.KuE showed a stability of >98% over a period of 120 minutes 

(Figure 6C). 
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2.2. In vitro Studies 

2.2.1. PSMA Binding Affinity 

The PSMA binding affinity of DATA5m.SA.KuE and AAZTA5.SA.KuE, as well as PSMA-11, was determined 

in a competitive radioligand assay using PSMA-positive LNCaP cells that were incubated with 0.75 nM 

[68Ga]Ga-PSMA-10 in the presence of 12 increasing concentrations of the non-labeled SA-conjugated 

compounds. The measured radioactivity values were plotted against the concentrations of the SA 

conjugates (Figure 7). IC50 values were determined using GraphPad Prism 9 (Table 1). AAZTA5.SA.KuE 

and DATA5m.SA.KuE showed similar binding affinities while PSMA-11 seems to have two-fold higher 

affinity in vitro. 

 

 

Figure 7: Inhibition curve of AAZTA5.SA.KuE, DATA5m.SA.KuE and PSMA-11. cpm: counts per minute. 

 

Table 1: IC50 values of the investigated compounds. Data represented as mean ± SD (n = 3). 

Compound IC50 [nM] 

DATA5m.SA.KuE 51.1 ± 5.5 

AAZTA5.SA.KuE 52.1 ± 4.0 

PSMA-11 26.2 ± 2.4 
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2.2.2. Internalization Ratio 

PSMA ligands are internalized upon binding to PSMA, probably via clathrin-mediated endocytosis.33,34 

To determine the PSMA-specific cellular uptake of the developed PSMA ligands, we measured both 

the surface-bound and internalized radioactivity in PSMA-positive LNCaP cells at four different 

conditions; at 37 °C with and without blocking with the potent PSMA inhibitor PMPA 

(2-Phosphonomethyl pentanedioic acid) 35–37, and at 4 °C with and without blocking with PMPA. Results 

are plotted in Figure 8. [68Ga]Ga-DATA5m.SA.KuE displayed the highest internalization ratio 6.6 ± 0.6%, 

whereas the uptake fractions of [44Sc]Sc-AAZTA5.SA.KuE and [68Ga]Ga-PSMA-11 were slightly lower 

(4.8% and 5.2%, respectively). PSMA-specific uptake was mainly reduced at 4 °C. 

 

Figure 8: Internalization ratio of [68Ga]Ga-DATA5m.SA.KuE and [44Sc]Sc-AAZTA5.SA.KuE with [68Ga]Ga-PSMA-11 as 

reference; % injected dose per 106 LNCaP cells. 

 

2.3. Animal studies 

In order to evaluate the in vivo behavior of the SA.KuE conjugates, an LNCaP-xenograft model was 

used. Labeling of AAZTA5.SA.KuE with the different nuclides scandium-44 and lutetium-177 seemed to 

have no impact on the pharmacokinetic properties of the conjugates, since there were no significant 

differences observed in the biodistribution data (Figure 9). Tumor accumulation values of all four 

compounds were similar, 3.92 ± 0.50% ID/g, 5.41 ± 0.83% ID/g, 4.43 ± 0.56% ID/g and 5.52 ± 0.75% 

ID/g for [44Sc]Sc-AAZTA5.SA.KuE, [177Lu]Lu-AAZTA5.SA.KuE, [68Ga]Ga-DATA5m.SA.KuE and [68Ga]Ga-

PSMA-11 respectively. The higher kidney uptake of [68Ga]Ga-PSMA-11 (73.39 ± 18.77% ID/g) is 
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noteworthy compared to the uptake of the SA.KuE conjugates (20.69 ± 7.24% ID/g, 22.70 ± 0.90% ID/g, 

13.63 ± 6.81% ID/g for [44Sc]Sc-AAZTA5m.SA.KuE, [177Lu]Lu-AAZTA5m.SA.KuE and [68Ga]Ga-DATA5.SA.KuE 

respectively). Both tumor and kidney uptake of [68Ga]Ga-DATA5.SA.KuE were found to be PSMA-

specific, since they could be blocked by co-injection of PMPA as seen in Figure 10. 

 

Figure 9: Ex vivo biodistribution data of [44Sc]Sc-AAZTA5.SA.KuE, [177Lu]Lu-AAZTA5.SA.KuE, [68Ga]Ga-DATA5m.SA.KuE and 

[68Ga]Ga-PSMA-11 in LNCaP tumor-bearing Balb/c nude mice 1 h p.i. %ID/g: % injected dose per gram. Values are mean ± SD. 

 

 

Figure 10: Ex vivo biodistribution of [68Ga]Ga-DATA5m.SA.KuE compared to organ accumulation after co-injection with an 

access PMPA. 
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To further understand the pharmacokinetics of the developed PSMA ligands, we performed 

µPET-scans with the same xenograft model (Figure 11). Tumor accumulation of all three compounds 

was very similar. The kidney uptake of [68Ga]Ga-DATA5.SA.KuE was remarkably lower than the 

reference compound [68Ga]Ga-PSMA-11. This finding correlates with the results obtained from the 

time–activity curves of both compounds (Figure 12). Herein, the radioactivity concentration of 

[68Ga]Ga-DATA5m.SA.KuE decreased continuously 10 min p.i. while the concentration in the tumor 

remained constant. However, the radioactivity concentration of [68Ga]Ga-PSMA-11 remained at a 

higher level during the period of the scan. As demonstrated in the µPET scans, uptake in the tumor as 

well as in the kidney was PSMA-specific. After co-injection of PMPA, almost no radioactivity could be 

detected (Figure 11). 

 

(a) (b) (c) (d) 

Figure 11: Maximum intensity projections of µPET scans 1 h p.i. of (a) [68Ga]Ga-PSMA-11, (b) [68Ga]Ga-DATA5m.SA.KuE, (c) 

[44Sc]Sc-AAZTA5.SA.KuE and (d) co-injection of [44Sc]Sc-AZTA5.SA.KuE and PMPA (tumor circled). 

 

 

 

                       (a)         (b) 

Figure 12: Time–activity curves of the uptake of [68Ga]Ga-DATA5m.SA.KuE and [68Ga]Ga-PSMA-11 in the kidneys (a) and the 

tumor (b) over the total period of the µPET scan. 
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3. Discussion 

The discovery of PSMA as molecular target in the diagnosis and therapy of prostate cancer, as well as 

the application of radiolabeled PSMA inhibitors, have revolutionized the management of this disease 

resulting in a significant improvement especially in staging and assessment of prostate cancer.38 

Although several PSMA ligands have been developed over the last decades, the search for novel tracers 

with optimized pharmacokinetic properties particularly for therapeutic purposes is still present, since 

some of the clinically used PSMA radioligand therapeutics e.g., [225Ac]Ac-PSMA-617 display some 

severe side effects, like xerostomia.12,13,39 

To determine the effect of the chelator on the PSMA binding affinity and the internalization ratio of 

PSMA ligands, we synthesized two PSMA inhibitors with different hybrid chelators. In the cell-based 

assays, both DATA5m.SA.KuE and AAZTA5.SA.KuE showed similar binding affinity and internalization 

ratios, indicating that an exchange of DATA5m against AAZTA5 had no impact on either the binding 

affinity or on the internalization ratio in PSMA-positive LNCaP cells. These findings correlate with the 

results published by Sinnes et al., who investigated the influence of the exchange of DOTA chelator in 

DOTA-PSMA-617 against AAZTA5. Both DOTA-PSMA-617 and AAZTA5.-PSMA-617 displayed similar in 

vitro binding affinities and internalization ratios in LNCaP cells.40 However, the reported binding 

affinities and internalization ratios of AATA5-PSMA-617 and DOTA-PSMA-617 were higher than those 

of the SA.KuE conjugates. In particular, [44Sc]Sc-PSMA-617 seems to display high PSMA-binding affinity 

as published by several groups.41,42 Since PSMA-617 was not commercially available at the time this 

study was performed, PSMA-11 was used as reference. 

However, PSMA-11 displayed also higher binding affinity in vitro which could be due to the better 

interaction with the PSMA binding pocket. In contrast, the internalization ratio of PSMA-11 was similar 

to these of the SA.KuE-conjugates. Interestingly, the investigated internalization fraction of [68Ga]Ga-

PSMA-11 was noticeably lower compared to the ratio described in literature 42,43 which could be due 

to differences in study design and setup. The PSMA-specificity of binding and uptake in LNCaP cells and 

LNCaP tumors could be demonstrated for all herein investigated PSMA-inhibitors by blocking PSMA 

receptors with the potent inhibitor PMPA. 

In order to evaluate the pharmacokinetic behavior of our compounds and to compare them with 

PSMA-11, we performed animal studies using an LNCaP xenograft model. 

AAZTA5.SA.KuE was labeled with the positron emitter scandium-44 and β--emitterlutetium-177. Both 

radiotracers displayed similar biodistribution data, indicating that both isotopes do not impact the 

pharmacokinetic properties of the PSMA radioligand. This result makes this pair ideal for theranostic 

use. In addition, [68Ga]Ga-DATA5m.SA.KuE equally showed a promising biodistribution profile and a 
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good imaging contrast. Surprisingly, although PSMA-11 showed a two-fold higher binding affinity in 

vitro, tumor accumulation was similar to the SA.KuE-conjugates. Furthermore, the kidney uptake of 

[68Ga]Ga-PSMA-11 was significantly higher than the SA.KuE-conjugated compounds. [68Ga]Ga-

DATA5m.SA.KuE, [44Sc]Sc-AAZTA5.SA.KuE and [177Lu]Lu-AAZTA5.SA.KuE. Thus, these compounds seem to 

display a rapid renal clearance along with a good tumor accumulation. However, the tumor uptake of 

the SA.KuE conjugates was lower than that of the gallium-68 and lutetium-177 labeled PSMA-617 

radioligands.10,11 Ghiani et al. recently described a novel scandium-44 labeled PSMA radioligand with 

even higher tumor accumulation than the PSMA-617 counterpart.41 Nevertheless, a direct comparison 

between the presented results and those reported by other groups is not possible because of the 

differences in xenograft models and experimental setups. 

 

4. Materials and Methods 

4.1. General 

All chemicals were purchased from Sigma-Aldrich, Merck, Fluka, AlfaAesar, VWR, AcrosOrganics, TCI, 

Iris Biotech and Fisher Scientific and used without purification. Dry solvents were obtained from Merck 

and VWR, deuterated solvents for NMR spectra from Deutero. Thin layer chromatography was 

performed with silica gel 60 F254 coated aluminum plates from Merck. Evaluation was carried out by 

fluorescence extinction at λ = 254 nm and staining with potassium permanganate. The radio TLCs were 

evaluated using a CR-35 Bio test imager (Elysia-Raytest, Belgium)) from Raytest and the AIDA software 

(Elysia-Raytest, Belgium). The 1H and 13C NMR measurements were performed on an Avance III HD 300 

spectrometer (Bruker Corporation, Billerica, MA, USA) (300 MHz, 5mm BBFO sample head with 

z-gradient and ATM and BACS 60 sample changer), an Avance II 400 (Bruker Corporation, Billerica, MA, 

USA) (400 MHz, 5 mm BBFO sample head with z-Gradient and ATM and SampleXPress 60 sample 

changer), and an Avance III 600 spectrometer (Bruker Corporation, Billerica, MA,USA) (600 MHz, 5mm 

TCI CryoProbe sample head with z-Gradient and ATM and SampleXPress Lite 16 sample changer). The 

LC/MS measurements were performed on an Agilent Technologies 1220 Infinity LC system coupled to 

an Agilent Technologies 6130B Single Quadrupole LC/MS system. Semi-preparative HPLC purification 

was performed on a 7000 series Hitachi LaChrom (Hitachi, Chiyoda, Japan). 

 

4.2. Organic Synthesis 

DATA5m was synthesized according to the procedure described by Farkas et al.16 and Greifenstein et 

al.17 
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N,N’-Dibenzyl-N,N’-di-(tert-butylacetate)-ethylendiamine (1) 

N,N’-dibenzylethylendiamine (2.90 mL, 3.00 g, 12.50 mmol) and sodium carbonate (5.10 g, 48.70 

mmol) were dissolved in acetonitrile (50 mL) and stirred for 30 min at room temperature. Tert-butyl 

bromoacetate (3.60 mL, 4.60 g, 23.70 mmol) in acetonitrile (10 mL) was added dropwise at room 

temperature. The reaction mixture was stirred overnight at 90 °C and filtered. The solvent was 

evaporated under reduced pressure. The product was purified by column chromatography 

(hexane/ethyl acetate; 6:1, Rf = 0.37) and obtained as a colorless solid (5.73 g, 12.2 mmol, 96%). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.34–7.21 (m, 10H), 3.78 (s, 4H), 3.26 (s, 4H), 2.82 (s, 4H), 1.44 (s, 

18H). 

13C-NMR (400 MHz, CDCl3): δ [ppm] = 171.03, 139.18, 129.05, 128.30, 127.10, 80.86, 58.39, 55.27, 

51.73, 28.24. 

MS (ESI+): 469.4 [M + H]+, calculated for C28H40N2O4: 468.30 [M]+. 

 

N,N’-di-(tert-butylacetate)-ethylendiamine (2) 

Product 1 (2.3 g; 5.60 mmol) was dissolved in abs ethanol (15 mL) and formic acid (0.43 mL, 0.52 g, 

11.0 mmol). To this solution palladium on activated carbon (416 mg, 16% wt) was added and the 

solution was saturated, kept and stirred overnight with hydrogen. Pd/C was filtered over celite and the 

solvent was evaporated under reduced pressure. The product (1.58 mg, 5.5 mmol, 98%) was used 

without further purification. 

MS (ESI+): 289.3 [M + H]+, calculated for C14H28N2O4: 288.36 [M]+. 

 

1,4-Di(tert-butylacetate)-6-methyl-6-nitroperhydro-1,4-diazepane (3) 

2-Nitrocyclohexanone (1.70 g, 12 mmol) and Amberlyst® A21 (2 mass equivalents) were dissolved in 

methanol (30 ml) and stirred at 90 °C for 1 h. Paraformaldehyde (1.30 g, 42.3 mmol) and Product (2) 

(3.50 g, 12 mmol) were added. The solution was heated overnight under reflux. The solvent was 

evaporated under reduced pressure. The product was purified by column chromatography 

(hexane/ethyl acetate; 2:1, Rf = 0.33) and obtained as a yellowish oil (4.52 g, 9.28 mmol, 77%). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.65 (s, 3H), 3.60 (d, J = 14,6 Hz, 2H), 3.45 (d, J = 17,3 Hz, 2H), 3.30 

(d, J = 17,3 Hz, 2H), 3.12 (d, J = 14,6 Hz, 2H), 2.84 (m, 4 H), 2.27 (t, 2H), 1.83 (m, 2H), 1.57 (m, 2H), 1.46 

(s, 18H), 1.18 (m, 2H). 
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13C-NMR (400 MHz, CDCl3): δ [ppm] = 173.73, 170.92, 95.12, 81.31, 61.57, 61.18, 56.87, 51.68, 37.27, 

33.71, 28.35, 24.82, 22.99. 

MS (ESI+): 488.3 [M + H]+, calculated for C23H41N3O8: 487.29 [M]+. 

 

1,4-Di(tert-butylacetate)-6-methylpentanoate-6-amino-perhydro-1,4-diazepane (4) 

Compound 3 (4.50 g, 9.30 mmol) was dissolved in abs. ethanol (40 mL). Raney® nickel was added and 

the solution was saturated, kept and stirred for four days with hydrogen at 40 °C. The nickel was 

filtered over celite and the solvent was evaporated under reduced pressure. Compound 4 (3.92 g, 8.60 

mmol, 72%), was obtained as a greenish oil and used without further purification. 

MS (ESI+): 458.3 [M + H]+, calculated for C23H43N3O6: 457.32 [M]+. 

 

1,4-Di(tert-butylacetate)-6-methylpentonate-6-amino-tert-butylacetate-perhydro-1,4-diazepane (5) 

Compound 4 (1.30 g, 2.84 mmol) and N,N-diisopropylethylamine (483 µL, 367 mg, 2.84 mmol) were 

dissolved in dry acetonitrile (20 mL) and stirred for 20 min at room temperature. Tert-butyl 

bromoacetate (538 µL, 720 mg, 3.69 mmol) was added dropwise and stirred overnight at room 

temperature. The solvent was evaporated under reduced pressure. The product was purified by 

column chromatography (cyclohexane/ethyl acetate; 3:1 + 3% trimethylamine, Rf = 0.34) and obtained 

as a yellowish oil (1.01 g, 1.77 mmol, 62%). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.65 (s, 3H), 3.29 (s, 4H), 3.21 (s, 2H), 2.83–2.60 (m, 8H), 2.30 (dd, 

J = 8.9, 6.3 Hz, 2H), 1.90 (s br, 1H), 1.62–1.54 (m, 2H), 1.46 (s, 9H), 1.44 (s, 18H), 1.32–1.23 (m, 4H). 

MS (ESI+): 572.4 [M + H]+, calculated for C29H53N3O8: 571.38 [M]+. 

 

1,4-Di(tert-butylacetate)-6-methylpentonate-6-(amino(methyl)-tert-butylacetate)-perhydro-1,4 

diazepane (6) 

Compound 5 (1.00 g, 1.75 mmol), formalin solution (482 µL, 526 mg, 6.47 mmol), and acetic acid 

(300 µL, 315 mg, 5.25 mmol) were dissolved in dry acetonitrile (20 mL) and stirred at room 

temperature for 30 min. Sodium borhydride (200 mg, 5.29 mmol) was added portion-wise over 30 min. 

The reaction solution was stirred for 2 hours at room temperature. Water (25 mL) was added and 

extracted with chloroform (4 × 50 mL). The organic phase was separated and dried over sodium sulfate 

and evaporated under reduced pressure. The product was purified by column chromatography 
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(cyclohexane/ethyl acetate; 5:1 + 2% trimethylamine, Rf = 0.28) and obtained as colorless oil (0.76 g, 

1.39 mmol, 74%). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.65 (s, 3H), 3.42 (s, 2H), 3.32–3.18 (m, 4H), 2.93 (d, J = 14.0 Hz, 

2H), 2.83–2.73 (m, 2H), 2.70–2.58 (m, 4H), 2.35−2.24 (m, 5H), 1.63–1.48 (m, 4H), 1.45 (s, 9H), 1.44 (s, 

18H), 1.41–1.22 (m, 2H). 

MS (ESI+): 586.4 [M + H]+, calculated for C30H55N3O8: 585.40 [M]+. 

 

1,4-Di(tert-butylacetate)-6-pentanoicacid-6-(amino(methyl)-tert-butylacetate)-perhydro-1,4-

diazepane (7) 

Compound 6 (0.75 g, 1.28 mmol) was dissolved in a 1,4-dioxane/water (2:1) mixture. Then, 1 M lithium 

hydroxide solution (1.92 mL, 1.92 mmol) was added and stirred for 7 days. After 2, 4, and 6 days 1 M 

lithium hydroxide solution (0.32 mL, 0.32 mmol) was added. 1,4-dioxane was evaporated under 

reduced pressure. The remaining water phase was extracted with chloroform (5 × 50 mL). The organic 

phase was washed with 1 M sodium hydrogen carbonate solution (25 mL) and brine (2 × 25 mL) and 

dried over sodium sulfate and evaporated under reduced pressure. The product (615 mg, 1.07 mmol, 

84%) was obtained as a yellowish oil. 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.44 (s, 2H), 3.25 (d, J = 2.2 Hz, 4H), 2.93 (d, J = 14.0 Hz, 2H), 2.82–

2.73 (m, 2H), 2.71–2.61 (m, 4H), 2.34 (t, J = 7.7 Hz, 2H), 2.27 (s, 3H), 1.65–1.51 (m, 4H), 1.45 (s, 18H), 

1.44 (s, 9H), 1.43–1.21 (m, 2H). 

13C-NMR (400 MHz, CDCl3): δ [ppm] = 178.46, 172.53, 170.98, 81.02, 80.44, 77.36, 62.86, 62.59, 62.48, 

59.02, 54.21, 37.49, 36.92, 34.17, 28.37, 28.27, 25.71, 21.97. 

MS (ESI+): 572.4 [M + H]+, calculated for C29H53N3O8: 571.38 [M]+. 

 

1,4-Di(tert-butylacetate)-6-((5-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-1yl)amino-ethyl)amino)-5-

oxopentyl)-6-(amino(methyl)-tert-butylacetate)-perhydro-1,4-diazepane (8) 

Compound 7 (100 mg, 0.175 mmol), HATU (66.5 mg, 0.175 mmol), and DIPEA (90 µl, 69 mg, 

0.525 mmol) were dissolved in dry acetonitrile (2 mL) and stirred for 15 min at room temperature. 

Tert-butyl(2-aminoethyl) carbamate (45 µL, 46 mg, 0.280 mmol) was added to the solution and stirred 

over night at room temperature. The solvent was evaporated under reduced pressure. The product 

was purified by column chromatography (dichloromethane/methanol; 20:1, Rf = 0.22) and obtained as 

a colorless oil (118.4 mg, 0.166 mmol, 94%). 
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1H-NMR (400 MHz, CDCl3): δ [ppm] = 6.34 (br, 1H), 5.26 (br, 1H), 3.60 (s, 4H), 3.38-3.34 (m, 2H), 3.26-

3.24 (m, 2H), 3.21 (s, 4H), 2.96 (d, J = 14,1 Hz, 2H), 2.75-2.63 (m, 2H), 2.66-2.63 (m, 2H), 2.59 (d, J = 

14,1 Hz, 2H), 2.19 (t, 2H), 1.62-1.53 (m, 4H), 1.43 (s, 18H), 1.42 (s, 27H), 1.28-1.20 (m, 2H). 

13C-NMR (400 MHz, CDCl3): δ [ppm] = 174.38, 173.31, 172.80, 165.88, 82.85, 82.77, 63.44, 62.48, 62.05, 

55.48, 54.47, 47.11, 40.81, 39.87, 35.55, 29.82, 28.53, 28.32, 28.14, 27.91, 26,17, 23.41. 

MS (ESI+): 714.5 [M + H]+, calculated for C36H67N5O9: 713.49 [M]+. 

 

1,4-Di(acetate)-6-((5-(2-(aminoethyl)amino)-5-oxopentyl)-6-(amino(methyl)-acetate)-perhydro-1,4-

diazepane (9) 

Compound 8 (20 mg, 0.028 mmol) was dissolved in a solution of dichloromethane and triflouroacetic 

acid (2 mL, 1:1) and stirred over night at room temperature. The solvent was evaporated under 

reduced pressure and used without further purification. 

MS (ESI+): 446.2 [M + H]+, calculated for C19H35N5O7: 445.25 [M]+. 

 

2-[3-(5-benzyloxycarbonylamino-1-tert-butoxycarbonyl-pentyl)-ureido]-pentanedioic acid di-tert-

butyl ester (10) 

Triphosgene (420 mg, 1.40 mmol) was dissolved in dichloromethane (5 mL) and cooled to 0 °C. A 

solution of N(ε)-benzoyloxycarbonyl-L-lysine (1.42 g, 3.80 mmol) and triethylamine (1.05 mL, 765 mg, 

7.60 mmol) in dichloromethane (25 mL) was added dropwise over a period of 3 hours at 0 °C. The 

reaction mixture was stirred for 40 minutes and L-glutamic acid di-tert-butyl ester hydrochloride (1.13 

g, 3.80 mmol) and triethylamine (1.05 mL, 765 mg, 7.60 mmol) in dichloromethane (20 mL) was added. 

The solution was stirred over night at room temperature. The solution was evaporated under reduced 

pressure. Ethyl acetate (25 mL) was added. The organic layer was washed with saturated NaHCO3-

solution (2 × 10 mL) and brine (2 × 10 ml), dried over sodium sulfate and evaporated under reduced 

pressure. The residue was purified by column chromatography (hexane/ethyl acetate; 20:1, Rf = 0.26) 

and the product was obtained as a colorless oil (357.6 mg, 0.58 mmol, 41%). 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.38–7.22 (m, 5H), 5.16 (d, J = 13.5 Hz, 1H), 5.09 (d, J = 3.2 Hz, 

2H), 4.32 (dt, J = 7.5, 5.2 Hz, 2H), 3.16 (s, 2H), 2.40–2.15 (m, 2H), 1.93–1.68 (m, 2H), 1.43 (m, 29H). 

13C-NMR (300 MHz, CDCl3): δ [ppm] = 172.54, 172.25, 172.15, 157.09, 156.61, 136.67, 128.47, 128.04, 

128.01, 82.29, 81.84, 80.65, 77.24, 66.56, 53.38, 53.03, 40.63, 32.53, 31.52, 29.36, 28.28, 28.07, 28.00, 

22.26. 
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MS (ESI+): 622.4 [M + H]+, 644.4 [M + Na]+, calculated for C32H51N3O9: 621.36 [M]+. 

 

2-[3-(amino-1-tert-butoxycarbonyl-pentyl)-ureido]-pentanedioic acid di-tert-butyl ester (11) 

Compound 10 (337.6 mg, 0.55 mmol) was dissolved in methanol (3 mL). To this, solution palladium on 

activated carbon (22 mg) was added and the solution was saturated, kept and stirred overnight with 

hydrogen. Pd/C was filtered over celite and the solvent was evaporated under reduced pressure. The 

product (260 mg, 0.53 mmol, 96%) was used without further purification. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 5.48 (dd, J = 10.3, 8.1 Hz, 2H), 4.31 (dd, J = 5.7, 2.4 Hz, 2H), 2.77 

(t, J = 6.6 Hz, 2H), 2.36–2.25 (m, 2H), 2.05 (ddd, J = 7.1, 5.9, 2.1 Hz, 1H), 1.92–1.68 (m, 2H), 1.44 (d, J = 

7.1 Hz, 33H). 

13C-NMR (300 MHz, CDCl3): δ [ppm] = 172.61, 172.47, 157.05, 82.07, 81.67, 80.55, 53.39, 52.99, 41.12, 

32.40, 31.66, 31.43, 28.28, 28.08, 28.02, 22.20. 

MS (ESI+): 488.3 [M + H]+, calculated for C24H45N3O7: 487.33 [M]+. 

 

2-[3-(2-(2-ethoxy-3,4-dioxo-cyclobut-1-en-1yl)amino-1-tert-butoxycarbonyl-pentyl)-ureido]-

pentanedioic acid di-tert-butyl ester (12) 

Compound 11 (260 mg, 0.53 mmol) was dissolved in 0.5 M phosphate buffer (pH 7, 2 mL), 

3,4-dibutoxycyclobut-3-en-1,2-dione (82 µL, 95 mg, 0.53 mmol) was added and the pH was adjusted 

to 7. Ethyl acetate (1 mL) was added and stirred overnight. The solvent was then removed via 

lyophilization and ethyl acetate (2 mL) was added. The solution was then filtered and the solvent was 

removed under reduced pressure. The product (248 mg, 0.41 mmol, 77%) was obtained as a colorless 

oil and used without further purification. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 4.78–4.73 (m, 2H), 4.13 (q, J = 7,1 Hz, 2H), 3.45 (d, J = 5,7 Hz, 2H), 

2.36–2.32 (m, 2H), 2.06 (s, 4H), 1.74–1.55 (m, 2H), 1.52–1.43 (m, 27H), 1.27 (t, J = 7,1 Hz, 2H). 

13C-NMR (300 MHz, CDCl3): δ [ppm] = 189.09, 172.22, 157.27, 124.41, 125.10, 77.35, 77.03, 76.71, 

70.07, 53.20, 44.39, 31.59, 28.00, 21.93, 21.07, 14.20. 

MS (ESI+): 612,4 [M + H]+, calculated for C30H49N3O10: 611,34 [M]. 
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2-[3-(2-(2-ethoxy-3,4-dioxo-cyclobut-1-en-1yl)amino-1-carboxy-pentyl)-ureido]-pentanedioic acid 

(13) 

Compound 12 (50 mg, 0.082 mmol) was stirred with a mixture of dichloromethane and trifluoracetic 

acid (2 mL, 1:1) at room temperature for 2 hours. The solvent was evaporated under reduced pressure. 

The product was obtained as a colorless oil (30.2 mg, 0.068 mmol, 83%) and used without further 

purification. 

1H-NMR (300 MHz, D2O): δ [ppm] = 4.75–4.65 (m, 2H), 4.30 – 4.12 (m, 2H), 3.59 (dt, J = 23,5 Hz, 6,6 Hz, 

1H), 3.48 (t, J = 6,6 Hz, 1H) 2.49 (t, J = 7,3 Hz, 2H), 2.16 (dtd, J = 15,3 Hz, 7,4 Hz, 5,2 Hz, 1H), 2.04–1.90 

(m, 1H) 1.86–1.75 (m, 2H), 1.73 – 1.46 (m, 3H), 1.41 (dt, J = 7,1 Hz, 3,6 Hz, 5H). 

13C-NMR (300 MHz, D2O): δ [ppm] = 188.86, 182.94, 177.13, 176.95, 176.05, 173.15, 159.08, 70.41, 

52.91, 52.48, 30.26, 29.91, 28.86, 26.15, 21.59, 14.95. 

MS (ESI+): 444,2 [M + H]+, calculated for C18H25N3O10: 443,15 [M]+. 

 

DATA5m.SA.KuE (14) 

Compound 9 (30 mg, 0.067 mmol) and compound 13 (42 mg, 0.095 mmol) were dissolved in 0.5 M 

phosphate buffer (pH 9, 1 mL). The pH was adjusted to 9 and stirred for two days at room temperature. 

The crude product was purified by HPLC (column: LiChrospher 100 RP18 EC (250 x 10 mm) 5 μ, flow 

rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 9 to 15% MeCN in 20 min, Rt = 10.1 min) to obtain 

DATA5m.SA.KuE as a white powder (5.26 mg, 0.0062 mmol, 10%). 

MS (ESI+): 843.3 [M + H]+, 422.2 [M + 2H]2+, 441.2 [M + K + H]2+, calculated for C35H54N8O16: 842.37 [M]+. 

 

4.3. Radiolabelling 

For radiochemical evaluation, gallium-68 was eluted from a 68Ge/68Ga-generator (ITG Graching, 

Munich, Germany) and purified manually with ethanol-based post-processing to separate iron, zinc, 

and germanium impurities.44 

Radiolabelling was performed in 0.4 mL 1 M ammonium acetate buffer at pH 5.5. Reactions were 

carried out with different amounts of precursor (5, 10, 15, 60 nmol) and at different temperatures (RT, 

50 °C, and 70 °C) with 30–50 MBq gallium-68. The pH was controlled at the start and after the labeling. 

For reaction control, radio-TLC (TLC Silica gel 60 F254 Merck) and citrate buffer pH 4 as mobile phase 

and radio-HPLC using an analytical HPLC 7000 series Hitachi LaChrom (Column: Merck Chromolith® 

javascript:
javascript:


91 
 

RP-18e, linear gradient of 5–95% MeCN (+0.1% TFA)/95–5% Water (+0.1% TFA) in 10 min). TLCs were 

measured in a TLC imager CR-35 Bio Test-Imager (Elysia-Raytest, Belgium) with the analysis software 

AIDA (Elysia-Raytest, Belgium). 

Radiolabeling of AAZTA5.SA.KuE with scandium-44 and lutetium-177 was performed according to the 

literature 17. 

 

4.4. In vitro stability studies 

Complex stability studies were performed in human serum (HS, human male AB plasma, USA origin, 

Sigma Aldrich) and phosphate buffered saline (Sigma Aldrich). First, 8–10 MBq of the labeled 

compound were added to 0.5 mL of the media. Afterwards, 30, 60, and 120 min aliquots were taken 

to evaluate the radiochemical stability. The percentage of complexed gallium-68, which corresponds 

to the percentage of in vitro radiochemical stability, was determined via radio-TLC. The studies were 

carried out in triplicate. 

 

4.5. In vitro binding affinity 

PSMA binding affinity was determined according to the literature.45.39 LNCaP-cells (purchased from 

Sigma-Aldrich) were cultured in RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% fetal 

bovine serum (Thermo Fisher Scientific), 100 μg/ml streptomycin, and 100 units/ml penicillin at 37 °C 

in 5% CO2 in a humidified atmosphere. The medium was changed approximately every 3 days. Cells in 

exponential phase of growth were harvested by a 5 min treatment with a 0.05% trypsin–0.02% EDTA 

solution and neutralized with serum-containing medium prior to counting. 

105 LNCaP cells per well were applied in MultiScreenHTS DV Filter Plates (Merck Millipore) and incubated 

with 0.75 nM [68Ga]Ga-PSMA-10 in the presence of 12 increasing concentrations of the non-labeled 

SA-conjugated compounds. After incubation at room temperature for 45 min, cells bound on the filter 

plates were washed several times with ice-cold PBS to remove free radioactivity. The cell-bound 

activity was determined by punching out the filters and transferring them into individual tubes for 

measurement in a γ-counter (2480 WIZARD2 Automatic Gamma Counter, PerkinElmer). Data were 

analyzed in GraphPad Prism 9 using nonlinear regression. Experiments were replicated 4-times. 
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4.6. Internalization Ratio 

Internalization ratio was determined according to the literature.45,46 Prior to seeding cells, 24-well 

plates were coated with 0.1% poly-L-lysine (Sigma-Aldrich) in PBS for 20 min at room temperature. 

Subsequently, 105 LNCaP cells in 1 mL RPMI 1640 Medium were added in each well and incubated for 

24 h at 37 °C. Then, 250 µL of the 68Ga-labeled compounds in Opti-MEM™ I Reduced Serum 

(ThermoFisher) were added to each well to a final concentration of 30 nM. The plates were then 

incubated for 45 min at 4 °C and 37 °C respectively either with or without adding PMPA (Sigma-Aldrich) 

to a final concentration of 500 µM. The supernatant was removed and the cells were washed several 

times with ice-cold PBS. Afterwards, cells were incubated twice with 50 mM glycine buffer pH 2.8 for 

5 min to remove the surface-bound radioactivity. In order to determine the internalized fraction of the 

compounds, cells were lysed by incubation with 0.3 M NaOH for 10 min. 

 

4.7. Animal studies 

Six- to eight-week-old male BALB/cAnNRj (Janvier Labs) were inoculated subcutaneously with 5 × 106 

LNCaP cells in 200 µL 1:1 (v/v) Matrigel/PBS (Corning®). In vivo and ex vivo experiments are conducted 

after tumors reached a volume of approximately 100 mm3. 

LNCaP-xenografts were anesthetized with 2% isoflurane prior to i.v. injection of 0.5 nmol of the 

radiolabeled compounds. The specific activities of the tracers were approximately 10 MBq/nmol, 6 

MBq/nmol, and 15 MBq/nmol of gallium-68-labeled compounds, [44Sc]Sc-AAZTA5.SA.KuE and 

[177Lu]Lu-AAZTA5.SA.KuE, respectively. For blocking experiments, mice were co-injected with 1.5 µmol 

PMPA/mouse. 

 

Biodistribution studies. The number of animals used in this study was: [68Ga]Ga-DATA5m.SA.KuE n = 5; 

[44Sc]Sc-AAZTA5.SA.KuE n = 2; [177Lu]Lu-AAZTA5.SA.KuE n = 2; [68Ga]Ga-PSMA-11 n = 2; [44Sc]Sc-

AAZTA5.SA.KuE + PMPA n = 1. Animals were sacrificed 1 h p.i. Organs of interest were collected and 

weighed. The radioactivity was measured and calculated as a decay-corrected percentage of the 

injected dose per gram of tissue mass %ID/g. 

 

MicroPET-imaging. After i.v. injection of the labeled compounds, anesthetized mice (one mouse for 

each group) were placed in the prone position in a nanoScan® PET/MR (Mediso). MRI measurements 

were performed followed by a static PET scan with the nanoScan PET/MRI (Mediso, Budapest, 
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Hungary). PET data were reconstructed with Teratomo 3D (four iterations, six subsets, voxel size 0.4 

mm), co-registered to the MR, and analyzed with Pmod software (version 3.6) (PMOD Technologies 

LLC, Zürich, Switzerland) Material Map for co-registration of the PET scan; 3D Gradient Echo External 

Averaging (GRE-EXT), Multi Field of View (FOV); slice thickness, 0.6 mm; TE, 2 ms; TR, 15 ms; flip angle, 

25 deg. 

 

5. Conclusion 

In summary, the synthesized hybrid chelator-based PSMAradiopharmaceuticals DATA5m.SA.KuE and 

AAZTA5.SA.KuE could be labeled at mild conditions with high radiochemical yields. The stability of the 

labeled compounds in PBS and human serum was demonstrated. Both SA.KuE conjugates displayed 

good PSMA binding affinities in LNCaP cells along with good internalization ratios. Additionally, 

[68Ga]Ga-DATA5m.SA.KuE, [44Sc]Sc-AAZTA5.SA.KuE, and [177Lu]Lu-AAZTA5.SA.KuE showed similar in vivo 

behavior, suggesting that the exchange of either the chelator or the nuclide does not impact the 

pharmacokinetic of the investigated compounds. This finding renders [44Sc]Sc-AAZTA5.SA.KuE and 

[177Lu]Lu-AAZTA5.SA.KuE an interesting pair for theranostic application. Tumor accumulation of the 

tested PSMA radioligands was similar to that of [68Ga]Ga-PSMA-11, although lower than the value 

reported in literature for PSMA-617. The decreased kidney uptake of the SA.KuE conjugates is 

noteworthy, which could be a major benefit in reducing irradiation of the kidneys, resulting in lower 

nephrotoxicity and improved tolerability. 
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Summary 

[177Lu]Lu-PSMA-617 is one of the most used therapeutic PSMA radiopharmaceutical. For diagnosis and 

therapy control it is very often combined with [68Ga]Ga-PSMA-11.1 Both compounds contain a KuE unit 

as target vector, but vary in linker and chelator and thus also vary in pharmacological properties.2 In 

this project, the DOTA chelator of PSMA-617 was replaced by the hybrid chelator DATA5m to enable 

the radiolabelling under mild conditions and make PSMA-617 accessible for kit labelling approaches. 

Additionally, the combination of [68Ga]Ga-DATA5m-PSMA-617 and [177Lu]Lu-(DOTA)-PSMA-617 enables 

the use in clinical routine of a theranostic compound pair for diagnosis and therapy of prostate cancer 

with the same pharmacophore unit and exactly the same pharmacokinetic properties. 

After a resin-based synthesis of the novel compound, the eligibility to radiolabel DATA5m-PSMA-617 

fast and under mild conditions with gallium-68 and complex stabilities in PBS, NaCl and human serum 

were demonstrated. Thus, a kit-type application is possible.  

The lipophilicity of [68Ga]Ga-DATA5m-PSMA-617 was higher than the lipophilicities of PSMA-617 and 

PSMA-11 (-1.69 ± 0.12 vs. -2.003 vs. -2.91 ± 0.064). Since only the chelator is different in DATA5m-PSMA-

617 and (DOTA)-PSMA-617, the chelator seems to have a high impact on the lipophilicity. The 

lipophilicity itself has an influence on pharmacokinetic properties.  

The in vitro binding affinity of [68Ga]Ga-DATA5m-PSMA-617 also vary significant from 

[68Ga]Ga-(DOTA)-PSMA-617. With 92.1 ± 11.7 nM the IC50 value of the novel compound showed a 

6-fold lower affinity in contrast to [68Ga]Ga-(DOTA)-PSMA-617 (15.9 ± 5.1 nM5). The different chelator 

and the different lipophilicity can also cause this variation, since a different lipophilicity can lead to 

different binding conditions inside the binding pocket of PSMA.  

In a comparison to a previous study6, in which radiolabelling an affinity were evaluated, the results of 

the previous study could not be verified. 
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Abstract 

Background: With high new case and death rates every year, prostate cancer (PCa) plays an important 

role within the field of cancer. PSMA (prostate-specific membrane antigen), a membrane-bound 

glycoprotein which is highly overexpressed in PCa, is an important target for radiopharmaceuticals for 

diagnosis and therapy of prostate cancer. A prominent representative of the therapeutically applied 

radiopharmaceuticals is [177Lu]Lu-PSMA-617. It is often combined with the PET radiopharmaceutical 

[68Ga]Ga-PSMA-11, which can be used for diagnosis and therapy progress control. In this work, we 

present a diagnostic PSMA radioligand. This radioligand contains a DATA5m chelator, which can be 

labelled in a kit type labelling approach with gallium-68 and would therefore allow the simple supply 

of [68Ga]Ga-PSMA-PET tracer. To maintain the same pharmacokinetic properties, the same linking and 

targeting unit is used as it is present in [177Lu]Lu-PSMA-617.  

Methods: DATA5m-PSMA-617 was synthesized and radiolabelled with gallium-68. Different buffer 

systems, temperatures and amounts of precursor were evaluated. In vitro complex stability was 

determined in human serum (HS), phosphate buffered saline (PBS) and NaCl. The lipophilicity was 

determined by evaluating the distribution of the compound in a mixture of n-octanol and PBS. The IC50 

value was evaluated in a competitive radioligand binding assay with PSMA-positive LNCaP cells and 

[68Ga]Ga-PSMA-10 as reference.  

Results: Best radiolabelling results were achieved in a 1 M ammonium acetate pH 5.5 buffer system 

and 50 nmol precursor at room temperature. The final product [68Ga]Ga-DATA5m-PSMA-617 showed a 

purity of over 99% without a purification step. The compound was stable in HS, PBS and NaCl for at 

least 90 min. With a logD7.4 value of -1.69 ± 0.12 [68Ga]Ga-DATA5m-PSMA-617 showed a higher 

lipophilicity in contrast to [177Lu]Lu-PSMA-617 and [68Ga]Ga-PSMA-11. The affinity of 

DATA5m-PSMA-617 towards PSMA was determined with a value of 92.1 ± 11.7 nM. Thus, the affinity 

aws 3.5-fold and 6-fold lower than the affinities of PSMA-11 and PSMA-617, respectively.  

Conclusion: The kit-labelling ability of DATA5m-PSMA-617 with gallium-68 was proven. Due to the 

differences of lipophilicity and in vitro PSMA binding affinity, the structure of DATA5m-PSMA-617 

should be optimised so that it has more similar properties to [177Lu]Lu-PSMA-617. 

Keywords: PSMA, DATA, PSMA-617, gallium-68, theranostics. 
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Introduction 

With the increase in life expectancy in recent decades, the number of age-related diseases, such as 

cancer, is also increasing.1 Among cancer, prostate cancer (PCa) plays an important role due to its high 

number of new cases and deaths.2,3 The discovery of the membrane-bound glycoprotein PSMA 

(prostate-specific membrane antigen) and research on its association with prostate cancer opened up 

a completely new method for diagnosing and treating this type of cancer. 

PSMA is a membrane-bound and zinc-dependent glutamate carboxypeptidase II (GCPII) whose 

physiological function in the prostate is largely unknown.4 It is almost absent in the healthy prostate, 

whereas it is strongly overexpressed in PCa.5 In addition to the localisation of the tumour, PSMA can 

also be used to classify the progress of the disease and monitor therapy as its expression correlates 

with the progression of the disease.6 

For successful diagnosis and therapy using radioactivity, the radionuclide must dock with high 

specificity and selectivity at the PSMA-target. The use of PSMA ligands, which fits perfect in the PSMA 

binding pocket enables this. In recent years, small molecule PSMA inhibitors consisting of a glutamate-

urea scaffold have become established as PSMA ligands.7–10 

The most prominent and promising PSMA radiopharmaceutical for prostate cancer is PSMA-617, a 

small molecule PSMA inhibitor consisting of lysine and glutamate linked by a urea bond.11,12 The PSMA 

inhibitor is linked to the DOTA chelator, allowing labelling with a variety of nuclides, such as the 

diagnostic nuclide 68Ga or 44Sc, as well as the therapeutic nuclides 177Lu and 225Ac.12–14 PSMA inhibitor 

and chelator are conjugated via a linker that increases the affinity and selectivity of the molecule 

towards PSMA. The recently completed worldwide VISION study with over 1000 patients recommends 

the inclusion of [177Lu]Lu-PSMA-617 as standard therapy.15 

Prior to therapy with [177Lu]Lu-PSMA-617, the patient's PSMA status is classified.16 Several PSMA 

diagnostics are currently clinically established for this purpose. These include, for example, 

[18F]F-PSMA-100717,18, [18F]F-DCFBC19, [18F]F-DCFPyL20,21, [68Ga]Ga-PSMA-1122,23, [68Ga]Ga-PSMA-61712 

or [68Ga]Ga-PSMA-I&T24. All compounds differ only slightly in their pharmacokinetics and properties.25 

The most common combination in theranostics is [68Ga]Ga-PSMA-11 (Figure 1A) and [177Lu]Lu-PSMA-

617 (Figure 1B).15,26–30 Compared to the 18F-containing diagnostics, the 68Ga compounds have the 

advantage that the 68Ga is more easily available via 68Ge/68Ga-generators if no expensive and 

maintenance-intensive cyclotron is available for 18F production. 
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Figure 1.: Chemical structure of (A) PSMA-11, (B) (DOTA)-PSMA-617 and (C) DATA5m-PSMA-617 

 
The most commonly used chelator in metallic PSMA radiopharmaceuticals is DOTA or its derivative 

DOTAGA. They are found, for example, in PSMA-617 (DOTA)12 or in PSMA-I&T (DOTAGA)24. These 

macrocyclic chelators enclose the radionuclide in a cage and exhibit high thermodynamic and kinetic 

stability, but have a high kinetic energy barrier, which requires high temperatures for labelling.31,32 The 

HBED-CC chelator used in PSMA-11 is an acyclic chelator that allows lower labelling temperatures but 

has low chelator-metal stability.23,31,32 

The use of a hybrid chelators, such as DATA5m, can be an alternative for macrocyclic and acyclic 

chelators. Hybrid chelators combine the rapid complexation properties of acyclic chelators and the 

complex stability of macrozyclic chelators.33–35 DATA5m is an optimal chelator for 68Ga, as it 

quantitatively complexes 68Ga in one minute at room temperature and is therefore well suited for use 

in radiolabelling “instant-kit” sets as known for many 99mTc compounds.36 The kit-labelling process of 

DATA-containing compounds has already been described several times and its suitability has been 

proven.36–39 

Coupled with a PSMA inhibitor, this would allow the possibility of simple and rapid supply of a PSMA 

diagnostic for PSMA PET/CT via kit labelling. The DATA5m-PSMA radiopharmaceutical is using the same 

linker and target vector unit like PSMA-617. This is done in order to ensure the same biodistribution 

properties and behaviour for both, the diagnostic DATA5m-based PSMA radiopharmaceutical and the 

therapeutic (DOTA)-PSMA-617. This allows a theranostic application. 

To investigate the applicability of such a DATA5m-PSMA inhibitor, in this work the linker and PSMA 

inhibitor moiety of PSMA-617 was coupled to DATA5m (Figure 1C) and investigated with regard to its 

labelling properties with 68Ga and its in vitro and in vivo behaviour. J.-P. Sinnes already evaluated the 
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radiochemical properties and affinity of DATA5m-PSMA-617 in his doctoral thesis.40 This study also aims 

to verify the reproducibility of these results and is conducting further lipophilicity and in vivo studies. 

 

Results 

Organic synthesis of DATA5m-PSMA-617 

The unconjugated and protected prochelator DATA5m-3tBu was synthesized according to a procedure 

described by Seemann et al.39 and Lahnif et al.41 The KuE target vector unit in combination with the 

corresponding linker unit, which is also present in the literature-known PSMA-617, was synthesised 

via a solid-phase synthesis as described by Benešová et al.11,12 

 

Figure 2: Synthesis of DATA5m-PSMA-617 

 
Figure 2 shows the conjugation of the chelator unit and the target vector-linker motif. The free carboxyl 

group of DATA5m-3tBu was conjugated to the free amino function of the resin using a standard peptide 

coupling protocol. The conjugated, protected and resin-bound DATA5m-3tBu-PSMA-617 was then 

treated with a mixture of dichloromethane (DCM) and trifluoroacetic acid (TFA) (1:1) to deprotect and 

cleave the compound from the resin. The final compound DATA5m-PSMA-617 was obtained after 

successful HPLC purification.  
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Radiolabelling and radiochemical evaluation of [68Ga]Ga-DATA5m-PSMA-617 

To find the best conditions for the radiolabelling of DATA5m-PSMA-617 different buffer systems, 

amounts of precursor and labelling temperatures were evaluated. Figure 3 shows the labelling kinetics 

of the different conditions. 

Figure 3: Kinetic studies of 68Ga-labelling of DATA5m-PSMA-617 for different buffer systems, amounts of precoursor and 
temperatures. 

 
The performed experiments showed that the radiochemical yield (RCY) of the radiolabelling of DATA5m-

PSMA-617 was highly dependent on pH value, temperature and amount of precursor. The pH value 

was controlled before and after labelling studies. First, the reaction was carried out in 0.2 M sodium 

acetate buffer with a pH value of 4.5 (figure 3A). At room temperature for both evaluated amounts of 

precursor (10 and 50 nmol) no higher labelling yields than 15% and 10% respectively could be achieved. 

An increase of temperature to 70 °C was not accompanied by an increase in yield. At a temperature of 

95°C, DATA5m-PSMA-617 can be labelled with a yield of nearly 90% after 15 min for amounts of 10 nmol 

(89% RCY) and 50 nmol (88% RCY) of the precursor. To achieve a better RCY the buffer system was 

changed. The next experiments were carried out in a 1M ammonium acetate buffer pH 5.5 (figure 3B). 

In this buffer system higher yields are obtained. At room temperature, a RCY of 86% was obtained with 

20 nmol after 15 min and quantitative yields are reached with 50 nmol after 10 min, where after 3 min 

a RCY of 97% was already achieved. Elevated temperatures, such as 70 °C led to an even faster labelling 

kinetics. 20 nmol reached quantitative labelling after 3 min and 50 nmol after 1 min. The radiochemical 

purity was determined by radio-HPLC. After labelling, [68Ga]Ga-DATA5m-PSMA-617 showed a purity of 

99.1% (See figure 4). 
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Figure 4: Radio-HPLC of [68Ga]Ga-DATA-PSMA617 shows a purity of 99.1%.(Conditions: Luna 5u C18(2) 100A – 5μ 250x4.6mm 
1ml/min; 5% to 95% B in 15 min. (A: Water + 0.1% TFA; B: MeCN + 0.1% TFA)) 

 
To investigate the in vivo stability of the [68Ga]Ga-DATA5m-PSMA-617 complex, it was incubated for 

90 min at 37 °C in human serum (HS), phosphate buffered saline (PBS) and NaCl. 

[68Ga]Ga-DATA5m-PSMA-617 was completely stable in all three media for at least 90 minutes. 

The lipophilicity of [68Ga]Ga-DATA5m-PSMA-617 was determined by evaluate the distribution of 

[68Ga]Ga-DATA5m-PSMA-617 in n-octanol and water. The compound showed a lipophilicity (LogD7.4 

value) of -1.69 ± 0.17.  

 

In vitro affinity assay 

In a competitive radioligand assay with PSMA-positive LNCaP cells, the binding affinity of DATA5m-

PSMA-617 was determined and compared to the affinity of the frequently used standard PET PSMA 

radiopharmaceutical PSMA-11. PSMA-11 served as reference to compare DATA5m-PSMA-617 with a 

68Ga-labelled PET PSMA-radiopharmaceutical. In addition, a comparison is made with PSMA-617 to 

evaluate the influence of the DATA5m chelator. The Affinities are shown in table 1. DATA5m-PSMA-617 

showed a 3.5-fold lower affinity than PSMA-11 and even a 6-fold lower affinity in contrast to 

PSMA-617. 
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Table 1: in vitro affinities of DATA5m-PSMA-617, PSMA-11 and PSMA-617. *Data taken from Greifenstein et al.42 

Compound IC50 

DATA5m-PSMA-617 92.1 ± 11.7 nM 

PSMA-11* 26.2 ± 2.4 nM 

PSMA-617* 15.9 ± 5.1 nM 

 

Discussion 

The DOTA-based PSMA-617 is one of the most known radiopharmaceuticals for therapy of prostate 

cancer. As diagnostic radiopharmaceutical, [68Ga]Ga-PSMA-11 is usually used, but differs in its 

targeting unit from PSMA-617. In this work, we present a possible diagnostic counterpart to PSMA-617, 

which contains the same targeting unit, which should provide the same pharmacological properties. 

Furthermore, it contains a DATA5m chelator and thus is suitable for kit-type radiolabelling.36–39  

The synthesis of both parts of the compound, the protected and couple able DATA5m chelator as well 

as the PSMA-617-resin was straight forward. The coupling of both components in a simple amide 

coupling reaction was easy and resulted in a high yield (87%) of DATA5m-PSMA-617 after HPLC 

purification. 

Radiolabelling of DATA5m-PSMA-617 with gallium-68 was only successful in a buffer system with a pH 

value of pH 5.5. Here, quantitative radiochemical yields were obtained for 50 nmol at room 

temperature. Lower amounts of precursor require higher temperatures. Radio-HPLC and radio-TLC 

analysis proved quantitative yields and radio-HPLC also showed a purity of over 99%. Thus, no free 

gallium-68 or side product was present and it was not necessary to purify the compound after labelling, 

for example via cartridges. Labelling at a pH of 4.5 didn’t achieve high yields. This finding is in 

accordance to the results of other publications, which have shown that the optimal pH value for 68Ga-

labelling of different DATA chelators is at pH 5.36 However, it had also been shown that the DATA 

chelator can be labelled in pH ranges from 4 to 7.37,39 In this study, the actual pH value was determined 

prior to labelling and after labelling and didn’t show any significant change during the labelling 

reaction. Thus, a decrease or increase in the pH value can’t be the reason for the low labelling yield 

and shows that here the optimum pH value is above 5, too.  

The stability of [68Ga]Ga-DATA5m-PSMA-617 was evaluated in HS, PBS and NaCl. No loss of 

complexation was observed in 90 min. All complexes remained 100% stable.  
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In this study optimal radiolabelling conditions could be found for DATA5m-PSMA-617. However, the 

parameters for optimal labelling found by Sinnes in his study could not be reproduced.40 This could be 

due to different generator systems. 

Further novel lipophilicity studies were carried out. With an logD7.4 value of -1.69 ± 0.12, 

[68Ga]Ga-DATA5m-PSMA-617 showed an lower hydrophilicity than PSMA-617 (-2.0012) and 

[68Ga]Ga-PSMA-11 (-2.91 ± 0.0643). The comparison of the lipophilicities of DATA5m-PSMA-617 and 

(DOTA)-PSMA-617 showed that the chelator has a high impact on the overall lipophilicity of the 

molecule. Although structurally, DATA and DOTA are not very different, the small variation seems to 

have an impact on lipophilicity. Here, especially the number of nitrogen atoms is interesting. DOTA 

contains one more nitrogen than DATA and nitrogen atoms are known to have an influence on the 

lipophilicity by reduce the logD7.4 value making it more hydrophilic.44 This effect seems to be also 

relevant in this case. A higher lipophilicity can have influence on the pharmacokinetics such as 

excretion, plasma protein binding and blood clearance.45 [68Ga]Ga-DATA5m-PSMA-617 could be 

adjusted to the hydrophilicity of the DOTA compound by adding PEG chains, which adding oxygen 

atoms to the molecule and lead to a reduced lipophilicity. Since, J-P. Sinnes did not carried out 

lipophilicity measurements, a comparison is not possible. 

The exchange of DOTA against DATA had a significant high influence on the binding affinity towards 

PSMA. With a value of 92.1 ± 11.7 nM the affinity of DATA5m-PSMA-617 was 6-fold lower than the 

affinity of PSMA-617 (15.9 ± 5.1 nM) and 3.5-fold lower than the affinity of PSMA-11 (26.2 ± 2.4 nM).42 

Since the targeting and linker unit are the same in both molecules, this significant difference have to 

be based on the different chelator. Since the different chelators seems to have different influences on 

the lipophilicity, this could lead to changed binding properties in the PSMA binding pocket.  

All in all, DATA chelator seems not to be as well suited for in vitro PSMA binding as the DOTA chelator 

does. This fact can also be seen in previous published articles of DATA5m- and DOTA-based PSMA 

radiopharmaceuticals.41,42 DOTAGA (1,4,7,10-tetraazacyclododececane,1-glutaric acid-4,7,10-triacetic 

acid) chelator, a derivative of DOTA, conjugated to the PSMA targeting unit SA.KuE showed a similar 

affinity (17.6 ± 5.1 nM) towards PSMA like PSMA-617.42 In contrast to that, if the same PSMA targeting 

vector SA.KuE is conjugated to DATA5m, the final compound DATA5m.SA.KuE showed an IC50 value of 

51.1 ± 5.5 nM and thus a significant lower affinity than the DOTA conjugate.41 J.-P. Sinnes investigated 

the affinity of DATA5m-PSMA-617 as part of his doctoral thesis.40 With a value of 21.5 ± 1.15 nM40, he 

found a significantly better IC50 value than found in the present study. This can only be attributed to 

different experimental protocols and differences in handling and can therefore not be used here as a 

comparison with the reference compounds. In this study, all compounds were evaluated in the same 

assay, which enables comparability. 
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Animal studies to evaluate the tumour accumulation of [68Ga]Ga-DATA5m-PSMA-617 and the 

comparison to [177Lu]Lu-PSMA-617 are being carried out at the radiochemical studies laboratory, 

INRASTES NCSR "Demokritos" in Athens, Greece. Unfortunately, the results are pending. 

 

Conclusion 

The aim of this work was the development of a dignostic counterpart to [177Lu]Lu-PSMA-617 with exact 

the same pharmacological properties. This would enable a theranostic application. The diagnostic 

compound DATA5m-PSMA-617 contains a DATA chelator instead of the DOTA chelator, which is found 

in PSMA-617. The use of this hybridic chelator enables a kit-typle labelling.  

It was possible to radiolabel DATA5m-PSMA-617 with gallium-68 fast and under mild conditions. This 

proves the suitability of the compound for kit application. [68Ga]Ga-DATA5m-PSMA-617 showed a 

higher lipophilicity. This could have an influence on in vitro PSMA binding affinity, since the DATA 

compound showed a lower affinity than the DOTA derivative. To use [68Ga]Ga-DATA5m-PSMA-617 as 

diagnostic counterpart to [177Lu]Lu-PSMA-617 the structure should be optimised to obtain a compound 

with more similar lipophilicity and binding properties, such as [177Lu]Lu-PSMA-617. This could be 

achieved through adding lipophilicity influencing spacer, such as PEG groups. 

The results of the previous study of J-P. Sinnes40 are different than the results found in this study. This 

could be due to differencies in the assay protocol and the conduction of the assay. Since Sinnes already 

found IC50 values of DATA5m-PSMA-617 similar to PSMA-617, the novel compound 

[68Ga]Ga-DATA5m-PSMA-617 also seems to be a promising novel diagnostic compound as counterpart 

to the therapeutic [177Lu]Lu-PSMA-617. The ongoing animal studies are required to evaluate the in vivo 

potential of [68Ga]Ga-DATA5m-PSMA-617. 

 

Methods and Materials 

General 

All chemicals were purchased from Sigma-Aldrich, Merck, Fluka, AlfaAesar, VWR, AcrosOrganics, TCI, 

Iris Biotech and Fisher Scientific and used without further purification. Dry solvents were obtained 

from Merck, deuterated from Deutero. Silica gel 60 F254 coated aluminum plates from Merck were 

used for thin layer chromatography (TLC). TLCs were evaluated by fluorescence extinction at λ=254 nm 

or potassium permanganate staining. The 1H and 13C NMR measurements were performed on An 

Avance II 400 spectrometer (400 MHz, 5mm BBFO sample head with z-Gradient and ATM and 
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SampleXPress 60 sample changer) from Bruker were used for 1H and 13C NMR measurements. An 

Agilent Technologies 1220 Infinity LC system coupled to an Agilent Technologies 6130B Single 

Quadrupole LC/MS system were used for LC-MS measurements. For semi-preparative HPLC 

purification a 7000 series Hitachi LaChrom HPLC were used. A CR-35 Bio test imager from Raytest and 

the AIDA (Raytest) software were used for evaluation of Radio-TLCs. 

 

Organic synthesis 

Synthesis of DATA5m(tBu)3 was carried out as described by Seemann et al.39 and Lahnif et al.41 The solid 

phase based synthesis of the PSMA-617-resin was carried out as described by Benešová et al.11,12  

 

DATA5m(tBu)3-PSMA-617-resin 

DATA5m(tBu)3 (150 mg, 0.26 mmol), HATU (133 mg, 0.352 mmol), HOBt (102 mg, 0.753 mmol) and 

DIPEA (129 µL, 0.753 mmol) were dissolved in DMF (3 mL) and stirred for 30 min. The PSMA-617-resin 

was left to soak in DMF (2 mL) for 30 min. The resin was then added to the remaining mixture and 

stirred overnight. The solid phase was washed with DMF (3 x 5 mL) and DCM (3 x 5 mL) and used in the 

next step without further purification. 

 

DATA5m-PSMA-617 

The DATA5m(tBu)3-PSMA-617-resin was dissolved in a mixture of TFA and DCM (1:1, 5 mL) and stirred 

for 30 min. The solution was separated from the solid phase and the procedure was repeated once. 

The combined TFA/DCM solution was evaporated under reduced pressure and the crude product was 

purified by semi-preparative HPLC (column: LiChrospher 100 RP18 EC (250 x 10 mm) 5 μ, flow rate: 

5 mL/min, H2O/MeCN + 0.1% TFA, 26% MeCN isocratic, tR = 15.8 min). The product was obtained as 

white solid (14.6 mg, 0.0014 mmol, 87%) 

MS (ESI+): 521.4 1/2[M+H]+, 1043.4 [M+2H]+, calculated for C50H72N8O16: 1041.2 [M]+ 

 

Radiolabelling 

The 68Ga for 68Ga radiolabelling was obtained from a 68Ge/68Ga-generator from ITG München, 

Germany). Prior to labelling, the gallium-68 was purified using the ethanol-based cationic post 

processing method first described by Eppard et al.46 
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For radiolabelling, the purified 68Ga (30-50 MBq) was dissolved in the buffer to be evaluated and the 

desired amount of precursor (10 nmol, 20 nmol or 48 nmol) was added. The solution was stirred for 

15 min at different temperatures (RT, 70 °C and 95 °C). Aliquots were taken after 1, 3, 5, 10 and 15 min 

to determine the RCY by radio-TLC or radio-HPLC. For Radio-TLC (TLC Silica gel 60 F254 Merck) citrate 

buffer (pH 4) was used as mobile phase and radio-HPLC was carried out using an analytical HPLC 7000 

series Hitachi LaChrom (Column: Merck Chromolith® RP-18e, 5-95% MeCN (+0,1% TFA)/ 95-5% Water 

(+0,1% TFA) in 10 min). 

 

In vitro stability studies 

3-5 MBq of the labelled compound was incubated in 0.5 mL of human serum (HS, human male AB 

plasma, USA origin, Sigma Aldrich), saline and phosphate buffered saline (PBS) to investigate the in 

vitro complex stability of the radiolabelled compound. Aliquots were taken after 30, 60 and 90 min and 

were analysed by radio-TLC. 

 

Lipophilicity determination 

To determine the LogD7.4 value the labelling solution was adjusted to pH 7. 2 MBq of the labelling 

solution were mixed with a final volume of 700 µL PBS and 700 µL n-octanol. The solution was shaken 

at 1500 U/min for 2 min. After centrifugation for another 2 min 300 µL of each phase was transferred 

into a new Eppendorf vial and 3 µL were pipetted on a TLC blade. This was repeated twice. For the 

repetition, the vial with the higher activity was used. The TLC blade was analysed via a phosphor imager 

and the logD7.4 value was calculated based on the measured counts on the TLC blade. 

 

In vitro binding affinity 

The in vitro binding affinity was determined by a competitive radioligand PSMA binding assay 

published by Benešová et al.12 In RPMI 1650 (Thermo Fisher Scientific) PSMA-positive LNCaP-cells 

(Sigma-Aldrich) were cultured at 37°C in 5% CO2 in the presence of 100 units/ml penicillin and 

100 μg/ml streptomycin. The cells were incubated for 45 min with 0.75 nM [68Ga]Ga-PSMA-10 and 

different concentrations of DATA5m-PSMA-617. The cells were washed with PBS and the probes were 

analysed in a γ-counter (2480 WIZARD2 Automatic Gamma Counter, PerkinElmer). The IC50 value was 

obtained after nonlinear regression of the data with GraphPad Prism 9.  
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4.2  Project B:  Prostate cancer and related bone metastases 
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4.2.1  DOTA conjugate of Bisphosphonate and PSMA-inhibitor: A 

promising combination for therapy of prostate cancer related 

bone metastases 
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Summary 

Developing of bone metastases is a serious problem for patients with prostate cancer.1 It is often 

difficult to conduct appropriate therapy of bone metastases with the state-of-art PSMA 

radiopharmaceutical [177Lu]Lu-PSMA-617, since PSMA expression can vary or completely be missing in 

bone metastases.2–4 Other approaches for a successful deposition of therapeutic radioactivity, besides 

the use of PSMA target vectors have to be found.  

In this manuscript, a novel heterodimeric compound is presented which enables bone targeting via 

two different mechanisms and thus enables therapy of bone metastases independently of a high PSMA 

expression. This compound is composed of the PSMA inhibitor structure of PSMA-617, which can be 

used for enrichment in bone metastases based on PSMA, but also consists of the bisphosphonate 

pamidronate. Bisphosphonates show high affinity towards hydroxyapatite, the inorganic matrix of 

bones and bind to bone regions with high metabolism rate, as also found in bone metastases.5,6 A 

DOTA chelator for metal nuclide radiolabelling is also part of the molecule. 

After the 15 step synthesis of the novel DOTA-L-Lys(SA.Pam)-PSMA-617 the radiochemical properties, 

as well as the in vitro affinity towards both targets were evaluated. The compound was labelled in less 

than 15 min with lutetium-177 yielding radiochemical yields of more than 90%. The formed complex 

was stable in several media (PBS, NaCl, human serum) for at least 14 days. 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 showed very good HAP binding properties, while 

[177Lu]Lu-PSMA-617 was not able to bind to HAP. PSMA binding affinity of the heterodimer was worse 

than the PSMA affinity of [177Lu]Lu-PSMA-617 and also the literature known in vivo tumour 

accumulation of [177Lu]Lu-PSMA-6177 is better than the tumour accumulation found for 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 in ex vivo biodistribution studies in tumour bearing mice. 

Bone uptake is not known for [177Lu]Lu-PSMA-617, but due to the bisphosphonate structure the novel 

compound showed a bone uptake, which is comparable to other literature known bisphosphonates.8 

This study showed that [177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 is a promising candidate for therapy 

of PCa related bone metastases with low or unknown PSMA expression. In such cases the dual 

targeting mechanism of the novel compound could superior to the single targeting mechanism of 

[177Lu]Lu-PSMA-617. This needs to be further investigated in additional studies with mice with bone 

metastases and in initial human applications. 
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Abstract 

Background: Prostate cancer (PCa) is one of the most common cancer types worldwide. 90% of men 

with late stage PCa will develop bone metastases. Since the expression level of PSMA (prostate-specific 

membrane antigen) in bone metastases can vary significantly, a compound is being searched for which 

accumulates in bone metastases independently of PSMA level. With DOTA-L-Lys(SA.Pam)-PSMA-617, 

we present in this paper a compound that, in addition to a PSMA inhibitor as a target vector, also 

contains a bisphosphonate that is established as a bone tracer and thus combines the advantages of 

PSMA targeting and bone targeting. This is a class of small molecules combining targeting of two 

different targets with the potential advantages for treatment of biologically heterogeneous bone 

metastasis from prostate cancer. The molecule can be labelled with 177Lu via the DOTA chelator and 

used for the therapy of PCa-related bone metastases.  

Methods: DOTA-L-Lys(SA.Pam)-PSMA-617 was synthesized in a 15 step synthesis and radiolabelled in 

1 M ammonium acetate buffer pH 5.5 at 95 °C. Different amounts of precursor were evaluated. 

Complex stability was evaluated in three different media (HS, PBS and NaCl). The logD7.4 value was 

evaluated via the determination of the equilibrium distribution in a PBS/n-octanol mixture. A 

hydroxyapatite binding assay was used to evaluate the potential binding of the compound to bone 

metastases. In vitro affinity was determined in a competitive binding assay and Ki value was evaluated. 

To evaluate the binding potential in mice, ex vivo biodistribution studies were carried out in LNCaP 

tumour-bearing Balb/c mice. 

Results: [177Lu]Lu-labelling of DOTA-L-Lys(SA.Pam)-PSMA-617 showed quantitative RCY within 

10 minutes and a high complex stability over a period of 14 days. The lipophilicity of the labelled 

compound was similar to the lipophilicity of the reference compound [177Lu]Lu-PSMA-617 

(-2.29 ± 0.12% vs. -2.23 ± 0.20) and showed an excellent and selective HAP binding of 98.2 ± 0.11%. 

With a Ki of 42.3 ± 7.7 nM the PSMA binding affinity was lower in comparison to [177Lu]Lu-PSMA-617. 

First ex vivo biodistribution studies with LNCaP tumour-bearing Balb/c mice showed a PSMA 

dependent tumour accumulation of 4.2 ± 0.7%ID/g and a femur accumulation of 3.4 ± 0.4%ID/g. High 

tumour-to-blood and bone-to-blood-ratios (210 and 170) were also achieved. 

Conclusions: [177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 is a promising compound for theranostic of PCa 

related bone metastases. Accumulation on the bone metastases via two mechanisms also enables the 

treatment of bone metastases that show little or no PSMA expression.  

Keywords: PSMA, Bisphosphonate, Pamidronate, Bone metastases, prostate cancer, Lutetium-177 
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Introduction 

Prostate cancer (PCa) is one of the most commonly diagnosed cancer diseases in the world and one of 

the leading causes of cancer-related deaths worldwide.1 The 5-year survival rate for early diagnosed 

and localised PCa is 98%. However, if metastases have already formed, the rate decreases to 30%.2 

The introduction of prostate-specific membrane antigen (PSMA) as a molecular target has 

revolutionised the diagnosis and treatment of PCa. In recent years, there has been a rapid increase in 

new radiopharmaceuticals for diagnosis and targeted radionuclide therapy of PCa.3,4 Particularly small 

molecule-based PSMA ligands have received a lot of attention.5,6 The type II transmembrane 

glycoprotein PSMA or glutamate carboxypeptidase II (GCPII) consists of 750 amino acids and is located 

in the cell membrane of prostate epithelial cells. Usually, PSMA expression is upregulated in PCa and 

correlates with the aggressiveness of the disease.7 Apart from PCa, PSMA is physiologically expressed 

only in few normal tissues, such as the kidney and the salivary glands.8 Upon binding of a substrate to 

PSMA, internalisation occurs. With regard to therapy, a targeted and irreversible uptake of the 

therapeutic nuclide into the PCa cell is thus possible.9 

The most commonly used PSMA inhibitors are based on urea derivatives. The currently most promising 

PET-PSMA radiopharmaceutical is PSMA-11, which can be labelled with 68Ga.10,11 PSMA-617, labelled 

with 177Lu ([177Lu]Lu-PSMA-617, Lu-PSMA) is the most important therapeutic compound until now.8,12,13 

The results of the clinical phase III study have just been published. The so-called VISION study 

demonstrated a good tolerability of the [177Lu]Lu-PSMA-617 therapy along with an increase in the 

overall survival rate. Hence, introduction of [177Lu]Lu-PSMA-617 as standard treatment is 

recommended.14 

Most men with advanced PCa develop bone metastases.15 This affects about 90% of men with late 

stage PCa.16 The presence of bone metastases is a negative indicator for the survival of the patient. 

The WARMTH study has shown that the overall survival rate of patients with bone metastases treated 

with [177Lu]Lu-PSMA-617 is lower than when the overall survival rate of patients without bone 

metastases.17 Independently of this, bone metastases cause a significant reduction in quality of life due 

to, e.g., pain and pathological fractures or compression of the spinal cord and nerve roots or the 

displacement of red bone marrow, which appears especially in advanced PCa.18 

While metastasis in bone tissue can be osteoblastic, osteolytic or mixed forms, PCa-related metastases 

are usually osteblastic.19,20 In both cases, the hydroxyapatite (HAP), the mineral material of the bone, 

is uncovered due to the increased metabolism and bone remodelling.21,22 

Over the last 40 years, bisphosphonates have become established as drugs for various bone diseases.23 

The efficacy of these pyrophosphate derivatives is based on a high affinity to HAP, which is due to the 
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chelation of the calcium ions of HAP.24 Bisphosphonates, such as MDP (methylene diphosphonate) or 

EDTMP (ethylenediamine tetra(methylene phosphonic acid)), are acyclic phosphonic acids that can 

both complex a radionuclide and adsorb to HAP, enabling diagnosis or therapy via the radioactivity of 

the nuclide.25 [153Sm]Sm-EDTMP is used, for example, for reduction of bone metastases-induced pain.26 

In addition, there are bisphosphonates that are functionalised with a chelator that enables the 

radiolabelling. These include compounds such as BPAMP27 or the most promising 

[177Lu]Lu-DOTAZOL.28,29  

 

One of the first clinically investigated nitrogen-containing bisphosphonate is pamidronate (Pam). The 

conjugation of Pam to squaric acid (SA) not only allows an easy and rapid conjugation with other 

moieties, such as chelators,30 but also supports the antiresorptive effect of the bisphosphonate due to 

the presence of an amine component at this position.31,32 This is also the case, for example, with the 

highly potent bisphosphonate zolendronate.28,29,31 Unpublished data indicate that SA.Pam has a higher 

bone uptake than, for example, DOTAZOL. 

Prostate cancer can vary widely in the expression of PSMA. It is known that primary tumours and 

especially metastases can be PSMA-negative.33–37 This can also be the case for bone metastases.35,36 

Here, it was shown that there is a high correlation between bone metabolic activity and cancer-related 

PSMA expression in bone lesions at early stages of the disease, implying that bone metastases have 

significantly higher PSMA expression at early stages. In later stages, this correlation is increasingly 

absent or there is a greater deviation, which implies a lower PSMA expression in bone metastases.38 

The reasons for this heterogeneous expression are manifold and many effects can play a role. These 

can be the complex biochemical and pathobiological processes due to genetically and non-genetically 

induced differentiation types of the tumour and the metastases in the progress of the disease.16,36,39,40 

Another influence can be, for example, the type of therapy.41  

It was found that low average PSMA expression in metastases is associated with a shorter overall 

survival rate.40 At the moment, it is not yet clear whether patients with low PSMA-levels benefit from 

a therapy with lutetium-177 labelled PSMA-617.40  

Therefore, there is a need for a compound that can accumulate at PCa-related bone metastases also 

independently of PSMA-level. In terms of imaging, different pairs of PSMA PET-tracers and bone scan 

agents have been studied in the past with varying results in their performance.38,41–46 For example, a 

study by Rowe et al showed that the PSMA inhibitor [18F]F-DCFPyl detected more bone lesions than 

the bisphosphonate [99mTc]Tc-MDP and Na18F, which also have a high affinity towards HAP.43 In another 

study by Uprimmy et al [18F]NaF outperformed [68Ga]Ga-PSMA-11 by finding more bone lesions.45 
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The combination of the advantages of PSMA targeting and bone targeting in one compound would 

reduce the complexity of the treatment, enables additional expression-independent therapy of bone 

metastases and thus would be favourable. In this way, bone metastases can be treated via two 

mechanisms, the possible PSMA expression and the imbalanced metabolic mechanism of the bone 

cells. In this study, we developed a chimeric compound containing the highly affine PSMA inhibitor KuE 

on the one side and a bisphosphonate drug (pamidronate, Pam) on the other side. Both targeting 

moieties are coupled to the DOTA chelator and can therefore be used for endoradiotherapy with e.g. 

177Lu. Furthermore, we used the PSMA-617 linker for coupling the KuE unit to DOTA, since it has been 

proven that this linker plays an important role in enhancing the PSMA binding affinity.8 Moreover, 

pamidronate was coupled to DOTA via squaramide, which has also shown a positive impact in terms 

of simplified synthesis and improved pharmacokinetics.47 

 

Results 

Organic synthesis of DOTA-L-Lys(SA.Pam)-PSMA-617 

The synthesis of DOTA-L-Lys(SA.Pam)-PSMA-617 was divided into three parts. First the solid-phase 

based synthesis route of the PSMA-617 motif (6) based on the synthetic route developed by Benešová 

et al.8,12 (figure 1). The bisphosphonate-based target vector (8) unit was synthesized in a two-step 

synthesis (figure 2). Both target vectors were then combined in a third synthesis step using lysine as a 

linking bridge and functionalised with a DOTA chelator for radiolabelling (figure 3). 

The eight-step solid-phase synthesis of the PSMA-617-backbone (figure 1) started from L-lysine which 

is bound to a Wang-resin. In the first step, an isocyanate was generated by adding triphosgene to 

bis(tert-butyl)-L-glutamate, which was then added to the Fmoc-deprotected lysine-resin to generate 

the KuE unit of the PSMA inhibitor. To add the PSMA-617-linker unit, the alloc protecting group of the 

side chain amine of 1 was removed by reduction. This was followed by addition of the amino acids 3-

(2-napthyl)-L-alanine and 4-aminomethylcyclohecxane-OH (4-Amc-OH) to the side chain amine of 

lysine, using a standardised solid-phase based peptide synthesis protocol with HATU (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate) as 

coupling reagent. The final solid-phase bound and protected PSMA-617-target vector motif (5) was 

obtained. The Fmoc protecting group of the aminomethylcyclohexane group was removed for further 

functionalisation.  
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Figure 1: synthesis scheme of the resin bound PSMA-617 backbone. 
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The second target vector, the squaric acid conjugated bisphosphonate pamidronate (8) was 

synthesized in a two-step synthesis with an overall yield of 28% (figure 2). According to literature, 

β-Alanine was transformed into pamidronate (7) using phosphorus acid and phosphorus trichloride.48 

This was followed by an asymmetric amidation to conjugate the amine of the bisphosphonate to the 

squaric acid ester.  

 

Figure 2: synthesis scheme of the pamidronate target vector (8) 

 
The final part of the synthesis was the conjugation of the two target vectors 6 and 8 and the DOTA-

chelator using lysine as bridging unit (figure 3). First, protected lysine was conjugated to the free amine 

of the resin bound compound 6. After Fmoc deprotection, DOTA-Tris(tert-butyl ester) was conjugated. 

Both steps were carried out with HATU as reagent for amide formation. This reaction led to the 

complete protected and resin bound compound 11. This compound was completely deprotected 

under acidic conditions and removed from the solid phase. In the further process of the reaction, 

protective groups are no longer necessary, as the following asymmetric amidation is highly selective 

for amines. Compound 12 was purified via semi preparative HPLC resulting in a yield of 4% after the 

amide formation steps. Finally, the second target vector Pam.SA (8) was added - this was done via the 

asymmetric amidation of the squaric acid monoester and the free amine of compound 12. Due to poor 

solubility of the bisphosphonate 8 in organic solvents, this reaction was carried out in aqueous 

phosphate buffer at a pH value of 9. The final compound 13 was purified via semi-preparative HPLC 

with a yield of 84%. The entire compound DOTA-L-Lys(SA.Pam)-PSMA-617 was prepared in 15 steps 

with a total yield of 1%. 
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Figure 3: synthesis scheme of DOTA-L-Lys(SA.Pam)-PSMA-617 (13) 

 

Radiochemical evaluation with lutetium-177 

Radiolabelling of compound 13 with Lu-177 was carried out at 95°C in 1 mL of ammonium acetate 

buffer (1 M, pH 5.5). The radiochemical yield (RCY) as a function of precursor amount (5 to 30 nmol) 

was evaluated and illustrated in figure 4. 
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Figure 4: labelling kinetics of [177Lu]Lu-13 for various amounts of precursor at 95 °C in 1 M ammonium acetate buffer pH 5.5 
at 95 °C. Precoursor amounts of > 10 nmol resulting in RCYs of > 96% after 10 min. 

 
For substance amounts higher than 10 nmol, radiochemical yields of over 90% were already achieved 

after 5 min. The RCY was almost quantitative after 10 min. In contrast, with a substance quantity of 

5 nmol, the RCY obtained after 5 min was of only 75%. In the further progress of the reaction, the yield 

increased to 85%, but then stagnated there indicating that the labelling kinetics are depending on the 

amount of the precursor. RCY and radiochemical purity were analysed by radio-TLC and radio-HPLC. 

On radio-TLC the labelled compound [177Lu]Lu-13 showed a Rf of 0.0, while free unlabelled [177Lu]Lu3+ 

showed a Rf of 0.8 – 1 in citrate buffer as mobile phase. On analytical radio-HPLC, the compound had 

a retention time (tR) of 9.8 min. 

Since the stability of the ligand-chelator conjugate is crucial for a translational use, complex stability 

studies were carried out different media (phosphate buffered saline (PBS), isotonic saline (NaCl) and 

human serum (HS)). Results are shown in figure 5. 

 

Figure 5: Stability studies of [177Lu]Lu-13 in different media for 14 d. [177Lu]Lu-13 is stable in PBS and NaCl. The stability in HS 
decreases to 93% after 9 days. 
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In PBS and saline, [177Lu]Lu-13 showed > 98% intact conjugate even after 14 days. Stability in human 

serum decreases slightly. However, after 9 d, 93% were still intact. Stability was preserved and even 

after 14 days the stability in HS was still at 93%. 

The lipophilicity of the compound was determined via the equilibrium distribution in a mixture of 

n-octanol and PBS using the shake flask method. LogD7.4 values of [177Lu]Lu-13 and the reference 

compound [177Lu]Lu-PSMA-617 are shown in table 1. The lipophilicity of the lutetium-labelled 

compound 13 was similar to the lipophilicity of [177Lu]Lu-PSMA-617.  

 

Table 1: experimentally determined logD7.4 values of [177Lu]Lu-13 and the reference [177Lu]Lu-PSMA-617 

 

Binding studies on hydroxyapatite (HAP) 

The Ca-containing hydroxyapatite is found in mammal bones.49 Crystalline HAP is therefore suitable as 

a model compound to investigate the accumulation potential of bisphosphonates to the bone 

structure or bone metastases in vitro. Figure 6 shows the enrichment of [177Lu]Lu-13, 

[177Lu]Lu-PSMA-617 and free [177Lu]Lu to HAP in comparison to the enrichment of [177Lu]Lu-13 and free 

[177Lu]Lu3+ to HAP previously blocked with pamidronate. 

 

Figure 6: Percent enrichment of [177Lu]Lu-13 (98.2 ± 0.11%), [177Lu]Lu-PSMA-617 (1.20 ± 0.30%) and free 
[177Lu]Lu3+ (99.89 ± 0.02%) to HAP in comparison to the percent enrichment of [177Lu]Lu-13 (7.31 ± 1.08%) and free 
[177Lu]Lu3+ (4.89 ± 0.51%) to HAP previously blocked with pamidronate. 

0

10

20

30

40

50

60

70

80

90

100

Comp. 13 free Lu-177 PSMA-617 Comp. 13 free Lu-177

H
A

P
 b

in
d

in
g 

/ 
%

unblocked blocked

Compound logD7.4 (n-octanol/PBS) 

[177Lu]Lu-13 - 2.29 ± 0.12 

[177Lu]Lu-PSMA-617 - 2.23 ± 0.20 



131 
 

Uncomplexed lutetium cation [177Lu]Lu3+ is known for its high affinity towards HAP.49 Therefore, it was 

used as positive sample. In this study, it showed a HAP-binding of 99.89 ± 0.02%. [177Lu]Lu-13 also 

showed also a nearly complete enrichment at the HAP surface (98.2 ± 0.11%), comparable to the free 

lutetium cation. In contrast, [177Lu]Lu-PSMA-617 displayed no notable binding (1.20 ± 0.30%). To 

evaluate the selectivity of binding, HAP was blocked with an excess of pamidronate prior to incubation 

with the test compounds. The binding of [177Lu]Lu-13 (7.31 ± 1.08%) as well as [177Lu]Lu3+ (4.89 ± 0.51%) 

decreased significantly, indicating a specific binding to the calcium ions of the apatite structure. 

 

In vitro affinity assay 

In a further step, we evaluated the PSMA binding affinity of compound 13 in a competitive radioligand 

assay and compared the calculated Ki value to the inhibition constant values of compound 12 to 

evaluate the influence of the SA.Pam unit and to PSMA-617 as seen in table 2. Compound 13 showed 

good binding affinity similar to that of [natLu]Lu-13, thus indicating that radionuclide complexation does 

not have any impact on PSMA-binding. However, the bisphosphonate-free PSMA tracer 

DOTA-L-Lys-PSMA-617 (compound 12) displayed 2-fold higher binding potency than the pamidronate-

PSMA conjugates, indicating an influence of the SA.Pam unit. In addition, the binding affinity of the 

reference compound PSMA-617 in this assay was also higher than in comparison to compound 13. 

Compound 12 showed a 2.5-fold lower affinity in contrast to PSMA-617. 

Table 2: inhibition constant values of PSMA ligands. Values are mean ±SD. *IC50 values can be found at Greifenstein et al.47 

 

ex vivo studies 

Biodistribution studies of [177Lu]Lu-13 were performed using LNCaP tumour-bearing Balb/c mice. The 

accumulation of the 177Lu-labelled tracer in several organs was determined and illustrated in figure 7. 

Although the accumulation of the tracer in both tumour and femur were similar (4.2 ± 0.7%ID/g and 

3.4 ± 0.4%ID/g respectively), the bone-uptake was, in contrast to tumour-uptake, not PSMA-specific 

since it could not be blocked by the PSMA inhibitor PMPA (2-(Phosphonomethyl)pentanedioic acid). 

Additionally, [177Lu]Lu-13 showed the highest accumulation in the kidneys 16.5 ±2.1%ID/g, which 

seems to be PSMA-specific because it could be reduced by co-injection of PMPA. In contrast, the 

Compound Ki [nM] 

compound 13 52.6 ± 3.5 

[natLu]Lu-13 42.3 ± 7.7 

compound 12 (DOTA-L-Lys-PSMA-617) 19.7 ± 3.3 

PSMA-617* 6.9 ± 1.3 
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uptake in the liver as well as in the spleen was PSMA-unspecific. Noteworthy is the high tumour-to-

blood and bone-to-blood ratios (210 and 170 respectively) resulting from a minimal accumulation in 

the blood. 

 

Figure 7: biodistribution of 0.5 nmol [177Lu]Lu-13 at 24 h p.i. (n=3). PSMA-selectivity was assessed by co-injection of 1,5 mol 
PMPA. Data are % injected dose per gram tissue. 

 

Discussion 

Due to the heterogeneity in PSMA-expression of many bone metastases, the dual-targeting strategy 

could be an advantageous approach in the treatment of prostate cancer-related bone metastases. A 

new heterodimeric compound containing a PSMA inhibitor target vector, a bisphosphonate drug and 

a DOTA chelator was developed and evaluated regarding radiolabelling, lipophilicity, HAP binding, in 

vitro affinity towards PSMA and ex vivo kinetic properties.  

The compound DOTA-L-Lys(SA.Pam)-PSMA-617 (13) was prepared in 15 steps with a total yield of 1%. 

Radiolabelling of 13 with 177Lu showed a fast and quantitative RCY after 10 min with quantities over 

10 nmol. The 177Lu-labelled compound was stable (< 98%) in PBS and saline for 14 days and in HS for 

5 days, releasing 7% of the 177Lu until day 9 and remaining stable even after 14 days (93%). Thus, the 

complexation of the therapeutic nuclide seems to be stable even after two weeks. Due to the long half-
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life of 177Lu (7 days), it is also possible to store the labelled compound for a short time before injection, 

for example, for the treatment of several patients with one batch of tracer. The most suitable medium 

here is isotonic saline, which could also serve as injection medium. Moreover, the high stability of 

[177Lu]Lu-13 in HS makes it unlikely that 177Lu will be released during the circulation time in the blood. 

The experimentally determined logD7.4 value as a measure of lipophilicity is almost identical to the 

value of [177Lu]Lu-PSMA-617, which serves as reference, indicating the hydrophile character of both 

compounds. 

An aqueous suspension of crystalline HAP was used as a bone tissue model to test the HAP binding 

potency of the novel compound. The adsorption of [177Lu]Lu-13 to HAP was almost quantitative. It is 

nearly identical to the adsorption shown by free 177Lu3+. Uncomplexed 177Lu3+ is known for its high HAP 

affinity and correspondingly strong accumulation in bone tissue.50 Compared to other literature-known 

DOTA conjugated bisphosphonates, e.g. DOTAMPAM (92.2 ± 2.7%), DOTAMZOL (92.7 ± 1.3%) or BPAPD 

(83.0 ± 0.8%), [177Lu]Lu-13 showed an even better adsorption.51 

By blocking of HAP with an excess of pamidronate prior to addition of [177Lu]Lu-13 or [177Lu]Lu3+, no 

significant adsorption was observed. This proves that the selective binding of [177Lu]Lu-13 to HAP is 

due to the adsorption of the SA.Pam unit at the calcified HAP surface. As expected, [177Lu]Lu-PSMA-617 

showed no notable binding to HAP. This shows that, in contrast to [177Lu]Lu-13, [177Lu]Lu-PSMA-617 

can only accumulate in bone metastases via one mechanism, namely  PSMA-binding. 

In addition to HAP adsorption, [natLu]Lu-13 displayed a PSMA binding affinity in the nanomolar range. 

The complexation of the radiometal had no impact on the binding potency, since the Ki values of both 

complexed and uncomplexed conjugates were similar (42.3 ± 7.7 nM and 52.6 ± 3.5 nM for [natLu]Lu-13 

and 13 respectively). However, the bisphosphonate-free compound 13 showed 2-fold higher binding 

potency revealing that the coupling of pamidronate affects the interaction of the tracer with the PSMA 

binding pocket, possibly through changes in the conformation of the molecule.  

Biodistribution studies were conducted in LNCaP tumour-bearing mice in order to better characterize 

the translational potential of the dual-targeting properties of [177Lu]Lu-13. In terms of PSMA-specific 

accumulation, [177Lu]Lu-13 showed good PSMA-specific tumour accumulation 4.2 ± 0.7%ID/g, which 

could be reduced by blocking the PSMA receptors with the potent PSMA inhibitor PMPA. According to 

literature the tumour-uptake of [177Lu]Lu-PSMA-617 seems to be significantly higher 

11.2 ± 4.17%ID/g.8 However, this could be due to the higher binding affinity of this tracer 

Ki= 6.9 ± 1.3 nM vs. 42.3 ± 7.7 nM for [natLu]Lu-13. Nevertheless, [177Lu]Lu-PSMA-617 did not display 

any binding to HAP as discussed above, thus accumulation in PSMA negative bone metastases is 

supposed to be minimal since bone-uptake is depending on PSMA-expression. In contrast, [177Lu]Lu-13 
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showed bone accumulation in the same range as tumour accumulation. This could not be blocked by 

PMPA suggesting that bone uptake is solely resulting from HAP binding. As already discussed, 

compound 13 can therefore be used in contrast to PSMA-617 for the therapy of PSMA negative bone 

metastases, since it can also accumulate at the metastases via the increased bone metabolism. 

Compared to the results published by Meckel et al, [177Lu]Lu-13 showed similar bone uptake as 

[177Lu]Lu-DOTAZOL (3.4 ± 0.4%ID/g and 3.2 ± 0.4%ID/g respectively).51 However, kidney accumulation of 

[177Lu]Lu-13 was higher than [177Lu]Lu-DOTAZOL (16.5 ± 2.1%ID/g vs. 1,3 ± 0.1%ID/g51 respectively). This 

could be due to the existence of PSMA receptors in the kidneys as known from literature.36 

Furthermore, the uptake in the liver and the spleen seems to be PSMA-independent, since no blocking 

effects were observed. The reason has yet to be found, as increased liver uptake is not known here for 

either bisphosphonates or PSMA-617. Nevertheless, target-to-background ratio of [177Lu]Lu-13, 24h 

after injection, was remarkably high (tumour-to-blood-ratio, 210; bone-to-blood ratio, 170) revealing 

the promising potential of this compound. Especially with regard to the conjugated DOTA-chelator, 

which is a versatile chelator not only used in complexing the therapeutic β— nuclide Lu-177, which is 

evaluated in this study, but is also applicable with other clinically relevant nuclides used in diagnosis 

by PET (e.g. 68Ga or 44Sc) or SPECT (e.g. 111In or 67Ga). Furthermore, the use of compound 13 in 

combination with α-emitters (e.g. 225Ac or 213Bi) would be interesting for the treatment of bone 

metastases in close distance to the bone marrow due to the short range of these nuclides. 

 

Conclusion 

In this work, a novel chimeric compound for therapy of prostate cancer related bone metastases was 

designed and successfully synthesized. Key structure elements of the novel compound are the 

following. First, the well-known and established PSMA inhibitor KuE in combination with the PSMA-617 

linker unit enables high affinity towards PSMA. Second, the bisphosphonate pamidronate as HAP 

target vector shows high bone accumulation. It is conjugated via SA unit, which allows easy conjugation 

chemistry as well as increase of the antiresorptive effect of the bisphosphonate. Finally, the DOTA 

chelator allows the labelling with a wide range of diagnostic and therapeutic radiometals.  

DOTA-L-Lys(SA.Pam)-PSMA-617 shows both excellent labelling properties and very good and selective 

HAP binding, which is superior to other DOTA-conjugated bisphosphonate compounds. The in vitro 

PSMA affinity is lower than that of PSMA-617, which can be ascribed to an influence of the Pam.SA 

group. Nevertheless, the compound shows both PSMA-dependent tumour uptake and PSMA-

independent and pamidronate driven uptake into bone tissue and a remarkably high tumour-to-blood 

as well as bone-to-blood-ratio after 24 h. 
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The available results show that the new compound might be suited for the therapy of PCa-related bone 

metastases. Despite the lower affinity and in vivo uptake compared to [177Lu]Lu-PSMA-617, the new 

compound could contribute significantly to the therapy of bone metastases by exploiting the 

heterodimeric dual-targeting mechanism and thereby increasing avidity as discussed above. This is 

particularly the case when PSMA expression in metastases is low or absent and therapy with [177Lu]Lu-

PSMA-617 or other PSMA-based therapeutics is not possible. In addition, it enables a simpler 

therapeutic approach. Likewise, PSMA-negative metastases cannot be "overlooked". The possibility to 

target via both target vectors with a single theranostic radiotracer could improve patient management. 

Although the compound in the first studies is a promising compound for theranostics of PCa related 

bone metastases, further investigation and optimisation is needed to improve the radiotracer.  

 

Materials and Methods 

 

General 

All chemicals were purchased from Sigma-Aldrich, Merck, Fluka, AlfaAesar, VWR, AcrosOrganics, TCI, 

Iris Biotech and Fisher Scientific and used without purification. Dry solvents were obtained from Merck 

and VWR, deuterated solvents for NMR spectra from Deutero. PSMA-617 was purchased from 

Hycultec. Thin layer chromatography was performed with silica gel 60 F254 coated aluminum plates 

from Merck. Evaluation was carried out by fluorescence extinction at λ=254 nm and staining with 

potassium permanganate. The radio TLCs were evaluated using a CR-35 Bio test imager from Raytest 

and the AIDA (Raytest) software. The 1H and 13C NMR measurements were performed on an Avance III 

HD 300 spectrometer (300 MHz, 5mm BBFO sample head with z-gradient and ATM and BACS 60 sample 

changer), an Avance II 400 spectrometer (400 MHz, 5mm BBFO sample head with z-Gradient and ATM 

and SampleXPress 60 sample changer) and an Avance III 600 spectrometer (600 MHz, 5mm TCI 

CryoProbe sample head with z-Gradient and ATM and SampleXPress Lite 16 sample changer) from 

Bruker. The LC/MS measurements were performed on an Agilent Technologies 1220 Infinity LC system 

coupled to an Agilent Technologies 6130B Single Quadrupole LC/MS system. Semi-preparative HPLC 

purification was performed on a 7000 series Hitachi LaChrom and the respectively mentioned 

conditions and column. For radiolabelling experiments n.c.a. [177Lu]LuCl3 in 0.04 M HCl (ITM, Garching, 

Germany) was used. 
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Organic synthesis 

Solid phase synthesis of the PSMA ligand (PSMA-167-resin) 

The synthesis of the glutamate-urea-lysine binding motif and the linker of the PSMA-617 backbone 

was carried out following the established solid phase peptide chemistry as described by Benešová et 

al. with slight adjustments to the reaction procedures.8,12  

Bis(tert-butyl)-L-glutamate-hydrochloride (4.5 g, 15.21 mmol) and DIPEA (7.98 g, 10.5 mL, 61.74 mmol) 

were dissolved in dry dichloromethane (200 mL) and cooled to 0 °C. Triphosgene (1.56 g, 5.26 mmol) 

in dichloromethane (30 mL) were added dropwise over a period of 4.5 h. After the complete addition, 

the solution was stirred for an additional hour. 

The Fmoc protecting group of Fmoc-L-Lysine(Alloc)-Wang resin (1.65 g, 1.5 mmol, 0.9 mmol/g) was 

removed by stirring it in a piperidine/DMF (1:1) solution for 15 minutes followed by a washing step 

with dichloromethane.  

The deprotected L-lysine(Alloc)-Wang resin was added to the previous prepared solution and stirred 

over night at room temperature. The resin (compound 1) was washed with dichloromethane (15 mL) 

and used without further purification. 

Tetrakis(triphenylphosphin)palladium (516.0 mg, 0.45 mmol) und morpholine (3.92 g, 3.92 mL, 

45.00 mmol) were dissolved in dichloromethane (12 mL) and added to compound 1. The solution was 

stirred for 1 d under exclusion of light. Afterwards it was washed with dichloromethane (15 mL), a 1% 

DIPEA solution in DMF (3 x 13 mL) and a sodium diethyldithiocarbamat trihydrate solution (15 mg/mL) 

in DMF (9 x 10.5 mL x 5 minutes), resulting in compound 2, the resin-immobilized and Alloc-

deprotected glutamate-urea-lysine conjugate. 

Fmoc-3-(2-naphthyl)-L-alanine (1.75 g, 4.00 mmol), HATU (1.52 g, 4.00 mmol), HOBt (540 mg, 

4.00 mmol) and DIPEA (780 mg, 1.02 mL, 6.03 mmol) were dissolved in dry DMF (10 mL) and added to 

the resin. The solution was stirred overnight and then washed with DMF (10 mL) and dichloromethane 

(10 mL).  

To remove the Fmoc-group, the resin (compound 3) was stirred in a piperidine/DMF (1:1, 3 x 11 mL) 

solution for 10 minutes each and washed with DMF (10 mL) and dichloromethane (10 mL), resulting in 

compound 4.  

Fmoc-4-Amc-OH (1.52 g, 4 mmol), HATU (1.52 g, 4.00 mmol), HOBt (540 mg, 4.00 mmol) and DIPEA 

(780 mg, 1.02 mL, 6.03 mmol) were dissolved in dry DMF (10 mL) and added to the resin (compound 4). 
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The solution was stirred for two days and then washed with DMF (10 mL) and dichloromethane (10 

mL).  

To remove the Fmoc-group from compound 5, it was stirred in a piperidine/DMF (1:1, 11 mL) solution 

for 10 minutes each and washed with DMF (10 mL) and dichloromethane (10 mL), leading to the final 

resin bound PSMA-617 backbone (6). 

 

Pamidronate (7, Pam) 

β-Alanine (1.5 g, 0.017 mol) and phosphorus acid (2.76 g, 0.034 mol) were dissolved in Sulfolane 

(5.5 mL) and cooled to 0 °C. Phosphorus trichloride (4.62 g, 2.95 mL, 0.034 mmol) was added dropwise. 

The solution was stirred for 3 h at 75 °C. Water (15 mL) was added and stirred for 12 h at 100°C. Ethanol 

(15 mL) was added and the product (7, 1.48 g, 0.006 mol, 37%) was obtained as yellow solid after 

crystallisation at 0°C for 3 days. 

1H-NMR (300 MHz, D2O) δ [ppm] = 3.34 (t, J = 7.1 Hz, 2H), 2.31 (tt, J = 13.7, 7.1 Hz, 2H). 

13C-NMR (400 MHz, D2O): δ [ppm] = 72.58, 36.14, 30.54. 

31P-NMR (121.5 MHz, D2O) δ [ppm] = 17.58 (s, 2P). 

MS (ESI+): 236.0 [M+H]+, calculated for C3H11NO7P2: 235.07 [M]+. 

 

Pamidronate-squaric acid ethylester (8, SA.Pam) 

Pamidronate (500 mg, 2.13 mmol) was dissolved in phosphate buffer (0.5 M, pH 7, 5 mL). 

3,4-Diethoxycyclobut-3-ene-1,2-dione (squaric acid diethylester, SADE, 542 mg, 468 µL, 3.2 mmol) was 

added and the mixture was stirred for 2 days at room temperature. Ethanol (3 mL) was added for 

crystallisation. The mixture was allowed to stand for 3 days in the freezer to complete crystallisation. 

The white precipitation was washed with cold ethanol and compound 8 (0.58 g, 1.62 mol, 76%) was 

obtained as white solid. 

1H-NMR (400 MHz, D2O) δ [ppm] = 4.79-4.62 (m, 2H), 3.31 (t, J = 6.6 Hz, 2H), 2.32-2.15 (m, 2H) 1.42 (dt, 

J = 11.7, 7.2 Hz, 3H). 

31P-NMR (162 MHz, D2O) δ [ppm] = 17,92 (s), 2.26 (s). 

MS (ESI+): 360.0 [M+H]+,720.0 2[M+H]+, 763.0 2[M+Na]+, calculated for C9H15NO10P2: 359.16 [M]+. 
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Fmoc-L-Lys(Boc)-PSMA-617-resin (9) 

Fmoc-L-Lys(Boc)-OH (506 mg, 0.0011 mmol), HATU (415 mg, 0.0011 mg, HOBt (146 mg, 0.0011 mmol) 

and DIPEA (277 µl, 211 mg, 0.00162 mmol) were dissolved in acetonitrile (4 mL) and stirred for 30 min. 

The PSMA-617-resin (300 mg, 0.0027 mmol, 0.09 mmol/g) was added and the mixture was stirred for 

one day at room temperature. The resin was washed with acetonitrile (10 mL) and dichloromethane 

(10 mL) and used in the next step. 

L-Lys(Boc)-PSMA-617-resin (10) 

The Fmoc-L-Lys(Boc)-PSMA-617-resin (9) was stirred for one hour in a mixture of DMF and Piperidine 

(1:1, 6 mL). The Fmoc deprotected resin was washed with DMF (10 mL) and dichloromethane (10 mL) 

and used in the next step without further purification. 

 

DOTA(tBu)3-L-Lys(Boc)-PSMA-617-resin (11) 

DOTA-Tris(tert-butyl ester) (310 mg, 0.54 µmol), HATU 308 mg, 0.00081 mmol), HOBt (110 mg, 0.00081 

mmol) and DIPEA (184 µL, 140 mg, 0.0011 mmol) were dissolved in acetonitrile (4 mL) and stirred for 

30 min. L-Lys(Boc)-PSMA-617-resin (10, 461 mg, 0.00027 mmol, 0.9 mmol/g) was added and the 

mixture was stirred for one day at room temperature. The resin was washed with acetonitrile (10 mL) 

and dichloromethane (10 mL) and used in the next step without further purification. 

 

DOTA-L-Lys-PSMA-617 (12) 

DOTA(tBu)3-L-Lys(Boc)-PSMA-617-resin (11, 536 mg, 0.00027 mmol, 0.9 mmol/g) was stirred in a 

solution of TFA and dichloromethane (1:1, 4 mL) for 2 hours. The TFA/dichloromethane solution was 

evaporated under reduced pressure and the product (12, 10.6 mg, 0.0091 mmol, 4%) was obtained as 

a colourless powder after semi-preparative HPLC purification (column: LiChrospher 100 RP18 EC 

(250 x 10 mm) 5 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 25% MeCN isocratic, tR = 10.3 min). 

MS (ESI+): 1172.5 [M+2H]+,585.9 1/2[M+2H]+, 391.0 1/3[M+2H]+, calculated for C55H83N11O17: 1170.33 

[M]+ 

 

DOTA-L-Lys(SA.Pam)-PSMA-617 (13) 

Compound 12 (10 mg, 0.0085 mmol) and compound 8 (16 mg, 0.043 mmol) were dissolved in 

phosphate buffer (0.5 M, pH 9, 1mL) and stirred for 2 days. The product (13, 10.56 mg, 0.0071 mmol, 
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84%) was obtained as a colourless powder after semi-preparative HPLC purification (column: 

LiChrospher 100 RP18 EC (250 x 10 mm) 5 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 23% to 28% 

MeCN in 20 min, tR = 8.2 min). 

MS (ESI+): 511.3 1/3[M+H+2Na]+, 520.0 [1/3M+2K]+, 781.0 1/2[M+2K]+, calculated for C62H92N12O26P2: 

1483.42 [M]+ 

 

Radiolabelling of DOTA-L-Lys(SA.Pam)-PSMA-617 with Lutetium-177 ([177Lu]Lu-13) 

For radiolabelling experiments n.c.a. [177Lu]LuCl3 in 0.04 M HCl (ITG, Garching, Germany) was used. 

Radiolabelling was performed in 1 mL 1 M ammonium acetate buffer at pH 5.5. Reactions were carried 

out with different amounts of precursor (5, 10, 30 nmol) and at 95 °C with 40 – 50 MBq n.c.a. lutetium-

177. Radio-TLC (TLC Silica gel 60 F254 Merck) and citrate buffer (pH 4) as mobile phase and radio-HPLC 

using an analytical HPLC 7000 series Hitachi LaChrom (Column: Merck Chromolith® RP-18e, 5-95% 

MeCN (+0,1% TFA)/ 95-5% Water (+0,1% TFA) in 10 min) was used for reaction control. TLC´s were 

measured in TLC imager CR-35 Bio Test-Imager from Elysia-Raytest (Straubenhardt, Germany) with 

AIDA software. 

 

In vitro stability studies 

Complex stability studies were carried out in human serum (HS, human male AB plasma, USA origin, 

Sigma Aldrich) and phosphate buffered saline (Sigma Aldrich). 5 MBq of the radioactive compound 

were incubated in 0.5 mL of the media for 14 d. After several time points (1h, 2h, 5h, 1d, 2d, 5d, 7d, 

9d and 14d), aliquots were taken out to evaluate the radiochemical stability. Experiments were carried 

out as triplicate. 

 

Lipophilicity determination  

Using the shake flask method, the logD7.4 value of the compound was determined. The labelling 

solution was adjusted to pH 7.4 and 5 MBq were diluted in 700 µl n-octanol and 700 µl PBS. It was 

shaken for 2 min at 1500 U/min and then centrifuged. 400 µl of the n-octanol phase and 400 µl of the 

PBS phase were each transferred to a new Eppendorf tube. 3-6 µl were then pipetted on a TLC plate 

and analysed via phosphor imager. LogD7.4 value was calculated by determining the ratio of the 

activities of the two phases. This procedure was repeated twice more with the respective phase with 

higher activity, so that three coefficients were obtained and the mean value was calculated. 
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Binding studies of 177Lu-labelled compound on hydroxyapatite (HAP) 

Hydroxyapatite (20 mg) was incubated in saline (1 mL) for 24 h. 50 µl of the labelled [177Lu]Lu-13 (5 

MBq) and respectively [177Lu]Lu-PSMA-617 (5 MBq) was added. The suspension was vortexed for 20 s 

and incubated for 1 h at room temperature. The samples were passed through a filter (CHROMAFIL® 

Xtra PTFE-45/13) and the supernatant was washed with water (500 µL). The radioactivity of the liquids 

and the HAP-containing supernatant were measured with a curiemeter (Aktivimeter Isomed 2010 MED 

Nuklear-Medizintechnik Dresden GmbH). The binding of [177Lu]Lu-13 and [177Lu]Lu-PSMA-617 was 

determined as percent of activity absorbed to HAP. Free Lu-177 was examined as a positive probe 

analogously. 

For blocking experiments, Hydroxyapatite (20 mg) was incubated in saline (1 mL) with pamidronate 

(100 mg) and evaluated with [177Lu]Lu-13 and free Lu-177 as described above. 

 

In vitro binding affinity 

Cold [natLu]Lu complexes were synthesized by shaking a mixture of 13 (371 µL of a 1 mg/ml solution, 

250 nmol) and LuCl3 (129 µL of a 1 mg /mL solution, 375 nmol; metal to ligand ratio 1.5 to 1) in 1 M 

ammonium acetate buffer at 95 °C for 2 hours. Complexation was monitored by ESI-LC/MS.  

Based on the protocol published by Benešová et al. the PSMA binding affinity was determined in a 

competitive radioligand assay.8 PSMA-positive LNCaP-cells (purchased from Sigma-Aldrich) were 

cultured in RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo 

Fisher Scientific), 100 μg/ml streptomycin, and 100 units/ml penicillin at 37°C in 5% CO2. These cells 

were incubated for 45 min with rising concentrations of the test compounds in the presence of 0.75 nM 

[68Ga]Ga-PSMA-10. Free radioactivity was removed by several washing steps with ice-cold PBS. Probes 

were measured in a γ-counter (2480 WIZARD2 Automatic Gamma Counter, PerkinElmer). Obtained 

data were analyzed in GraphPad Prism 9 using nonlinear regression.  

 

Animal studies 

All animal experiments were approved by the ethical committee of the state of Rhineland Palatinate 

(according to §8 Abs. 1 Tierschutzgesetz, Landesuntersuchungsamt) and performed in accordance with 

relevant federal laws and institutional guide-lines approval Nr. 23 177-07/G 21-1-022. 



141 
 

6- to 8-week-old male BALB/cAnNRj (Janvier Labs) were inoculated subcutaneously with 5x106 LNCaP 

cells in 200 µL 1:1 (v/v) Matrigel/PBS (Corning®). Experiments are conducted after the tumour has 

reached a volume of approximately 100 cm3. 

LNCaP xenografts were anesthetized with 2% isoflurane prior to i.v. injection of 0.5 nmol of 

[177Lu]Lu-13. The specific activity was approximately 3 MBq/nmol. PSMA-selectivity was investigated 

by co-injection of 1.5 µmol PMPA/mouse. 

Animals were sacrificed 24 h p.i. Organs were collected and weighed. The radioactivity was measured 

and calculated as decay-corrected percentage of the injected dose per gram of tissue mass %ID/g. 
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4.3  Project C:  PSMA inhibitor conjugated drug delivery systems 
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4.3.1  18F-labeled, PSMA-specific liposomes: promising and PET-

traceable tool for future targeted drug delivery in the 

treatment of prostate cancer 

 

 

 

 

X.X., Tilmann Grus, X.X., X.X. and X.X. 

 

 

 

 

 

 

 

 

In preparation for submission 

 

 

 

 

  



150 
 

Summary 

The packaging of drugs in liposomes is a well known method of transportation of drugs.1 The use of 

liposomes as nanocarrier has some advantages. For example, side effects can be reduced and 

bioavailability can be increased.2 

In this study, a liposome-based drug transport system should be developed. The liposomes are 

functionalized with the squaric acid conjugated and urea-based PSMA inhibitor KuE. This PSMA 

inhibitor allows the targeted transport of cytotoxic drug carrying liposomes to prostate cancer cells. A 

fluorine-18 labelled unit is also conjugated to the liposomes to evaluate the in vivo behaviour of the 

novel liposomes. In this study, surface of the liposomes are coated with hyperbranched polyglycerols 

with hydrophobic alkyl chain anchors (BisHD-hbPG). This coating enables a stealth effect which allow 

an improved blood circulation due to the increased resistance against the mononuclear phagocyte 

system.3  

After synthesis of the BisHD-hbPG block copolymers and their functionalisation with alkyne groups, 

the polymers were functionalized with the azide carrying SA.KuE PSMA target vector via CuAAC.  

The radiolabelling and the liposome formation of the PSMA inhibitor containing polymers should be 

compared with the non-PSMA conjugated polymers. In the next step the 18F-radiolabel [18F]F-TEG-N3 

was synthesized by an automated synthesis modul (RCY = 53%) and was also conjugated to the 

polymers via CuAAC by hand. This conjugation was conducted with a quantitative radiochemical yield.  

With the freshly prepared 18F-labeled polymers, liposome formation was conducted via thin film 

hydration under addition of DOPC and cholesterol. Extrusion through membranes with defined pore 

size was carried out to obtain small uniform unilamellar liposomes. The final liposomes were purified 

via a size exclusion chromatography column. The complete synthesis of the liposomes, starting with 

the radiolabelling was done in 82 min for the KuE functionalised liposomes (RCY = 25%) and in 75 min 

for the not functionalised liposomes (RCY = 14%). The analysis of the size of the liposomes was 

performed via dynamic light scattering and showed diameters of 157.5 nm for the simple liposomes 

and 199.1 nm for the KuE conjugated version. Both liposomes show favourable sizes, since it is 

literature known that liposomes with sizes of 100 to 200 nm showed the most effectively tumour 

uptake.4,5 Thus the KuE containing liposomes could be a promising drug delivery system for 

transportation of drugs to the prostate cancer cell. Drug loading and releasing experiments and in vivo 

evaluation need to be done in future.  
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Abstract 

Inhibitors of the prostate-specific membrane antigen (PSMA) belong to one of the most important 

substance classes in nuclear medicine. L-lysine-urea-L-glutamate (KuE) represents a key motif in recent 

diagnostics and therapeutic radiopharmaceuticals targeting the PSMA. Multifunctional polyether 

structures play a crucial role in shielding liposomes from degradation in the blood stream due to their 

stealth effect. In this work alkyne-functionalized hyperbranched polyglycerols (hbPG) with a long 

hydrophobic alkyl chain anchor (BisHD) were synthesized and consecutively modified with an azide-

bearing, squaramide coupled PSMA inhibitor (KuE.SA.Azide) via Cu(I)-catalyzed alkyne-azide 

cycloaddition (CuAAC). Subsequent radiolabeling via similar reaction of [18F]F-TEG-Azide with residual 

alkyne-groups followed by liposomal preparation led to a promising system for future targeted drug 

delivery in the treatment of prostate cancer that can be pre-evaluated in vitro and in vivo via positron 

emission tomography (PET).  
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Introduction 

Among men, prostate cancer is the most common cancer in industrialized countries and the fifth 

leading cause of cancer death worldwide.1,2 However, with early detection, there are good treatment 

options leading to a five-year survival rate of more than 90%.2,3 The prostate specific membrane 

antigen (PSMA) is associated with the diagnosis of prostate cancer. This membrane-bound 

glycoprotein belongs to the group of carboxypeptidases, which cleaves off C-terminal glutamate and 

for example catalyzes the hydrolysis of N-acetylaspartylglutamate to N-acetylaspartate. It is rarely 

found in healthy tissues but shows overexpression in prostate cancer cells.4,5 For this reason, a variety 

of radiopharmaceutical drugs based on longer peptides, antibodies and small molecules targeting 

PSMA have been used for the diagnosis and treatment of prostate cancer.6,7 These compounds have 

similar structures to N-acetylaspartyl glutamate with a C-terminal glutamate to address the glutamate 

recognition domain of PSMA.8 Furthermore, the glutamate moiety must be attached to another non-

cleavable group to prevent cleavage by PSMA in vivo. The presence of an aromatic moiety in the linker 

region significantly improves the affinity of the radiopharmaceutical by addressing an aromatic binding 

moiety in the binding pocket of the PSMA.9 A variety of PSMA inhibitors are urea-based, such as the 

most important PSMA radiopharmaceuticals PSMA-11 and PSMA-617.8,10,11 The lead structure of these 

molecules is a L-lysine-urea-L-glutamate (KuE) motif that resembles the structure of N-acetylaspartyl 

glutamate and is not cleavable by PSMA. 

The use of squaric acid diethyl ester (3,4-Diethoxycyclobut-3-ene-1,2-dione; SADE) as coupling reagent 

provides a unique strategy for conjugation of target vectors, linker units and other molecules. It is 

already widely used in the coupling of biomolecules for preparation of e.g.  carbohydrate- or protein-

polymer-conjugates.12  

The application of SADE simplifies the synthetic process. For example, no protective groups or further 

coupling reagents are required. There are also no by-products that need to be removed. 

The two ester groups react selectively with amines under mild conditions.13 The amidation can be 

carried out asymmetrically via pH control, since formation of the monoamide in the first step leads to 

reduced reactivity. By increasing the pH value, deprotonation occurs, whereby the aromatic 

stabilization of the monoamide is lost and the second amidation can take place.14–16 This prevents 

dimerization and enables asymmetric amidation with high selectivity and high yields. 

Squaric acid shows a high acidity (pKa1 = 0.5-1.2; pKa2 = 2.2-3.5) and due to Hückel rule ([4n + 2] 

π-electrons, n = 0) for aromatic systems, it represents an aromatic unit.17,18 In PSMA-specific 

radiopharamceuticals, squaric acid thus provides a moiety that interacts with the aromatic binding site 

in the binding pocket leading to increased affinity.19,20 
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The problem with small molecules, however, is their rapid excretion by the kidney and the associated 

short retention in the blood. In order to increase the circulation time, a variety of approaches have 

been pursued in recent decades.21-22 One possible approach is to use drug delivery systems such as 

liposomes.23,24 Liposomes are vesicular structures that mimic a biomembrane. They typically consist of 

amphiphilic phospholipids and are often additionally stabilized using cholesterol. The problem with 

these systems is that they are easily recognized by macrophages of the mononuclear phagocyte system 

(MPS) due to their size, which leads to increased uptake in the liver and spleen.23,25-26 To increase the 

circulation time in the blood, the stealth effect of PEGylated systems is used. Polyethylene glycol chains 

are attached to the surface of the liposomes to shield them from macrophages.27,28 PEG has been the 

"gold standard" for creating stealth liposomes for years.29 In recent years, however, antibody-

mediated immune responses have been increasingly observed.30 In addition, functional groups for 

further functionalization are missing because methoxy PEG (mPEG) is commonly used. A promising 

alternative is the highly biocompatible and water-soluble hyperbranched polyglycerol (hbPG).31 

Hyperbranched polyglycerol has a large number of hydroxyl groups, which allows functionalization 

with targeting vectors, radiolabels or targeting ligands for direct drug delivery.32 Wagener et al. 

investigated and compared liposome shielding in vivo via PET using 18F-labeled, linear and 

hyperbranched polyether lipids. They observed comparably high stability and prolonged blood 

circulation of all investigated structures with differences in spleen accumulation mainly due to the 

different liposomal sizes.33 Furthermore, very recently, they analogously prepared and investigated 

either fluorescence- or radiolabeled liposomes being functionalized with trimannose moieties for 

active targeting of dendritic cells (DCs). Compared to non-functionalized liposomes, the 

trimannosylated analogues provided significantly increased uptake in the spleen and liver, presumably 

due to the presence of DCs.34 Hofmann et al. introduced different strategies to synthesize a variety of 

linear-hyperbranched polyether lipids. For this purpose, cholesterol or dialkyl-based anchors with 

different chain length are directly used as initiators in an anionic ring opening polymerization (AROP) 

of various epoxide monomers. This procedure enables a variety of polyether architectures with an 

adjustable number of hydroxyl groups.35 Furthermore, a study showed the stability of liposomes 

depending on the used anchor structure. Anchor structures with an alkyl chain between 18-20 

methylene units showed an inherently higher stability of the liposomal membrane compared to 

cholesterol.36 

The cyclotron-produced positron emitter fluorine-18 provides several advantageous properties for 

radiolabeling and in vivo evaluation of liposomal structures via PET. Although it belongs to the shorter-

lived radionuclides, its half-life of 109.7 min is longer than that of many other commonly used PET-

isotopes (such as 68Ga, 11C, 13N, 15O) allowing for more time-consuming synthesis and making it suitable 

not only for imaging of small molecules but also larger systems with prolonged circulation such as 
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peptides, polymers and liposomes.37,38 Furthermore, the almost exclusive β+-decay (96.9%) of 

fluorine 18 produces low energy positrons (Eβ+,max = 635 keV) ensuring a high spatial PET-resolution.39 

In contrast to radiometals, fluorine-18 is typically covalently bound to the respective molecule. 

Therefore, utilization of larger chelating structures that may impair liposome preparation or affect the 

shielding properties of the liposomal surface, is not required. Application of a structurally compliant, 

18F-labeled synthon such as the frequently used 1-Azido-2-(2-(2-[18F]fluoroethoxy)ethoxy)ethane 

([18F]F-TEG-N3) enables indirect radiolabeling of the hyperbranched polyether construct without 

significantly affecting its chemical and biological properties.33,34,40,41 

In the present study the initial steps included synthesis of both an alkyne-functionalized 

hyperbranched polyglycerol with a long hydrophobic alkyl chain anchor and an azide-bearing 

squaramide coupled KuE-derivative. In the next step the corresponding KuE-functionalized polyether 

lipid was formed via CuAAC. Subsequently, the previously synthesized precursor 2-(2-(2-

Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate (Ts-TEG-N3) was 18F-labeled using a custom-built 

semiautomatic modular system. A second copper(I)-catalyzed click-reaction between the resulting 

[18F]F-TEG-N3 and residual alkyne groups of the polyether led to the desired radiolabeled lipid. In the 

final step, the corresponding liposomes were prepared via thin film hydration method using DOPC and 

cholesterol as additives and liposomal size was adjusted by repeated extrusion. SEC purification finally 

resulted in 18F-labeled, KuE-functionalized, hbPG-shielded liposomes representing a promising system 

for future drug delivery in the treatment of prostate cancer that can be traced and pre-evaluated in 

vivo via PET. 

 

Experimental part 

Terminology 

The amphiphilic block copolymer based on the hydrophobic initiator 1,2-bis-n-hexadecyl glyceryl ether 

(BisHD-OH) and the monomer ethoxyethyl glycidyl ether (EEGE) to synthesize the protected 

macroinitiator is named BisHD-P(EEGE). After cleavage of the acetal protecting groups the resulting 

linear poly(glycerol) (linPG) is named BisHD-linPG. After the slow monomer addition (SMA) with the 

monomer glycidol the resulting hyperbranched polyglycerol (hbPG) polymer is named BisHD-hbPG. 

The precursor 2-(2-(2-Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate is named Ts-TEG-N3 and the 

18F-labeled click-synthon 1-Azido-2-(2-(2-[18F]fluoroethoxy)ethoxy)ethane is named [18F]F-TEG-N3. The 

PSMA-inhibitor 2-(3-(5-Amino-1-carboxy-pentyl)ureido)pentanedioic acid (L-lysine-urea-L-glutamate) 

is named KuE.SA. The KuE.SA-functionalized BisHD-hbPG is named BisHD-hbPG-KuE.SA. 

 

javascript:
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Instrumentation and Materials 

1H NMR (300 MHz), 13C NMR (75 MHz) and 2D spectra were recorded on a Bruker Avance III HD 300 

(5 mm BBFO-Probe with z-Gradient and ATM). 1H NMR (400 MHz), 13C NMR (100 MHz) and 2D spectra 

were measured on a Bruker Avance II 400 MHz (5 mm BBFO-Probe Z-gradient and ATM, SampleXPress 

60 auto sampler). 1H NMR (600 MHz), 13C NMR (151 MHz) and 2D spectra were measured on a Bruker 

Avance III 600 MHz (5 mm TCI-CryoProbe Z-gradient and ATM, SampleXPress lite 16 sampler).The 

chemical shifts were internally referred to residual proton signals of the deuterated solvent. The NMR 

spectra were analyzed via MestReNova v11.0 software. 

Mass spectrometry was measured via Agilent Technologies 1220 Infinity LC system coupled to an 

Agilent Technologies 6130 Single Quadrupole LC/MS system. HPLC purification and analysis was 

performed using a Merck LaChrom system with Hitachi L7100 pump and L7400 UV-detector and the 

respectively mentioned column and conditions. Spin Filtration was carried out using Pall Microsep 

Advance centrifugal filters (MWCO = 1000 g/mol). 

Size exclusion chromatography (SEC) for the synthesized polymers was performed at 50 °C in 

N,N-dimethylformamide (with 1 g/L lithium bromide added) as eluent on an Agilent 1,100 Series 

equipped with Polymer Standards Service (PSS) HEMA columns with 300/100/40 Å porosity and a RI 

detector. The determination of the molecular weights was determined by a calibration with 

poly(ethylene glycol) standards by PSS.  

During radiosynthesis, activity of the samples was measured using a PC-based dose calibrator (ISOMED 

2010, Nuklear Medizintechnik Dresden GmbH). Radio thin layer chromatography (radio-TLC) was 

performed using Merck Silica 60 F254 TLC plates; and ethylacetate:hexane (1:1) as mobile phase. 

Radio-TLC results were analyzed via image plate scanner (CR35-Bio, Elysia Raytest) and AIDA Image 

Analysis software (Elysia Raytest). 

Dynamic light scattering (DLS) was measured using a Malvern Zetasizer Nano ZS. The cell holder was 

equipped with a Peltier-controlled thermostat. The samples were prepared with a concentration of 

1 μL per 1 mL of PBS buffer solution from Sigma Aldrich (dilution 1:1000) and measured at a laser 

wavelength of 633 nm and a scattering angle of 173°. All samples were measured at a constant 

temperature of 25 °C. Measurements were performed in disposable polystyrene cuvettes from the 

company Brand. The analysis was carried out using Malvern Zetasizer Software 7.11 from Macromedia. 

All solvents and reagents were purchased generally from the suppliers Acros Organics, Tokyo Chemical 

Industry (TCI), Sigma-Aldrich, Fluka, Fisher Scientific, Alfa Aesar, IRIS Biotech and VWR and were used 

as received unless otherwise stated. Deuterated solvents were purchased from Deutero GmbH. 

Dialysis membranes (regenerated cellulose, MWCO = 500 g/mol and MWCO = 1000 g/mol) were 
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purchased from Orange Scientific. EEGE was synthesized according to literature.42 Glycidol was stirred 

over CaH2 and freshly distilled before use. Dry N-methylpyrrolidone (NMP) was stored over molecular 

sieve before use. 

Aqueous [18F]fluoride was produced via proton-irradiation of enriched [18O]H2O using a PETtrace 700S 

cyclotron (GE Healthcare). 

 

Organic synthesis procedure  

Synthesis of the hydrophobic alkyl chain anchor (BisHD-OH) 

BisHD-OH was synthesized as described in literature.43 More details are in the supporting information 

(SI-Scheme 1, SI-figure 1). 

 

Synthesis of BisHD-linPG macroinitiator 

The synthesis was carried out according to literature.44 

The synthesis is described for BisHD-linPG22 as a representative example.  

1,2-bis-n-hexadecyl glyceryl ether (BisHD-OH) (2.00 g, 3.70 mmol, 1 eq.) and CsOH mono hydrate 

(0.56 mg, 3.33 mmol, 0.9 eq.) was placed in a dry Schlenk flask and dissolved in benzene (10 mL). The 

solution was stirred at 60 °C for at least 30 min and dried in vacuo overnight to remove moisture. Dry 

Dioxan (50 mL) was added and after 20 min EEGE (11.89 g, 81.34 mmol, 12.01 mL, 22 eq.) via syringe. 

The solution was stirred at 80 °C for 6 d. The solvent was removed in vacuo. The polymer was dissolved 

again in methanol (50 mL) and 4 g of an acidic ion exchange resin (Dowex 50WX8) was added to the 

polymer solution to cleave the acetal protecting groups of BisHD-P(EEGE). The solution was stirred and 

heated to 50 °C overnight. Afterwards, the resin was removed by filtration and the solvent was 

removed partly in vacuo. The crude polymer was precipitated twice in cold diethyl ether. The resulting 

block copolymer was dried in vacuo. The polymer was isolated as a brownish resin in a yield of 90%. 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 4.78 – 4.25 (m, 15H, OH), 3.67 – 3.13 (m, 123H, CH2-O and CH2-

CH-O), 1.48 – 1.43 (m, 4H, CH2-CH2-O), 1.35 – 1.05 (m, 52H, CH2), 0.85 (t, J = 6.8 Hz, 6H, CH3-CH2). 
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Synthesis of BisHD-hbPG  

The synthesis was carried out according to literature.44 

Hypergrafting of glycidol is described for the macroinitiator BisHD-linPG22 as a representative example.  

The macroinitiator BisHD-linPG22 (0.20 g, 0.10 mmol, 1 eq.) was placed in a Schlenk flask, dissolved in 

benzene (3 mL) and dried in vacuo overnight. BisHD-linPG22 was again dissolved in benzene (2 mL) and 

CsOH mono hydrate (33.58 mg, 0.20 mmol, 2 eq., equates to a degree of deprotonation of 10% of 

hydroxyl groups) was added. The solution was stirred at 60 °C for at least 1 hour and dried in vacuo 

overnight to remove moisture. The macroinitiator was dissolved in N-methylpyrrolidone (NMP) (1 mL) 

and a solution of glycidol (0.59 mg, 7.90 mmol, 0.51 mL, 40 eq.) (5%) in NMP was added to the initiator 

solution over a time period of 16 h (0.5 mL/h) at 100 °C. The solution was stirred for additional 2 h to 

ensure complete conversion of glycidol. Subsequently, the solvent was removed under reduced 

pressure and the crude product was dialyzed for 16 h against methanol (MWCO = 1000 g/mol). The 

solvent was removed under reduced pressure and the product was dried in vacuo. The polymer was 

isolated in a yield of 60%. 

1H NMR (400 MHz, pyridine-d5) δ [ppm] = 6.58 – 5.80 (m, 74H, OH), 4.44 – 3.45 (m, 380H, CH2-O and 

CH2-CH-O), 1.73 – 1.60 (s, 4H, CH2-CH2-O), 1.44 – 1.20 (m, 52H, CH2), 0.88 (t, J = 6.5 Hz, 6H, CH3-CH2). 

 

Functionalization of BisHD-hbPG with propargyl bromide 

The functionalization is described for BisHD-hbPG74 as representative example. 

BisHD-hbPG74 (0.70 g, 0.12 mmol, 1 eq.) was placed in a Schlenk flask and dissolved in 

dimethylformamide (DMF) (15 mL). The solution was cooled to 0 °C and sodium hydride (19.6 mg, 

0.82 mmol, 7 eq.) was added. The solution was stirred for 1 h at 0 °C to ensure complete 

deprotonation. Subsequently, propargyl bromide (0.52 mL, 0.46 mmol, 4 eq.) (80 wt% in toluene) was 

added and the mixture was allowed to slowly reach room temperature. The solution was stirred at 

room temperature for 2 days. Afterwards, water (2 mL) was added and the solvent was removed under 

reduced pressure. The crude product was dialyzed against methanol (MWCO = 500 g/mol) for 24 h. 

The solvent was removed under reduced pressure and the product was dried in vacuo overnight. The 

alkyne-functionalized polymer was isolated in a yield of 75%. 

1H NMR (400 MHz, pyridine-d5) δ [ppm] = 6.61 – 5.86 (s, 67H, OH), 4.73 – 4.49 (s, 4H, OCH2-CCH), 4.46 

– 3.48 (m, 383H, CH2-O and CH2-CH-O), 1.74 – 1.60 (m, 4H, CH2-CH2-O), 1.49 – 1.17 (s, 52H, CH2), 0.88 

(t, J = 6.8 Hz, 6H, CH3-CH2).  
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Synthesis of KuE.SA.N3 

Synthesis of the squaramide functionalized PSMA inhibitor KuE.SA was carried out according to the 

already published procedure.20 

 

Synthesis of 2-(3-(5-Amino-1-carboxy-pentyl)ureido)pentanedioic acid (L-lysine-urea-L-glutamate (KuE)  

H-Glu(tBu)-OtBu (0.9 g, 3 mmol) and DIPEA (2 mL, 12 mmol) were dissolved in dry dichloromethane 

(150 mL). The solution was cooled to 0 °C and triphosgene (300 mg, 1 mmol) was added over a period 

of 4 h. The solution was then stirred for 1 h at room temperature. The H-Lys(Boc)-2CT-polystyrene solid 

phase (0.78 mmol/g, 390 mg, 0.3 mmol) was added to the reaction solution and stirred for additional 

16 h at room temperature. The solid phase was filtered and washed with dichloromethane. The 

product was cleaved from the solid phase with TFA (3 x 7 mL, 10 min, RT) and purified by semi-

preparative HPLC (column: Phenomenex Luna C18 (250 x 10 mm) 10 μ, flow rate: 5 mL/min, 

H2O/MeCN + 0.1% TFA, 0-5% MeCN in 20 min, tR = 9.0 min). KuE was obtained as a colorless oil 

(67.9 mg, 0.21 mmol, 71%). 

1H-NMR (300 MHz, D2O) δ [ppm] = 4.22 (ddd, J = 12.4, 9.0, 5.0 Hz, 2H, HOOC-CH-NH-CO), 2.98 (t, J = 

7.5 Hz, 2H, NH2-CH2), 2.50 (t, J = 7.3 Hz, 2H, HOOC-CH2-CH2), 2.16 (dtd, J = 14.9, 7.5, 5.1 Hz, 1H, HOOC-

CH2-CH2), 2.00 – 1.76 (m, 2H, HOOC-CH2-CH2, NH2-(CH2)3-CH2), 1.76 – 1.60 (m, 3H, NH2-CH2-CH2, NH2-

(CH2)3-CH2), 1.55 – 1.22 (m, 2H, NH2-(CH2)2-CH2)). 

MS (ESI+): 320.1 [M+H]+, calculated for C12H21N3O7: 319.14 [M]+. 

 

Synthesis of 2-(3-(1-Carboxy-5-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)pentyl)ureido)-

pentanedioic acid (KuE.SA)  

KuE (10 mg, 31.3 µmol) was dissolved in 0.5 M phosphate buffer (pH 7; 250 μL). To this solution 

3,4-diethoxycyclobut-3-ene-1,2-dione (5.3 mg, 4.6 μL, 31.3 µmol) was added. The pH was adjusted to 

pH 7 using 1 M NaOH. The solution was shaken for 16 h. The product KuE.SA was purified by semi-

preparative HPLC (column: Phenomenex Luna C18 (250 x 10 mm) 10 μ, flow rate: 5 mL/min, 

H2O/MeCN + 0.1% TFA, 12-30% MeCN in 20 min, tR = 10.0 min) and obtained as a colorless solid 

(27.8 mg, 62.7 µmol, 23%). 

1H-NMR (300 MHz, D2O) δ [ppm] = 4.75 – 4.65 (m, 2H, HOOC-CH-NH-CO), 4.30 – 4.12 (m, 2H, O-CH2-

CH3), 3.59 (dt, J = 23.5 Hz, 6.6 Hz, 1H, NH-CH2), 3.48 (t, J = 6.6 Hz, 1H, NH-CH2) 2.49 (t, J = 7.3 Hz, 2H, 

HOOC-CH2-CH2), 2.16 (dtd, J = 15.3 Hz, 7.4 Hz, 5.2 Hz,1H, HOOC-CH2-CH2), 2.04 – 1.90 (m, 1H, HOOC-
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CH2-CH2) 1.86 – 1.75 (m, 2H, NH-(CH2)3-CH2), 1.73 – 1.46 (m, 2H, NH-CH2-CH2), 1.41 (dt, J = 7.1 Hz, 

3.6 Hz, 5H, NH-(CH2)2-CH2, O-CH2-CH3).  

13C-NMR (300 MHz, D2O) δ [ppm] = 188.86 (NH-C-CO), 182.94 (O-C-CO), 177.13 (HOOC-CH-(CH2)2-

COOH), 176.95 (HOOC-CH2-CH2), 176.05 (NH-C=C-O), 173.15 (NH-C=C-O), 159.08 (NH-CO-NH), 70.41 

(O-CH3-CH2), 52.91 (HOOC-CH-NH (Lys)), 52.48 (HOOC-CH-NH (Glu)), 44.03 ((NH-CH2-CH2)), 30.26 (NH-

CH2), 29.91 (HOOC-CH2-CH2), 28.86 (NH-(CH2)3-CH2), 26.15 (HOOC-CH2-CH2), 21.59 (NH-(CH2)2-CH2), 

14.95 (O-CH3-CH2).  

MS (ESI+): 444.2 [M+H]+, calculated for C18H25N3O10: 443.15 [M]+. 

 

Synthesis of 2-Azidoethylamine  

2-Bromoethylamine hydrobromide (1 g, 4.9 mmol) and sodium azide (952 mg, 14.6 mmol) were 

dissolved in water (15 mL) and stirred overnight at 75 °C. The reaction mixture was cooled to 0 °C and 

potassium hydroxide (1.2 g, 21.4 mmol) was added. The product was extracted from the aqueous 

solution with diethyl ether (3 x 20 mL). The organic layer was evaporated under reduced pressure and 

2-Azidoethylamine was obtained as colorless oil (372 mg, 4.3 mmol, 87%). 

1H-NMR (300 MHz, chloroform-d3) δ [ppm] = 3.37 (t, J = 5.7 Hz, 2H, CH2-NH2), 2.92 – 2.84 (m, 2H, N3-

CH2), 1.42 (s, 2H, -NH2).  

13C-NMR (300 MHz, chloroform-d3) δ [ppm] = 54.50 (CH2-N3), 41.47 (CH2-NH2).  

MS (ESI+): 87.1 [M+H]+ calculated for C2H6N4: 86.06 [M]+. 

 

Synthesis of 2-(3-(5-((2-((2-azidoethyl)amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-1-

carboxypentyl)ureido)-pentanedioic acid (KuE.SA.N3) 

2-Azidoethylamine (40 mg, 0.46 μmol) and KuE.SA (6 mg, 13.5 µmol) were dissolved in 0.5 M 

phosphate buffer (pH 9, 300 μL) and the pH was readjusted to pH 9 with 1 M NaOH solution. The 

reaction mixture was shaken overnight and the product (6 mg, 12.4 µmol, 92%) was obtained as a 

colorless oil after semi-preparative HPLC purification (column: Phenomenex Luna C18 (250 x 10 mm) 

10 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 10-40% MeCN in 20 min, tR = 8.2 min). 

1H-NMR (400 MHz, D2O) δ [ppm] = 4.25 (dd, J = 9.1, 5.1 Hz, 1H, HOOC-CH-Glu), 4.19 (dd, J = 8.8, 4.9 Hz, 

1H, HOOC-CH-Lys), 3.55 – 3.49 (m, 2H, NH-CH2-CH2-N3), 3.17 (t, J = 5.5 Hz, 1H, CH2-N3), 2.50 (t, J = 7.3 

Hz, 2H, HOOC-CH2), 2.17 (dq, J = 12.5 Hz, 7.3 Hz, 1H, NH-CH2-CH2), 2.00 – 1.89 (m, 1H, NH-CH2-CH2), 
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1.85 (p, J = 7.9 Hz, 7.2 Hz, 1H, HOOC-CH2-CH2), 1.73 (dt, J = 13.7 Hz, 6.9 Hz, 1H, HOOC-CH2-CH2), 1.64 

(p, J = 7.3 Hz, 6.4 Hz, 2H, NH-(CH2)3-CH2), 1.45 (q, J = 8.4 Hz, 2H, NH-(CH2)2-CH2). 

13C-NMR (400 MHz, D2O) δ [ppm] = 177.26 (SA.C=O), 176.86 (HOOC-CH2-CH2), 176.10 (2C, HOOC-CH), 

159.15 (NH-CO-NH), 117.66 (, NH-C-C-NH), 114,80 (NH-C-C-NH), 53.06 (HOOC-CH-Lys), 52.47 (HOOC-

CH-Glu), 51.45 (CH2-N3), 43.50 (NH-CH2-CH2-N3), 30.37 (NH-(CH2)3-CH2), 29.87 (HOOC-CH2), 29.36 (NH-

CH2-CH2), 26.07 (HOOC-CH2-CH2), 21.62 (NH-(CH2)2-CH2). 

MS (ESI+): 484.4 [M+H]+, 506.2 [M+Na]+, calculated for C18H25N7O9: 483.17 [M]+. 

 

Synthesis of the KuE.SA.triazolyl-BisHD-hbPG  

KuE.SA-functionalization of BisHD-hbPG via CuAAC was performed according to a modified protocol by 

Yamamoto et al.45 The synthesis is described for KuE.SA-triazolyl-BisHD-hbPG74 as representative 

example. 

Alkyne-BisHD-hbPG674 (23 mg, 3.8 µmol, ca. 7 alkyne-groups per polymer) was dissolved in PBS (1 mL). 

KuE.SA.N3 (4.6 mg, 9.5 µmol) in PBS (1 mL), DMSO (36 µL), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine and PMDETA (1 µL, 3.8 µmol) were added. The mixture was heated to 

45 °C and CuBr (5.4 µL of a 1 mg/mL solution in DMSO; 5.4 µg, 0.038 µmol) was added and stirred at 

45 °C and under argon atmosphere for 16 h. Purification was carried out by spin filtration. The solution 

was transferred into a centrifuge tube (Pall Microsep Advance 1K) and centrifuged for 30 min (4696 g). 

The concentrate was dissolved in water (1 mL) and centrifuged again for 15 min (4696 g). This washing 

step was repeated 7 times. In the last step the concentrate was centrifuged (4696 g) for 1 h. 

Lyophilisation gave the product as brownish solid (24.2 mg). 

 

Synthesis of the precursor 2-(2-(2-Azidoethoxy)ethoxy)ethyl-p-toluenesulfonate (Ts-TEG-N3) 

Ts-TEG-N3 was synthesized as described in literature.40  

 

Radiosynthesis of 1-Azido-2-(2-(2-[18F]fluoroethoxy)ethoxy)ethane ([18F]F-TEG-N3) 

Radiolabeling of the precursor Ts-TEG-N3 and subsequent purification to produce [18F]F-TEG-N3 was 

performed via semiautomatic custom modular system using cyclotron-produced [18F]fluoride 

according to the procedure already reported in literature.40 
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[18F]fluoride was first trapped on a preconditioned (10 mL 1 M K2CO3 solution, 10 mL Milli-Q water, 

20 mL air) Sep-Pak QMA light cartridge (Waters) and subsequently eluted into a reaction vial using a 

mixture of 1 M K2CO3 solution (15 µL, 15 µmol), Kryptofix® 222 (15 mg, 40 µmol) and acetonitrile 

(1 mL). Azeotropic removal of residual water was achieved via evaporation of the solvent under 

reduced pressure and helium flow at 80 °C. After cooling to 40 °C, a solution of Ts-TEG-N3 (10.0 mg, 

30.4 µmol) in acetonitrile (1 mL) was added and the reaction vial was heated to 90 °C for 10 min. After 

completion of the radiolabeling reaction, the mixture was cooled down again to 40 °C and MeCN/H2O 

(1:1) (1 mL) was added. The resulting solution of crude compound was subsequently purified via 

semipreparative HPLC (column: Phenomenex Luna C18 semipreparative (250 x 10 mm) 10 µ, flow rate: 

3 mL/min, MeCN/H2O 1:1, tR = 8.0 min). The collected product fraction was diluted by Milli-Q water 

(35 mL) and passed through a preconditioned (10 mL acetonitrile, 10 mL Milli-Q water, 20 mL air) 

Lichrolut EN cartridge (Merck). Subsequently, the cartridge was dried with a stream of helium and 

eluted with anhydrous diethylether (1.5 mL) into a vial equipped with a stirring bar and a septum. 

Evaporation of the solvent under reduced pressure and helium flow (10 mL/min) at 40 °C led to the 

product ([18F]F-TEG-N3) with a decay corrected radiochemical yield of 53%. 

 

Synthesis of ([18F]F-TEG-triazolyl)(KuE-SA-triazolyl)-BisHD-hbPG 

18F-labeling of the KuE-SA-triazolyl-BisHD-hbPG via copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) was performed similarly to the method already published.33 The synthesis is described for 

([18F]F-TEG-triazolyl)-(KuE-SA-triazolyl)-BisHD-hbPG63 as representative example. 

In detail, a solution of KuE-SA-triazolyl-BisHD-hbPG63 (3.1 mg, 0.56 µmol) in 1 mL PBS was added to a 

vial containing a layer of [18F]F-TEG-N3 and a stirring bar. Successively, 12.5 µL DMSO, 15 µL 1 M CuSO4 

solution (15 µmol) and 25 µL 2.4 M sodium ascorbate in PBS (60 µmol) were added and the resulting 

mixture was heated to 70 °C for 15 min while stirring. Completion of the reaction was confirmed via 

radio-TLC (radiolabeled product: Rf = 0, [18F]F-TEG-N3: Rf = 0.8-0.9). Subsequently, the solution was 

passed through preconditioned (0.8 mL 1 M HCl, 5 mL H2O, 0.8 mL 1 M NaOH, 5 mL H2O, 10 mL air) 

Chelex 100 chelating resin (600 mg, Bio-Rad) to remove catalytic copper. The cartridge was flushed 

with 1.5 mL abs. ethanol and the eluate was combined with the first aqueous flow-through yielding a 

solution of purified, 18F-labeled polyether lipid with a decay corrected radiochemical yield of 73%.  
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Synthesis of ([18F]F-TEG-triazolyl)-BisHD-hbPG 

18F-labeling of the non-KuE-functionalized, alkyne-bearing BisHD-hbPG (3.5 mg, 0.65 µmol) was 

accomplished via CuAAC analogously to the synthesis of ([18F]F-TEG-triazolyl)(KuE-SA-triazolyl)-BisHD-

hbPG resulting in a decay-corrected radiochemical yield of 81%. 

 

Liposome formation 

18F-labeled, KuE-functionalized liposomes were prepared via thin film hydration and automatic 

extrusion similar to the method already published in literature.33,34 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 241 µL, 20 mg/mL in ethanol, 6.13 µmol, 55 mol%) 

and cholesterol (246 µL, 7 mg/mL in ethanol, 4.46 µmol, 40 mol%) were added to the obtained 

aqueous-ethanolic solution of the 18F-labeled polyether lipid ([18F]F-TEG-triazolyl)(KuE-SA-triazolyl)-

BisHD-hbPG (0.56 µmol, 5 mol%). The solvents were removed under reduced pressure via rotary 

evaporator providing a thin oily layer. Addition of 0.8 mL PBS and subsequent ultrasonication for 

10 min at 50 °C led to a turbid yellow suspension. To obtain uniform liposomes of small size, the 

suspension was extruded automatically through polycarbonate membranes of different pore sizes 

(400 nm, 100 nm and 50 nm, 21 times each) via custom-built extrusion device equipped with a 

LiposoFast extruder unit (AVESTIN Europe GmbH). In order to separate smaller components and 

structures, the resulting liposomes were finally purified via fractionated size exclusion chromatography 

(SEC) using Sephacryl S-400 HR resin (Cytiva, 4 mL in a 6 mL SPE tube) and PBS as mobile phase (0.5 mL 

per fraction). The radiolabeled KuE-functionalized liposomes eluted in fractions 3-5 as a slightly turbid 

suspension with a decay-corrected radiochemical yield of 25%. 

 

Results and discussion 

Polymer synthesis and characterization 

The amphiphilic block copolymer BisHD-hbPG was synthesized in a multi-step procedure. 

 

Synthesis of the hydrophobic BisHD-OH anchor 

The hydrophobic anchor structure BisHD-OH was synthesized as initiator for the anionic ring opening 

polymerization (AROP) of epoxides. The initiator was prepared in a straightforward two-step synthesis 

based on a procedure of Stauch et al., performing a Williamson etherification and using 1-O-benzyl 
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glycerol and hexadecyl bromide, followed by hydrogenation to remove the benzyl protecting group.43 

In the past, two other hydrophobic anchors 1,2-bis-n-icosanyl glyceryl ether (BisID-OH) with longer and 

1,2-bis-n-octadecyl glyceryl ether (BisOD-OH) with shorter alkyl chain lengths of the anchor structures 

were also used for the AROP.44 In a study of Gleue et al., the influence of the length of the amphiphilic 

anchors on the stability of the liposome membrane and the exchange between liposome membrane 

and cell membrane was investigated.36 Due to the good stability of BisHD-OH, this anchor was used as 

an initiator for our structures. 

 

Synthesis of BisHD-linPG macroinitiator 

In the first reaction step a BisHD-P(EEGE) precursor polymer was synthesized via AROP with ethoxy 

ethyl glycidyl ether (EEGE). For the polymerization of EEGE the BisHD-OH was first deprotonated with 

cesium hydroxide monohydrate and dried in vacuo overnight to remove any moisture. Cesium 

hydroxide monohydrate was used as base for the deprotonation to ensure a good reactivity for the 

polymerization due to the formation of a dissociated ion pair.46,47 The resulting initiator salt was 

dissolved in dioxane and the AROP of EEGE was performed under slightly reduced pressure and at 

elevated temperatures (80 °C) for 6 days. High temperatures were necessary to enable a 

polymerization clearly above the melting point of the initiator and to increase the overall 

reactivity. The polymerization of EEGE leads to linear structures (PEEGE) with acetal-protected 

hydroxyl groups, which can be released upon acidic treatment according to literature.48 The resulting 

linear polyglycerol (BisHD-linPG) structure exhibits numerous hydroxyl groups and can therefore be 

used as a macroinitiator to prepare the hyperbranched polyglycerol (hbPG) block (scheme 1). 

 

Scheme 1: Synthesis route for the macroinitiator BisHD-P(EEGE) and cleavage of the protecting acetal groups resulting in 
BisHD-linPG. 

 

Synthesis of BisHD-hbPG  

BisHD-linPG was used for “hypergrafting” of glycidol via slow monomer addition (SMA) technique to 

obtain the BisHD-hbPG polyether lipids. For the synthesis, the free hydroxyl groups of the BisHD-linPG 

macroinitiator were deprotonated using cesium hydroxide monohydrate and dried overnight to 

remove any moisture. The initiator salt was dissolved in N-methyl-2-pyrrolidone (NMP) to guarantee 
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a good solubility of the macroinitiator and the resulting BisHD-hbPG. The monomer glycidol was added 

via SMA approach over a time period of 16 h to obtain well-defined BisHD-hbPG (scheme 2). 

 

Scheme 2: Synthesis route for BisHD-hbPG via slow monomer addition (SMA) of glycidol. 

 
The key characterization data of BisHD-P(EEGE), BisHD-linPG and BisHD-hbPG are summarized in table 

1. 

Table 1: Characterization data of the precursor BisHD-P(EEGE), the macroinitiator BisHD-linPG and the block copolymer 
BisHD-hbPG. 

Sample Mn 
NMR a (g·mol-1) Mn 

SEC b (g·mol-1) Ð b 

BisHD-P(EEGE)22 3750 2230 1.06 

BisHD-linPG22 2170 1990 1.07 

BisHD-hbPG74 6010 3830 1.26 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 

 
AROP of BisHD and EEGE yielded the macroinitiator BisHD-P(EEGE), which was obtained with 22 EEGE 

units and a molecular weight (Mn) of 3750 g·mol-1 with a low dispersity (Ð=1.06). The BisHD-linPG had 

a lower molecular weight of 2170 g·mol-1, because of the acidic cleavage of the acetal groups. After 

the SMA with glycidol the BisHD-hbPG was obtained with 74 glycidol units and a molecular weight of 

6010 g·mol-1. The dispersity (Ð=1.26) is quiet good for this kind of “hypergrafting” reaction. The 

molecular weights determined via SEC are deviating from the results determined via 1H NMR, due to 

the applied PEG standards in the calibration and the varying hydrodynamic volume (Vh), especially for 

the BisHD-hbPG polymer compared to PEG. 

An overlay of the monomodal SEC traces of the precursor BisHD-P(EEGE), the macroinitiator BisHD-

linPG and the amphiphilic block copolymer BisHD-hbPG is shown in figure 1. An expected slight shift to 

a lower molecular weight is observed between the SEC trace before (blue) and after cleavage of the 
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protecting groups (green). Furthermore, a shift to a higher molecular weight due to the changing Vh of 

the hyperbranched block copolymer can be observed (red).  

 

Figure 1: SEC traces (RI detector, DMF, PEG standards) of the precursor BisHD-P(EEGE), the macroinitiator BisHD-linPG and 

the block copolymer BisHD-hbPG. 

 
The 1H NMR spectra of BisHD-P(EEGE) and the spectra of BisHD-linPG after the deprotection are shown 

in SI-Figure 2 and SI-Figure 3. The acetal protecting groups could be completely cleaved off. The 

1H NMR spectra of BisHD-hbPG74 is shown in figure 2 with assigned signals.  

 

Figure 2: 1H NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG74 (entry 3, table 1). 
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Post-polymerization modification 

The amphiphilic BisHD-hbPG block copolymer was functionalized with propargyl bromide to attach 

alkyne-moieties. The alkyne-groups enables a copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) 

with azide-bearing molecules. This reaction is known from literature and was adapted for the 

synthesized amphiphilic block copolymer.40 For the functionalization, the hydroxyl groups of BisHD-

hbPG were deprotonated using sodium hydride (NaH). The degree of functionalization was controlled 

via the amount of applied propargyl bromide. The successful functionalization was proven via NMR 

spectroscopy. The characteristic resonances for the propargyl group could be assigned via 1H NMR 

spectrum (figure 3) and 1H, 13C-HSQC NMR spectrum (SI-Figure 6). The number of alkyne groups cannot 

be accurately determined by integrating the signals in the 1H NMR spectrum. The characteristic NMR 

signals of the alkyne group are strongly broadened in deuterated pyridine. However, from the decrease 

in the number of protons of the hydroxyl group from 74 to 67 protons, it can be concluded that an 

average of 7 alkyne groups per polymer are bound for further functionalization. 

 

Figure 3: 1H NMR spectra (400 MHz, pyridine-d5) of BisHD-hbPG74 (A, top) and BisHD-hbPG74-alkyne (B, bottom). The 
appearing signals for the propargyl group are emphasized in blue. 

 
In table 2 the characteristics of BisHD-hbPG before and after functionalization with propargyl bromide 

is summarized. 
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Table 2: Characterization data of the BisHD-hbPG and BisHD-hbPG-alkyne. 

Sample Mn 
NMR a (g·mol-1) Mn 

SEC b (g·mol-1) Ð b Alkyne moietiesb 

BisHD-hbPG74 6010 3830 1.26  

BisHD-hbPG74-alkyne 6500 4470 1.22 7 

a Obtained from 1H NMR spectroscopy. b Determined via SEC (RI, DMF, PEG standards). 

SEC measurements reveal moderate size distribution for the functionalized BisHD-hbPG-alkyne 

polymer. Moreover, the successful attachment of alkyne-moieties to BisHD-hbPG is proven due to the 

shift of the SEC trace to lower elution volume translating to higher molecular weight (figure 4). 

Polydispersity decreases minimally after functionalization due to purification by dialysis. 

 

Figure 4: SEC traces (RI detector, DMF, PEG standards) of BisHD-hbPG before (blue) and after functionalization (green) with 

propargyl bromide. 

 

Synthesis of the PSMA inhibitor and functionalization of the hyperbranched polyether lipid 

Synthesis of the azide-functionalized PSMA inhibitor KuE.SA.N3 

Synthesis of the actual PSMA inhibitor L-lysine-urea-L-glutamate (KuE) was adopted from the 

procedure described by Greifenstein et al.20 In the first step, slow addition of triphosgene to a cooled 

solution of twice tert-butyl protected L-glutamic acid and DIPEA led to the corresponding isocyanate, 

which was directly reacted with Nε-Boc-protected L-lysine bound to a chlorotrityl polystyrene resin 

(scheme 3). Nucleophilic attack of the partially positively charged isocyanate-carbon by the α-nitrogen 

of lysine resulted in the solid phase-bound, urea coupled and protected amino acids. Simultaneous 

cleavage and deprotection using TFA followed by HPLC purification finally provided the desired product 

KuE with a yield of 71%. 

Subsequently, the squaric acid moiety was introduced using SADE at pH 7 via formation of the 

corresponding monoamide (scheme 3). In this step, a severe pH control using a buffered medium is 

required to prevent further amidation and therefore KuE-dimerization, which occurs at more basic 



169 
 

conditions. The HPLC-purified KuE.SA was obtained with a yield of 23%. The rather moderate yield 

does not reflect low formation of the product (as confirmed via LC/MS), but is mainly attributed to a 

loss during HPLC purification. 

The next step finally included azide-functionalization via second amidation of the squaric acid 

monoamide at pH 9 using 2-azidoethylamine (scheme 3). The azide-bearing precursor was previously 

synthesized starting from 2-bromoethylamine hydrobromide by means of sodium azide and potassium 

hydroxide. After HPLC purification, the desired clickable PSMA inhibitor KuE.SA.N3 was finally obtained 

with a yield of 86%. 

 

Scheme 3: Synthesis of the PSMA inhibitor L-lysine-urea-L-glutamate (KuE) and subsequent azide-functionalization via 

formation of the corresponding squaric acid diamide. 

 

 



170 
 

KuE.SA-functionalization of alkyne-bearing BisHD-hbPG 

In order to ensure specific binding to PSMA expressing cancer of the later prepared liposomal system, 

the alkyne-bearing hyperbranched polyether lipid was functionalized with KuE.SA via CuAAC, also 

named click-reaction (scheme 4). This modification was achieved similarly to the method Wagener et 

al. used for preparation of trimannosylated lipids.34 Therefore, BisHD-hbPG-alkyne was reacted with 

the previously synthesized KuE.SA.N3 using copper(I) bromide and PMDETA as base.34 The base 

PMDETA is added to promote the formation of the copper acetylide intermediate.49 Subsequent 

coordination of the azide leads to the formation of a six-membered metallacycle, which in turn is then 

converted to the triazolyl-connected product through ring contraction and protonolytic cleavage of 

the catalyst. To ensure sufficient functionalization of the polyether lipid with the PSMA inhibitor on 

the one hand and to leave binding sites unoccupied for subsequent radiolabeling on the other hand, 

2.5 equivalents KuE.SA.N3 were used. Purification of the product for removal of small reaction 

components and unbound reactant was achieved via spin filtration (MWCO = 1000 g/mol).  

To verify the successful binding of KuE.SA.N3 to the polymer using CuAAC, NMR spectra were prepared. 

In the 1H and 13C spectra, only very weak characteristic signals could be detected. Reasons for this are 

on the one hand the large molecular weight of the polymer compared to the molecular weight of the 

attached group, many signals overlap with the signals of the polymer and the deuterated solvent 

pyridine has an additional strong shielding effect. However, by 1H, 13C HSQC analysis, the successful 

binding could be confirmed. The spectra can be taken from the supporting information 

(SI-figures 14-18). Furthermore, a decrease in the protons of the alkyne groups on the polymer was 

observed and the KuE.SA functionalized liposomes showed fluorescence in the DLS later on, further 

confirming the successful functionalization. 
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Scheme 4: Consecutive KuE.SA-functionalization and 18F-labeling of the alkyne-bearing hyperbranched polyether lipid BisHD-
hbPG using CuAAC. 

 

Radiosynthesis 

Radiosynthesis first included nucleophilic 18F-labeling of the prior synthesized click-synthon Ts-TEG-N3 

according to the procedure of previous reports.33,34,40 In this step a semiautomatic custom-built 

modular system was used significantly simplifying and accelerating the synthesis and minimizing 

radiation exposure to the experimentalist. Cyclotron produced [18F]fluoride was first separated from 

target [18O]water via trapping on a quaternary methyl ammonium (QMA) anion exchange cartridge 

and subsequently eluted using a mixture of aqueous K2CO3, [2.2.2]cryptand (Kryptofix® 222) and 
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acetonitrile. The aminopolyether Kryptofix® 222 serves as phase transfer catalysator enhancing 

fluoride-nucleophilicity and -solubility in organic solvents via complexation of the potassium counter 

ion.50,51 Since hydrated [18F]fluoride is strongly inactivated for nucleophilic reactions, complete removal 

of residual water plays a crucial role and was realized via azeotropic evaporation of the solvent. 

Nucleophilic substitution of the added precursor Ts-TEG-N3 was achieved within 10 min at 90 °C. 

Further processing of the crude product consecutively included HPLC purification, dilution, polymer-

based solid phase extraction using diethylether as eluent and evaporation of the solvent. The whole 

procedure lasted 100 min and therefore slightly less than one half-life of the radionuclide. The 18F-

labeled click synthon [18F]F-TEG-N3 was obtained with a decay corrected radiochemical yield of 53%. 

As shown in scheme 4, residual unoccupied alkyne groups were used for radiolabeling of the KuE.SA-

functionalized BisHD-hbPG via repeated CuAAC using previously synthesized [18F]F-TEG-N3. Therefore, 

the polyether lipid was combined with the radiolabeled synthon and the click reaction was initiated 

via addition of copper(II) sulfate and sodium ascorbate analogously to the KuE-functionalization 

described above. In this case, an elevated temperature of 70 °C was used to accelerate the conversion 

of reactants. As determined via radio-TLC (figure 5), completion of the reaction could be confirmed 

already after 15 min as indicated by almost quantitative radiochemical yield (98.8%). To separate 

cytotoxic copper, the reaction mixture was subsequently passed through a Chelex 100 chelating resin. 

A distinct blue layer at the very top of the cartridge indicated successful removal of the catalytic metal 

ion. Furthermore, Wagener et al. confirmed the efficiency of this method via the absence of 

precipitated copper sulfide after addition of sodium sulfide to the purified solution.33 For maximum 

product recovery, the resin was additionally flushed with ethanol resulting in an aqueous-ethanolic 

solution of radiolabeled polyether lipid. In the case of BisHD-hbPG-KuE.SA, total duration of this 

synthesis step accounted for 32 min and the 18F-labeled analogue could be obtained with a decay 

corrected radiochemical yield of 73%. For comparison, non-KuE-modified BisHD-hbPG was 

radiolabeled analogously (81% RCY, 45 min). 
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Figure 5: Radio-TLC image (right) and analyzed TLC chromatogram (left) showing the 18F-labeling (CuAAC) results of ([18F]F-

TEG-triazolyl)-BisHD-hbPG-KuE.SA after 15 min at 70 °C (solid phase: silica gel, mobile phase: ethylacetate:hexane 1:1; 18F-

labeled polyether lipid: Rf = 0, [18F]F-TEG-N3: Rf = 0.8-0.9). The chromatogram position of 200 pixels indicates the TLC-baseline. 

 

Liposome Formation and Characterization 

As already mentioned, liposomes are typically prepared using amphiphilic phospholipids containing of 

a hydrophylic “head” and two hydrophobic “tails”. Upon contact with polar solvents (e.g. water), these 

molecules spontaneously arrange themselves to form mono- and bilayers as well as spheric structures 

such as micelles or vesicular liposomes. In this study we used DOPC as structure-defining component. 

This zwitterionic phospholipid has a low gel-fluid phase transition temperature of approx. -22 °C and 

therefore enables preparation of fluid-state liposomes at room temperature.52,53 For further 

stabilization, we additionally used cholesterol, which occupies free space of the bilayer and therefore 

decreases the flexibility and mobility of surrounding fluid-phase lipids leading to an increased 

mechanical rigidity, decreased water permeability and reduced aggregation-tendency of the liposomal 

system.54–58 Ethanolic solutions of these two components (55 mol% DOPC, 40 mol% cholesterol) were 

blended with the previously 18F-labeled, KuE-functionalized BisHD-hbPG (5 mol%) and liposome 

preparation via thin film hydration was achieved according to the procedure described by Wagener et 

al.33,34 Therefore, removal of the solvents under reduced pressure using a rotary evaporator led to a 

thin oily layer of the different constituents. Subsequently, large multilamellar vesicles of 

hetereogeneous size distribution were formed via hydration using PBS and ultrasonication. In order to 

obtain small uniform unilamellar liposomes, the suspension was extruded repeatedly through 

polycarbonate membranes of different pore sizes (400, 100 and 50 nm) using a custom-built automatic 
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extrusion device. In contrast to manually driven extrusion, the applied device ensures constant speed 

and pressure leading to reproducible and narrow size distribution while minimizing the radiation 

exposure to the experimentalist.33 Removal of smaller components like unassembled lipids and 

micelles was achieved via fractionated SEC (SI-figure 19) resulting in a purified suspension of 18F-

labeled, KuE-functionalized and hbPG shielded liposomes with a decay corrected radiochemical yield 

of 25%. Duration of the entire procedure accounted for 82 min. For comparison, 18F-labeled but non-

KuE-functionalized liposomes were prepared analogously (14% RCY, 75 min). After complete decay of 

the activity, the size of both KuE.SA-bearing and non-KuE-functionalized liposomes was measured via 

DLS (SI-table 1, SI-figure 20-22. The BisHD-hbPG-alkyne liposomes indicated a diameter of 157.5 nm, 

for the analogous KuE.SA-bearing liposomes a higher value of 199.1 nm was measured. The significant 

difference in size may result from the measurement, as the sample of functionalized liposomes exhibits 

fluorescence, which may distort the measurement result. For this reason, the PDIs of the measured 

samples also differ (SI-table 1). Since preparation, processing and extrusion was carried out 

analogously for both systems, the difference in size is presumably based on an increased steric demand 

due to KuE.SA-functionalization of the polyether lipid. Additionally, it may also be partly influenced by 

the measurement itself, as the sample of functionalized liposomes exhibits fluorescence, which may 

distort the DLS-results. The liposomal size plays a crucial role for the pharmacological behavior in vivo. 

Ideally, the hydrodynamic diameter should on the one hand be large enough to prevent interaction 

with hepatocytes and thus filtration through the liver, which occurs up to a particle size of 50-100 nm.59 

On the other hand, it should not exceed 300 nm to avoid an increased accumulation in the spleen.60 

Furthermore, (non-functionalized) liposomes with sizes ranging from 100 to 200 nm were reported to 

take advantage of tumour permeability most effectively resulting in optimal target uptake.59,61 The 

dimensions of both liposomal systems described herein meet these requirements and were 

comparable to the values of similar vesicles reported in the literature.34 The liposomes containing 

KuE.SA-functionalized BisHD-hbPG therefore represent promising tools for targeted drug delivery in 

the treatment of PSMA-expressing prostate cancer. Furthermore, utilization of the 18F-labeled vesicles 

should ensure in vivo evaluation of the pharmacokinetics via PET in future follow-up studies. 

 

Conclusion 

In this study, the synthesis of an alkyne-functionalized hyperbranched polyglycerol with a long 

hydrophobic alkyl chain anchor (BisHD-hbPG) via AROP on the one hand and of a squaramide coupled 

PSMA inhibitor (KuE.SA) on the other hand is described. To combine these two structures, Cu(I)-

catalyzed alkyne-azide cycloaddition (CuAAC) was used. For this purpose, BisHD-hbPG was 

functionalized with alkyne groups and the PSMA inhibitor was modified with an azide group. In a 
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second CuAAC the BisHD-hbPG-KuE.SA polymers were radiolabeled with a previously synthesized 18F-

labeled precursor. To obtain PSMA-specific drug delivery systems with a prolonged circulation 

behavior in the blood stream, liposomes were formed via thin film hydration method. The syntheses 

and radiolabeling were straightforward and achieved high yields. By combining the KuE.SA 

functionalized liposomes and the radiolabeling with fluorine-18, a promising system for future 

targeted drug delivery in the treatment of prostate cancer was introduced. This enables prostate 

cancer-targeted delivery of liposome-entrapped therapeutics and pre-evaluation of liposome behavior 

in vitro and in vivo via positron emission tomography (PET).  
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Synthesis of the hydrophobic anchor structure 

Synthesis of BisHD-OH 

 

SI-scheme 1: Synthesis route of the hydrophobic anchor structure. 

1H NMR (400 MHz, Chloroform-d) δ (ppm) = 3.72 – 3.41 (m, 9H, CH2-O and CH2-CH-O), 1.61 – 1.49 (m, 

4H, CH2-CH2-O), 1.25 (s, 52H, CH2), 0.88 (t, J = 6.8 Hz, 6H, CH3-CH2). 

 

SI-figure 1: 1H NMR spectrum (400 MHz, chloroform-d3) of BisHD-OH. 
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Polymer synthesis and characterization 

Synthesis of BisHD-linPG macroinitiator 

 

SI-Scheme 2: Synthesis route of BisHD-P(EEGE). 

 

SI-figure 2: 1H NMR spectrum (400 MHz, chloroform-d3) of BisHD-P(EEGE). 

 

 

SI-scheme 3: Synthesis route of the macroinitiator BisHD-linPG. 
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SI-figure 3: 1H NMR spectrum (400 MHz, DMSO-d6) of BisHD-linPG. 

Synthesis of BisHD-hbPG 

 

SI-Scheme 4: Synthesis route of BisHD-hbPG. 



185 
 

 

SI-figure 4: 1H NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG. 

Synthesis of BisHD-hbPG-alkyne 

 

SI-scheme 5: Synthesis route of BisHD-hbPG-alkyne. 
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SI-figure 5: 1H NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG-alkyne. 

 

SI-figure 6: 1H, 13C HSQC NMR spectrum (400 MHz, pyridine-d5) of BisHD-hbPG-alkyne. 
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Synthesis of KuE.SA.N3 

Synthesis of 2-(3-(5-Amino-1-carboxy-pentyl)ureido)pentanedioic acid (L-lysine-urea-L-glutamate 

(KuE) 

 

SI-scheme 6: Synthesis route of KuE. 

 

 

SI-figure 7: 1H NMR spectra (300 MHz, D2O) of KuE. 
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Synthesis of 2-(3-(1-Carboxy-5-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)pentyl)ureido)-

pentanedioic acid (KuE.SA)  

 

SI-scheme 7: Synthesis route of KuE.SA. 

 

 

SI-figure 8: 1H NMR spectrum (300 MHz, D2O) of KuE.SA. 
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SI-figure 9: 13C NMR spectrum (300 MHz, D2O) of KuE.SA. 

 

Synthesis of 2-Azidoethylamine 

 

 

SI-scheme 8: Synthesis route of 2-Azidoethylamine. 
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SI-figure 10: 1H NMR spectrum (300 MHz, CDCl3) of 2-Azidoethylamine. 

 

SI-figure 11: 13C NMR spectrum (300 MHz, CDCl3) of 2-Azidoethylamine. 
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Synthesis of 2-(3-(5-((2-((2-azidoethyl)amino)-3,4-dioxocyclobut-1-en-1-yl)amino)-1-

carboxypentyl)ureido)pentanedioic acid (KuE.SA.N3) 

 

SI-scheme 9: Synthesis route of KuE.SA.N3. 

 

 

SI-figure 12: 1H NMR spectrum (400 MHz, D2O) of KuE.SA.N3. 
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SI-figure 13: 13C NMR spectrum (400 MHz, D2O) of KuE.SA.N3. 

 

Synthesis of the KuE.SA.triazolyl-BisHD-hbPG 

 

SI-scheme 10: Synthesis of the KuE.SA.triazolyl-BisHD-hbPG.  
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SI-Figure 14: 1H NMR spectrum (600 MHz, pyridine-d5) of the KuE.SA.triazolyl-BisHD-hbPG. 

 

SI-figure 15: Zoom-in 1H NMR spectrum (600 MHz, pyridine-d5) of the KuE.SA.triazolyl-BisHD-hbPG. 
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SI-figure 16: 13C NMR spectrum (151 MHz, pyridine-d5) of the KuE.SA.triazolyl-BisHD-hbPG. 

 

SI-figure 17: 1H, 13C HSQC NMR spectrum (600 MHz, pyridine-d5) of the KuE.SA.triazolyl-BisHD-hbPG. 
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SI-figure 18: Zoom-in 1H, 13C HSQC NMR spectrum (600 MHz, pyridine-d5) of the KuE.SA.triazolyl-BisHD-hbPG. 

 

SEC elugram of the 18F-labeled BisHD-hbPG-KuE.SA liposomes 

 

 

SI-figure 19: SEC elugram displaying the distribution of radioactivity in consecutive fractions of 0.5 mL PBS during purification 

of 18F-labeled BisHD-hbPG-KuE.SA liposomes. 
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DLS measurement 

SI-table 1: DLS measurement data of the liposomes BisHD-hbPG-alkyne and BisHD-hbPG-KuE.SA. 

Sample Z-Average 
a 

d.nm 

Size 
a 

d.nm 

Intensity a 

% 

PDI a 

BisHD-hbPG-alkyne liposomes 144.9 157.5 100 0.071 

BisHD-hbPG-KuE.SA liposomes 167.4 199.1 100 0.206 

a 
Determined by DLS via Zetasizer. 

 

SI-figure 20: DLS measurement of the liposomes BisHD-hbPG-alkyne. 

 

SI-figure 21: DLS measurement of the liposomes BisHD-hbPG-KuE.SA. 
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SI-figure 22: Overlay of the DLS measurements of the liposomes BisHD-hbPG-alkyne (green) and BisHD-hbPG-KuE.SA (red). 
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Summary 

The targeted transport of a non-selective cytotoxic drug as a prodrug to the desired area of effect has 

several advantages, such as reduced side effects, in contrast to a systematic application.1 One method 

to get such a targeted transport is the use of so-called small-molecule drug delivery conjugate (SMDC). 

In a SMDC the cytotoxic drug is conjugated to a cleavable linker and a target vector. The target vector 

is responsible for the targeted transport. After the SMDC reached the place of action, the drug is 

released through degradation of the cleavable linker under certain conditions.2 

The aim of this project is the development of a SMDC for the targeted transport of the cytotoxic drug 

MMAE to prostate cancer cells. The targeting unit of PSMA-617 is conjugated via sqauric acid to the 

cleavable linker valine-citrulline (VC) and to MMAE. After the conjugate reached the cancer cell and 

got internalised, MMAE is released by the cleavage of Valine-citrulline by cathepsin B in the lysosomes. 

Thus, MMAE can affect the cancer cell and can induce apoptosis.  

The in vitro and in vivo behaviour of the novel synthesized compound MMAE.VC.SA.617 was evaluated. 

Although the novel compound contained the same binding unit as PSMA-617, the binding affinity was 

lower than the binding affinity of PSMA-617. (21.5 ± 1.9 nM for PSMA-617 and 188.6 ± 24.7 nM for 

MMAE.VC.SA.617). This could be due to the high structural differences besides the targeting unit and 

the influence of the rest of the conjugate on the PMSA binding conformation. The in vitro cytotoxicity 

of MMAE.VC.SA.617 was also nearly ten times lower than the cytotoxicity of free MMAE. Nevertheless, 

PSMA blocking and cathepsin B blocking showed that the designed enrichment and release mechanism 

of the SMDC is functional. PSMA blocking led to a decreased cytotoxicity since no conjugate reached 

the cancer cell and blocking of cathepsin B also led to a decreased cytotoxicity because no MMAE was 

cleaved from the conjugate.  

The novel SMDC was evaluated in vivo in prostate cancer tumour bearing mice. It was shown that 

MMAE.VC.SA.617 can inhibit tumour growth, but not tumour regression was observed. In comparison 

with free MMAE, the SMDC showed a higher drug tolerance. 

All in all, MMAE.VC.SA.617 is a promising candidate for further drug delivery of MMAE to PCa cells. 

Nevertheless, the structure of the novel compound should be optimised to increase binding affinity, 

which could lead to a better availability and toxicity of MMAE inside the cancer cell.  
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Abstract 

Background: Targeting therapy is a concept that has gained significant importance in the last years, 

especially in oncology. The severe dose-limiting side effects of chemotherapy necessitate the 

development of novel, efficient and tolerable therapy approaches. In this regard, PSMA has been well 

established as a molecular target for diagnosis as well as therapy of prostate cancer. Although most 

PSMA-targeting ligands are radiopharmaceuticals used in imaging or radioligand therapy, this article 

describes an evaluation of a PSMA targeting small molecule-drug conjugate, thus addressing a hitherto 

little-explored field. 

Methods: PSMA binding affinity and cytotoxicity were determined in vitro using cell-based assays. 

Enzyme-specific cleavage of the active drug was quantified via an enzyme-based assay. Efficacy and 

tolerability in vivo were assessed using an LNCaP xenograft model. 

Results: the binding affinity of the MMAE-conjugate was moderate compared to the drug-free PSMA 

ligand. Cytotoxicity in vitro was in the nanomolar range. Both binding and cytotoxicity were found to 

be PSMA-specific. Additionally, complete MMAE release could be reached after incubation with 

cathepsin B. In vivo, the MMAE-conjugate displayed good tolerability and dose-dependent inhibition 

of tumour growth. 

Conclusion: the developed MMAE-conjugate showed good properties in vitro as well as in vivo. 

Nevertheless, further optimization is required to better exploit the translational potential of this 

compound. 

Keywords: MMAE; PSMA; drug targeting; Small-molecule drug conjugates; prostate cancer 
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Introduction 

Chemotherapy is one of the most important pillars in the treatment of cancer diseases. However, the 

toxicity of this approach, resulting from the unspecific interaction of cytotoxic drugs with healthy 

tissue, presents one of the major drawbacks of this cancer treatment.1,2  

Targeted drug delivery was one of the strategies developed in the last decades to face these 

challenges. Antibody Drug-Conjugates (ADCs) thereby represented a breakthrough.3,4 ADCs consist of 

a cytotoxic drug and an antibody with high affinity to its target. Both components are connected via a 

linker, mostly a cleavable linker. Since ADCs are supposed to be stable constructs, the cytotoxic payload 

is only released after binding to the target. Nevertheless, this approach seems to have some limitations 

and disadvantages such as long circulation time and therefore high exposure of healthy tissues, the 

reduced EPR effect due to low penetration of the large antibodies into tumour tissue and the expensive 

and sophisticated synthesis of these drug conjugates.4–7 Small molecule drug conjugates (SMDCs) have 

been developed to tackle all these challenges. The low molecular weight of targeting vectors in SMDCs 

allows a circumventing of practically all the disadvantages mentioned above.  

Prostate cancer is the most common cancer in men and the fifth-leading cause of cancer death 

worldwide.8,9 In the management of prostate cancer, the prostate-specific membrane antigen (PSMA) 

has been validated as a reliable tumour-associated biomarker and target for diagnosis as well as for 

therapy of this disease.10,11  PSMA is a membrane glycoprotein expressed on prostate tumour cells at 

significantly higher concentrations than on healthy tissue. Additionally, PSMA-expression 
correlates with the grade of metastasis and progression of the tumour, allowing a concise staging and 

therapy.12–14  

In the last decade, several PSMA-targeting pharmaceuticals have been developed. Radionuclide-based 

PSMA ligands like [68Ga]Ga-PSMA-11 and [177Lu]Lu-PSMA-617 have played a significant role in the 

tremendous progress made in the diagnosis and therapy of prostate cancer.15–18 Beyond the 

radionuclide therapy approach, PSMA-targeted drug conjugates have been also thoroughly 

investigated. Two PSMA-targeting ADCs, MLN2704 and PSMA-ADC have even entered clinical studies 

but failed due to side effects and lack of tolerability. These disappointing outcomes are probably 

resulting from the instability of the ADCs and the subsequent deconjugation as well as the long 

circulation time of these immunoconjugates.19–21 Another promising approach to target PSMA was the 

use of small-molecule high affinity PSMA inhibitors as homing ligands. Several groups have reported 

positive results in preclinical studies, thus demonstrating the potential of SMDCs to circumvent the 

restrictions on tolerability, safety and efficacy of ADCs.22–25 
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Developing a small molecule drug conjugate requires a thorough design and the right choice of building 

components. The SMDC described in this study consists of three main modules. The targeting unit 

KuE-617 is a high affine PSMA inhibitor which is part of the clinically used radiopharmaceutical 

PSMA-617. This moiety is crucial in the design of targeted drug delivery systems, since it is responsible 

for delivering the cytotoxic payload to the desired “address”. Obviously, this cytotoxic payload needs 

to be a highly potent drug mostly with a narrow therapeutic window and therefore not applicable as 

single drug. Herein we have chosen the potent antimitotic drug Monomethyl auristatin E (MMAE) 

which is part of several ADCs, such as the FDA-approved brentuximab vedotin (ADCETRIS™).26 Besides 

these essential components, the linker plays a decisive role in the efficacy, stability and resulting 

tolerability of the whole SMDC. In our developed SMDC, we used a valine-citrulline linker to conjugate 

MMAE to KuE-617. This dipeptide belongs to the class of enzyme-cleavable linkers. It is cleaved by 

cathepsin B, which is a lysosomal protease overexpressed in various forms of cancer, including prostate 

cancer.27,28 

 

Results 

Organic synthesis 

The synthesis of MMAE.VC.SA.617 was carried out in a fast and straightforward two-step synthesis. 

The commercially available compounds MMAE.VC and NH2-PSMA-617 were used as starting 

components and were coupled using squaric acid diester as linking unit. The synthesis route is shown 

in figure 1. 
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Figure 1: Synthesis of MMAE.VC.SA.617. 

The use of the squaric acid diester as a coupling reagent is particularly suitable because of its ability to 

conjugate two amines quickly, selectively and under mild conditions.29 This asymmetric amidation can 

be performed in both aqueous and organic media, which makes it very versatile. It is highly selective 

towards amines, making the use of protecting groups on other nucleophilic groups unnecessary. This 

coupling method is receiving more and more attention, ranging from the conjugation of bioconjugates 

and nanoparticles to use in radiopharmaceuticals29–31 

In the first step the primary amine of the terminal valine of MMAE.VC was conjugated to squaric acid 

diethyl ester through an asymmetric amidation in an aqueous phosphate buffer at pH 7. To improve 

the solubility of MMAE.VC, DMSO was added. The reaction resulted in a quantitative conversion of 

MMAE.VC to MMAE.VC.SA. monitored by LC-MS. In the second step, MMAC.VC.SA as well as NH2-

PSMA-617 were dissolved in ethanol and in the presence of triethylamine, the second asymmetric 

amidation took place. MMAC.VC.SA.617 was isolated in a yield of 43% by semi-preparative HPLC 

purification. 
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Binding affinity 

One of the most important characteristics of drug conjugates is the specific and strong interaction with 

the addressed target. In order to evaluate the binding potency of the MMAE-conjugate, we performed 

a competitive radioligand binding assay using PSMA-positive LNCaP cells. Furthermore, we determined 

the affinity of the drug-free KuE-617 in the same assay to get a better understanding of the effect of 

conjugation regarding the interaction within the PSMA binding pocket. The binding affinity of KuE-617 

expressed as the IC50 value was in the same range as the clinically-used PSMA radiopharmaceutical 

PSMA-11 and PSMA-617. However, the insertion of MMAE resulted in a significant decrease in binding 

potency (table 1). It should be noted that the binding of MMAE.VC.SA.617 was demonstrated to be 

PSMA-specific since no binding occurs after co-incubation with the potent PSMA inhibitor PMPA 

(figure 2). 

 

 

 

 

 

 

 

Figure 2: Concentration-inhibition curve of MMAE.VC.SA.617 compared to MMAE.VC.SA.617 + PMPA (n=3). cpm: counts per 

minute. 

 

Table 1: binding potency of the PSMA-targeted compounds. Values are expressed as Mean ± SD. 

compound IC50 [nM] 

PSMA-11 17.4 ± 1.6 

PSMA 617 15.1 ± 3.8 

KuE-617-linker 21.5 ± 1.9 

MMAE.VC.SA.617 188.6 ± 24.7 
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In vitro cytotoxicity  

CellTiter-Blue® Viability Assay  

The cytotoxicity of MMAE.VC.SA.617 was evaluated in vitro using Celltiter-Blue®. The conjugation of 

MMAE to the KuE-617 linker resulting in the dimeric compound seems to affect in vitro cytotoxicity, 

since the IC50 value of the MMAE conjugate is approx. 10-times higher than the non-conjugated MMAE. 

Nevertheless, following the blockade of PSMA receptors by excess addition of PMPA, the cytotoxic 

effect of MMAE.VC.SA.617 decreased. Furthermore, co-incubation of the LNCaP cells with the 

cathepsin inhibitor E-64 led to a similar decrease in cytotoxicity. This is probably due to the inhibition 

of cathepsin B, which is responsible for cleavage of the valine-citrulline linker and thus the subsequent 

release of MMAE. Table 2 shows the results of the Celltiter-Blue® cytotoxic assay. 

Table 2: IC50 values of the compounds tested in the Celltiter-Blue® cytotoxic assay. Values are mean ± SD. 

compound IC50 [nM] 

MMAE 0.23 ± 0.06 

MMAE.VC.SA.617 33.0 ± 4.9 

MMAE.VC.SA.617 + PMPA 92.8 ± 8.3 

MMAE:VC.SA.617 + E-64 84.4 ± 0.1 

 

Immunofluorescence studies  

To further evaluate the cytotoxic effect of MMAE compared to MMAE.VC.SA.617 we treated LNCaP 

cells for 24 h with either MMAE (figure 3b), MMAE.VC.SA.617 (figure 3c) and MMAE.VC.SA.617 plus 

PMPA (figure 3d) prior to co-staining with DAPI and α-tubulin antibody. Cells incubated with both 

MMAE and MMAE.VC.SA.617 showed a distinctive tubulin disruption resulting in a significant damage 

of the microtubule cytoskeleton. However, co-incubation with PMPA reduced the cytotoxic effect of 

MMAE.VC.SA.617 and therefore demonstrated the PSMA-selectivity of this SMDC.  
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a) Control b) LNCaP + MMAE 

  

c) LNCaP + MMAE.VC.SA.617 d) LNCaP + MMAE.VC.SA.617 + PMPA 

  

Figure 3: Immunofluorescent staining of α-tubulin (green) with Alexa fluor 488 α-tubulin antibody. Cell nuclei are 

counterstained with DAPI (blue). Images were taken at 20X magnification. LNCaP cells were used as control (a), incubated 

with either 1 nM MMAE (b), or 100 nM MMAE.VC.SA.617 (c). PSMA-specific effect was determined by co-incubation of 100 

µM PMPA (d). 

 

Cathepsin B cleavage assay 

The cathepsin-specific cleavage of MMAE.VC.SA.617 was evaluated by incubating LNCaP cells at 37 °C 

with cathepsin B (figure 4a). A control experiment was conducted by determining the stability of 

MMA.VC.SA.617 in PBS (in the absence of cathepsin) (figure 4b). Aliquots were taken at different time 

points and analysed via liquid chromatography mass spectrometry LC/MS. The concentration of MMAE 

increased continuously after incubation with cathepsin B. Complete release from the drug conjugate 

was reached after approx. 20 min. In contrast, in the absence of cathepsin B, MMAE.VC.SA.617 

remained almost stable.  
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Figure 4: a) quantification of MMAE release after incubation with cathepsin B; b) control experiment: stability of 

MMAE.VC.SA.617 in PBS without incubation with cathepsin B.  

 

Animal studies 

In order to determine the pharmacological properties of MMAE.VC.SA.617 we inoculated LNCaP cells 

into NOD-SCID mice to generate a xenograft model. Prior to in vivo studies in tumour-bearing mice, we 

conducted a toxicological study in healthy NOD-SCID mice to determine the maximal tolerable dose of 

MMAE. Mice injected with 1 mg/Kg MMAE had to be euthanized 5 days post-injection due to massive 

body-weight loss (figure 5). 

 

Figure 5: Body-weight change (left) and survival curve (right) of NOD-SCID mice after one i.v. injection of MMAE (n=3 mice 

per group). 

 
Based on these findings, in vivo therapeutic efficacy studies were conducted with 3 different active 

drug concentrations of MMAE.VC.SA.617, namely 0.1 mg/kg, 0.5 mg/kg and 1.0 mg/kg. In the 

reference group, mice were injected with either 0.1 mg/kg or 0.5 mg/kg MMAE. 
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In the MMAE.VC.SA.617 group, mice injected with either 0.5 mg/kg or 1.0 mg/kg seemed to well 

tolerate the treatment since body weight remained almost constant and all mice survived until the end 

of the experiment. Surprisingly, in the 0.1 mg/kg MMAE.VC.SA.617 group only one mouse survived the 

treatment. In this group tumour volume increased continuously over time while in the group with the 

higher concentrations, treatment seemed to inhibit tumour growth resulting in a constant tumour 

volume. On the other hand, 4 mice injected with 0.5 mg/kg MMAE were sacrificed after the 5th injection 

due to massive weight loss. Although one mouse survived and was cured after the 4th injection, the 

treatment led to a weight loss of about 40% indicating the toxicity of therapy with this MMAE 

concentration. In contrast, all animals survived in the 0.1 mg/kg MMAE group. However, tumour 

volume remained constant so that tumour regression could not be observed. Figure 6 shows the 

results. 
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Figure 6: Antitumour effect and tolerability of MMAE and MMAE.VC.SA.617. a) body weight change of animals injected vial 

tail vain with different doses of MMAE.SA.617 and b) MMAE. Grey arrows indicate time of injection. b) + c) monitoring of 

tumour volume development of mice during and post treatment. Values are mean ± SD (n=5). e) + f) Kaplan-Meier survival 

curves. 
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Discussion 

The development of strategies for selective drug delivery is one of the most important research fields 

in the fight against cancer. Herein we described a small-molecule drug conjugate consisting of the 

potent antimitotic drug MMAE and the high affinity PSMA inhibitor KuE-617. Both entities are linked 

via a valine-citrulline-PABC linker. The design, synthesis and subsequent in vitro and in vivo evaluation 

were performed in several steps.  

The compound MMAE.VC.SA.617 was synthesized in a fast and straightforward 2-step synthesis. The 

two units of the compound, the drug-linker conjugate MMAE.VC and the PSMA-binding unit KuE-617, 

were conjugated via asymmetric amidation using a squaric acid linking unit. In the first step, squaric 

acid had to be added every second day, as it was observed via LC-MS to be consumed during the 

reaction. After 8 days, MMAE had been quantitatively converted. In this case, the amidation was 

carried out in an aqueous buffer solution, as the progress of the reaction is controlled by the pH value. 

However, since the MMAE conjugate did not dissolve completely in water, DMSO was added. 

The second stage of the reaction was carried out in ethanol. In the organic medium, triethylamine was 

added as a base to enable the second asymmetric amidation of the squaric acid linker unit. The final 

compound MMAE.VC.SA.617 was obtained after semi-preparative HPLC purification. 

The PSMA-binding affinities of MMAE.VC.SA.617 as well as of the drug-free conjugate KuE-617 were 

determined in a cell-based radioligand competitive assay. The IC50 value of KuE-617 was in the low 

nanomolar range, similar to the chelator-based PSMA radioligands PSMA-617 and PSMA-11 

(21.5 ± 1.9 nM, 15.1 ± 3.8 nM and 17.4 ± 1.6 nM respectively). However, the insertion of MMAE led to 

a significant decrease in PSMA-binding affinity resulting in nearly 10-fold higher IC50 value than KuE-617 

(188.6 ± 24.7 nM vs. 21.5 ± 1.9 nM) indicating that the conjugation of KuE-617 to MMAE had a negative 

impact on binding affinity of the PSMA inhibitor, probably due to changes in the conformation of the 

drug conjugate and its orientation within the PSMA binding pocket.  

In the field of drug targeting, selecting a potent drug is as important as designing a high affinity 

targeting unit. The cytotoxic drug used herein is the tubulin inhibitor MMAE, which is already used in 

several ADCs.26,32,33 To characterize the pharmacological properties of the MMAE-conjugate we 

determined its cytotoxicity using CellTiter-Blue®. This assay is based on the ability of viable cells to 

transform resazurin into the fluorescence-emitter resorufin. Thus, the fluorescence signal correlates 

with cell viability. The IC50 value of the single drug MMAE was as expected in the picomolar range 

whereas the cytotoxicity of MMAE.VC.SA.617 was about 100-fold lower (0.23 ± 0.06 nM vs. 

33.0 ± 4.9 nM). This could be explained with the decreased lipophilicity of MMAE.VC.SA.617 and the 

associated reduction in its passive diffusion through the cell membrane. Another possible reason could 



213 
 

be an incomplete release of MMAE within tumour cells. Nevertheless, the PSMA-specific uptake of 

MMAE.VC.SA.617 could be demonstrated by blocking PSMA receptors using PMPA which leads to a 3-

times lower cytotoxicity (92.8 ± 8.3 nM). Additionally, the inhibition of cathepsin B via co-incubation 

with E-64 and the resulting decrease in cytotoxicity proved the essential role that this enzyme plays in 

the cleavage of the valine-citrulline linker and the subsequent release of MMAE. This enzyme-

dependent cleavage of the dipeptide linker is a crucial feature in targeted therapeutics, since the active 

drug should be released only after uptake in tumour cells. 

In a further step, we tried to better characterize the cytotoxicity of MMAE.VC.SA.617 using 

immunofluorescence imaging. It is known that the antimitotic drug MMAE acts by inhibiting the 

α-tubulin polymerization. This could be proved with the conducted Immunofluorescence studies which 

showed a distinctive disturbance in tubulin formation of LNCaP cells incubated with either MMAE or 

MMAE.VC.SA.617 (figure 3b-c). The cytotoxic effect of MMAE.VC.SA.617 could be reduced by co-

incubation with PMPA and thus blocking of PSMA receptors (figure 3d). These results were in 

accordance with the findings described above. 

The targeted delivery of cytotoxic drugs to tumour cells requires not only binding to tumour-associated 

structures but also a specific release of the conjugated drug in tumour tissue. The SMDC described 

herein includes a valine-citrulline linker, which is one of the commonly used linkers in ADCs.34–36 Valine-

citrulline is cleaved by enzymes of the cathepsin-family, especially cathepsin B, which is highly 

expressed in tumour cells.27,37 In order to verify the cathepsin-specific cleavage of MMAE.VC.SA.617, 

we quantified the ratio of MMAE over time in the presence or absence of cathepsin B (figure 4a-b). As 

expected, MMAE could be released completely after about 20 min of incubation with cathepsin B 

whereas MMAE.VC.SA.617 remained almost stable in PBS. 

Based on the positive results obtained from the in vitro assays, we performed animal studies in order 

to characterize the in vivo profile of MMAE.VC.SA.617 in terms of antitumour effect and tolerability. 

Thereby, we used the single drug MMAE as our reference. According to the results from the toxicity 

study, we chose two different concentrations of MMAE.VC.SA.617: 0.65 mg/kg and 3.35 mg/kg which 

were equivalent to 0.1 mg/kg and 0.5 mg/kg MMAE respectively. Additionally, we decided to treat one 

group with 6.7 mg/kg MMAE.VC.SA.617 (equivalent to 1mg/kg MMAE). This MMAE concentration was 

found to be toxic in non-tumour-bearing NOD-SCID mice, since all animals died after only one injection 

of 1.0 mg/kg MMAE (figure 5). More specifically, in the 0.1 mg/kg MMAE group all animals survived 

until the end of the experiment. Although the treatment was well tolerated, the tumour volume 

remained constant so that no tumour regression could be observed even after eight injections. 

However, in the 0.1 mg/kg MMAE.VC.SA.617 the treatment even failed to inhibit tumour growth 

resulting in the death of 4 mice before the end of the experiment due to grave body weight loss and 
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large tumour volume. These unexpected results could be attributed to insufficient drug delivery into 

the tumour tissue. As concluded from in vitro studies the cytotoxicity of the MMAE conjugate was two-

fold of magnitude lower than the single drug MMAE, which could have different reasons as explained 

above. This loss in cytotoxicity could not be compensated by the active PSMA-targeting since 

MMAE.VC.SA.617 displayed a moderate binding affinity. Despite these unexpected results in the 

0.1 mg/kg MMAE.VC.SA.617 group, the tolerability of MMAE.VC.SA.617 in the two other 

concentrations 0.5 mg/kg and 1.0 mg/kg could be demonstrated (100% animal survival). Consequently, 

MMAE.VC.SA.617 seems to be stable in mouse blood, since no toxic side effects occurred in these 

groups even after 8 i.v. injections. Moreover, tumour growth could be effectively inhibited even though 

tumour regression did not occur. On the other hand, only one mouse survived in the 0.5 mg/kg MMAE 

group, indicating a higher toxicity compared to the treatment with SMDC.  

In summary, the synthesized MMAE.VC.SA.617 was proved to be selective in terms of PSMA binding 

and cytotoxicity toward PSMA-positive LNCaP cells. The in vitro cleavage of the valine-citrulline linker 

by cathepsin B has also been demonstrated. Animal studies have shown a good tolerability of 

MMAE.VC.SA.617 even at high concentrations. Although the treatment with the SMDC could not lead 

to a complete regression, tumour growth could be inhibited in both the 0.5 mg/kg and 1.0 mg/kg 

groups.  

With regard to these results, further optimization of the chemical structure of the MMAE-SMDC is 

required to improve the PSMA binding affinity and the cytotoxicity of the compound. Possible 

approaches would be on the one hand, the use of a target vector with a higher PSMA binding affinity 

than KuE-617, on the other hand the use of a different linker/ spacer either to enhance the lipophilicity 

of the molecule and thus the passive diffusion through the cell membrane or to avoid a possible 

interaction of MMAE with the targeting unit, which could lead to a change in the conformation of the 

SMDC and therefore to a disadvantageous orientation within the PSMA binding pocket.  

 

Materials and Methods 

General 

Chemicals were purchased from Sigma-Aldrich, Merck, VWR, AcrosOrganics and TCI. MMAE.VC was 

purchased from Hycultec GmbH and PSMA-617-NH2 from Huayi Isotopes Co. Deuterated solvents for 

NMR spectra from Deutero. Silica gel 60 F254 coated aluminum plates from Merck were used for thin 

layer chromatography. NMR measurements were performed on an Avance III 600 spectrometer (600 

MHz, 5mm TCI CryoProbe sample head with z-Gradient and ATM and SampleXPress Lite 16 sample 

changer) from Bruker. The LC/MS measurements were performed on an Agilent Technologies 1220 
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Infinity LC system coupled to an Agilent Technologies 6130B Single Quadrupole LC/MS system. Semi-

preparative HPLC purification was performed on a 7000 series Hitachi LaChrom using a semi-

preparative LiChrospher 100 RP18 EC (250 x 10 mm) 5 µ column. 

 

Organic Synthesis 

MMAE.VC.SA 

MMAE.VC (20 mg, 0.018 mmol) was dissolved in 0.5 M phosphate buffer pH 7 (500 µL) and DMSO 

(500 µL). 3,4-Diethoxycyclobut-3-ene-1,2-dione (5 mg, 4 µL, 0.027 mmol) was added and stirred for 8 

days. Every second day 0.5 eq of 3,4-Diethoxycyclobut-3-ene-1,2-dione were added. The solvent was 

removed via lyophilisation and the product was used in the next step without purification. 

MS (ESI+): 236.0 ([M+H]+/2), calculated for C64H98N10O15: 1246.72 [M]+. 

 

MMAE.VC.SA.617 

MMAE.VC.SA (20 mg, 0.016 mmol) and PSMA-617-NH2 (10 mg, 0.016 mmol) were dissolved in ethanol 

(3 mL). Triethylamine (50 µL) was added and the reaction mixture was stirred for 6 days. The solvent 

was removed under reduced pressure. MMAE.VC.SA.617 was obtained as white powder (14.2 mg, 

43%) after HPLC purification (LiChrospher 100 RP18 EC (250 x 10 mm) 5 μ, flow rate: 5 mL/min, 

H2O/MeCN + 0.1% TFA, 45% to 55% MeCN in 20 min, tR = 9.0 min). 

MS (ESI+): 929.0 ([M+H]+/2), calculated for C95H137N15O23: 1857.22 [M]+. 

1H NMR (600 MHz, EtOD-d6) δ [ppm] = 7.77 (dd, J = 19.3, 9.2 Hz, 2H), 7.69 (d, J = 31.8 Hz, 3H), 7.41 (t, J 

= 7.9 Hz, 5H), 7.30 (dt, J = 15.4, 7.4 Hz, 3H), 7.24 – 7.15 (m, 1H), 5.18 (dt, J = 28.3, 15.2 Hz, 1H), 5.07 (d, 

J = 11.7 Hz, 1H), 4.93 (d, J = 31.6 Hz, 1H), 4.32 – 4.04 (m, 4H), 3.93 – 3.87 (m, 1H), 3.84 (s, 1H), 3.70 (s, 

3H), 3.45 (d, J = 14.1 Hz, 2H), 3.41 – 3.26 (m, 9H), 3.23 (s, 1H), 3.11 (d, J = 15.3 Hz, 3H), 2.96 (td, J = 

18.7, 7.0 Hz, 3H), 2.52 (s, 1H), 2.34 – 2.15 (m, 3H), 2.06 (s, 1H), 2.01 – 1.77 (m, 2H), 1.75 – 1.27 (m, 

12H), 1.27 – 1.16 (m, 6H), 1.08 – 0.69 (m, 28H). 

 

In vitro binding affinity 

LNCaP prostate cancer cells (purchased from Sigma-Aldrich) were cultured in RPMI 1640 (Thermo 

Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 100 μg/ml 

streptomycin, and 100 units/ml penicillin at 37°C in 5% CO2. 
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LNCaP cells were incubated for 45 min with different concentrations of the MMAE-conjugates in the 

presence of 0.75 nM [68Ga]Ga-PSMA-10. Free radioactivity was removed by several washing steps with 

ice-cold PBS. Probes were measured in a γ-counter (2480 WIZARD2 Automatic Gamma Counter, 

PerkinElmer). Obtained data were analyzed in GraphPad Prism 9 using nonlinear regression.  

CellTiter-Blue® Viability Assay  

104 cells per well were seeded in a 96-well plate for 24 h prior to incubation with increasing 

concentrations of either MMAE (0.1 nM to 0.5 µM) or MMAE.VC.SA.617 (2.5 nM to 10 µM). 

Subsequently 20 µL of CellTiter-Blue® Reagent were added in each well and incubated for 2 h at 37°C. 

For blocking studies, 2.5 nmol of PMPA was added to each well prior to incubation with SMDC. 

Fluorescence (560Ex/590Em) was recorded using a Tecan Spark multimode reader. 

Immunofluorescence studies 

2000 cells/well were seeded in Nunc® Lab-Tek® II - CC2™ Chamber Slide™ (Sigma Aldrich) and 

incubated with the test compounds at 37 °C for 24 h. After fixation with 4% PFA, cells were 

permeabilized with 0.5% Triton X-100 for 15 min at room temperature. Cells were then washed several 

times with PBS and blocked with 3% BSA in PBS for 1 h at room temperature. α-tubulin staining was 

performed by incubating the cells with alpha-Tubulin Antibody, Alexa Fluor® 488 conjugate (B-5-1-2) 

(ThermoFisher Scientific) at a final concentration of 2 µg/mL for 3h at room temperature. 

Counterstaining with DAPI was carried out with ProLong™ Gold Antifade Mountant with DAPI 

(ThermoFisher Scientific) according to the manufacturer’s protocol. Cells were visualized using a 

fluorescence microscope (Keyence BZ-8000) at 20x.  

Cathepsin B cleavage assay 

Cathepsin B from human liver (Sigma Aldrich) was activated by incubation at room temperature with 

30 mM dithiothreitol DTT and 15 mM EDTA at pH 5.5. Subsequently, 2.5 µM of the activated cathepsin 

B was added to 25 µM of MMAE.VC.SA.617 and incubated at 37 °C. Aliquots were taken at different 

time points. The enzymatic activity of cathepsin B was blocked by adding 1 µL of E-64 (1 mM) in each 

vial. Samples were analyzed using an Agilent Technologies 1220 Infinity LC system coupled to an 

Agilent Technologies 6130B Single Quadrupole LC/MS system. 

Animal studies  

Animals used for the biodistribution studies were obtained from the breeding facilities of the Institute 

of Biosciences and Applications, NCSR “Demokritos”. Our experimental animal facility is registered 

according to the Greek Presidential Decree 56/2013 (Reg. Number: EL 25 BIO 022), in accordance to 

the European Directive 2010/63 which is harmonized with national legislation, on the protection of 
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animals used for scientific purposes. All applicable national guidelines for the care and use of animals 

were followed. The study protocol was approved by the Department of Agriculture and Veterinary 

Service of the Prefecture of Athens. 

Toxicology study in healthy NOD-SCID mice 

Prior to the therapeutic efficacy study in LNCaP tumour-bearing mice, a toxicology study is carried on 

healthy NOD-SCID mice to determine the tolerable dose of the single drug MMAE. Nine NOD-SCID mice 

were divided into 3 groups and received a single dose of MMAE. Group A received 0.1 mg (54 nmol)/kg 

body weight, Group B received 0.5 mg (270 nmol)/kg body weight while Group C received 1 mg 

(540 nmol)/kg body weight. Mice injected with 1 mg/kg MMAE had to be euthanized 5 days post-

injection due to massive body-weight loss. 

Therapeutic efficacy study in LNCaP tumour-bearing NOD-SCID mice 

A therapeutic efficacy study of the MMAE.VC.SA.617 vs MMAE was performed in six groups of LNCaP 

tumour-bearing NOD/SCID mice, two of which acted as reference groups while an additional group 

acted as the control group. LNCaP cells were cultured in RPMI-1640 medium of pH 7.4, supplemented 

with 10% FBS, 100 U/mL of penicillin, 100 μg/mL of streptomycin, 2 mM glutamine, 10 mM HEPES and 

1 mM sodium pyruvate. Cell cultures were maintained in 75 cm2 flasks, grown at 37°C in 5% CO2 in a 

humidified atmosphere and the medium was changed approximately every 72 hours (doubling time is 

about 40 hrs). Cells in exponential phase of growth were harvested by a 10 min treatment with a 0.05% 

trypsin–0.02% EDTA solution and neutralized with medium containing serum immediately. Cultures at 

passages 8–10 were used for the experiments. For the LNCaP xenograft development, cells were 

suspended in 100 μL in RPMI-1640 medium (supplemented as described above) and 100 μL Matrigel 

(ratio 1:1) (1×106 cells/200 μL) and maintained on ice until the inoculation. All equipment (syringes and 

needles) was chilled on ice prior to use in tumour cell inoculation. The mice were subcutaneously 

inoculated on the left shoulder with the LNCaP cells. The tumour-bearing animals were ready for 

experimentation approximately 14 days after cell inoculation. 

The six groups of experimentation were as follows: 

Group A: MMAE 0.1 mg/kg mouse body weight (reference group A) 

Group B: MMAE 0.5 mg/kg mouse body weight (reference group B) 

Group C: MMAE.VC.SA.617, 0.1 mg/kg mouse body weight 

Group D: MMAE.VC.SA.617, 0.5 mg/kg mouse body weight 

Group E: MMAE.VC.SA.617, 1 mg/kg mouse body weight 
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Group F: Mice injected with 0.9% NaCl (Control group) 

All groups of mice were intravenously injected twice a week, for the first 5 doses of MMAE, 

MMAE.VC.SA.617 or saline, and then an additional 3 doses once a week, resulting in a total of 8 doses 

over a period of 7 weeks. Body weight and tumour volume were assessed on each day of i.v. injection, 

and every 3-4 days after the end of treatment administration, to 52 days after the initiation of the 

therapeutic efficacy study.  
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Summary 

The most common PSMA radiopharmaceuticals such as PSMA-617, PSMA-I&T, PSMA-11 and 

PSMA-1007 have one thing in common. All of these compounds contain a KuE (lysine-urea-glutamate) 

unit as PSMA target vector. 1 Nevertheless, studies of Hillier et al. and Robu et al. indicate that the 

exchange of KuE against K-EuE (lysine-glutamate-urea-glutamate) leads to better pharmacokinetic 

properties.2,3  

The aim of this study is to synthesize squaric acid containing KuE and K-EuE based PSMA 

radiopharmaceuticals and compare them first regarding the influence of the target vector on binding 

affinity and second regarding the influence of the conjugated chelator on the binding affinity. For 

comparison, compounds carrying the targeting unit of PSMA-617 were also evaluated. 

In the first step the unconjugated targeting units SAME.KuE, SAME.K-EuE and 617.KuE were tested for 

their PSMA in vitro binding affinity. Among the three structures, SAME.K-EuE showed the highest 

affinity, but all three targeting units displayed IC50 values in the same area. (17.2 ± 5.2 nM for 

SAME.K-EuE, 35.9 ± 2.6 nM for SAME.KuE and 21.5 ± 1.9 nM for 617.KuE) 

In the second part of the study the three targeting units were conjugated to the three chelators 

DATA5m, AAZTA5 and DO2AGA. The resulting nine compounds were also evaluated regarding their 

PSMA binding. In contrast to the findings with the unconjugated targeting units, the SA.K-EuE 

containing compounds showed by far the worst affinities (between 178 nM and 407 nM). All other 

compounds of with the units SA.KuE and 617.KuE showed values in the two-digit nanomolar range 

(between 12.7 nM and 92.1 nM). Defined influences of the chelators could not be find. Influences 

seems to be dependent on the exact combination of chelator and targeting unit.  

The literature findings that K-EuE is superior to KuE could not be reproduced with the here designed 

squaric acid containing compounds. It was shown that the conjugation of a chelator leads to a decrease 

of affinity. Thus, in future studies, a longer spacer unit between chelator and squaramide could reduce 

influences of the chelator moiety on binding behavior.  
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Abstract 

Background: The prostate-specific membrane antigene (PSMA) is a membrane bound receptor and 

offers a potential target for early diagnosis and therapy of prostate cancer, since it is highly over 

expressed in prostate cancer. The binding pocket and the active site of PSMA is well discovered and 

thus, the development of well-fitting PSMA inhibitors is possible. In recent years, urea-based targeting 

vectors were developed and today most of PSMA radiopharmaceuticals used in clinic applications are 

urea-based inhibitors. The most prominent representative of this class of inhibitors are KuE (lysine-

urea-glutamate) inhibitors. Recent studies indicated that the use of K-EuE (lysine-glutamate-urea-

glutamate) inhibitors leads to higher affinities of the PSMA radiopharmaceuticals. In this study, we 

designed K-EuE and KuE based inhibitors, conjugated them to different chelators via squaric acid, 

evaluated them regarding PSMA binding affinity, and compared all compounds among each other. For 

comparative purposes, we also replaced the squaric acid linking moiety against the linking moiety of 

PSMA-617, one of the most potent and most used PSMA radiopharmaceuticals. 

Methods: Three PSMA inhibitors and nine chelator containing PSMA radiopharmaceuticals were 

synthesized. The two hybrid chelators DATA5m and AAZTA5 as well as the DOTA derivative DO2AGA 

were used as chelator moieties. The affinity towards PSMA (IC50 value) of every compound was 

determined in an in vitro competitive radioligand binding assay. The assay was performed in PSMA-

positive LNCaP cells and [68Ga]Ga-PSMA-10 was used as reference. The affinities were compared. 

Results: IC50 values of 12.7 ± 1.7 to 407.1 ± 19.2 nM were found for the 12 synthesized compounds. 

The inhibitors without a conjugated chelator showed affinities in the range of 17.2 ± 5.2 nM to 

35.9 ± 2.6 nM. The conjugation of a radiolabelling moiety to SA.K-EuE led to a significant decrease in 

affinity (affinity values between 178.2 ± 42.7 nM and 407.1 ± 19.2 nM). The influence of the chelators 

on the other two targeting units depends on the corresponding combination, as no further trends were 

identified. Increases, decreases and no influence on the affinity were found here. 

Conclusion: The findings of other studies indicte that EuE is superior to KuE could not be reproduced. 

In this study all EuE-based compounds showed a significant lower affinity than the corresponding KuE 

analogues. In addition, it depends on the chelator whether squaric acid-based KuE target vectors, 

yields better affinities than KuE target vectors, which are conjugated to the linker unit of the highly 

potent PSMA-617. 

Keywords: PSMA, KuE, EuE, K-EuE, prostate cancer, squaric acid, squaramide 
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Introduction 

In 2020, prostate cancer (PCa) was second most diagnosed cancer and one of the leading death causes 

among men worldwide.1 Thus, there is a high interest in the development of novel diagnostics, 

enabling an early diagnosis and an early start of therapy, as well as the development of effective 

treatment applications. With the discovery of the prostate-specific membrane antigens (PSMA), the 

development of novel small molecule based radiotracer become possible. These PSMA inhibitors bind 

to the PSMA receptor and are internalised, which enables their usage in imaging and radionuclide 

therapy of prostate cancer.2,3 The expression of PSMA on the cell surface is very low under normal 

physiologic conditions in the prostate but increases drastically (up to a factor of 1000) in prostate 

cancer cells and PSMA is also present in its metastases. This fact makes PSMA to an interesting prostate 

cancer biomarker.4 The reason of this upregulation, as well as the physiological function in the prostate 

remains unclear.5,6  

PSMA is a membrane bound receptor molecule, which is also known as glutamate carboxypeptidase 

II, is a membrane bound zinc dependent protease and has a size of about 100 kDa.7 It is composed of 

750 amino acids, which are mainly found in the extracellular area.8  

The PSMA binding pocket has been very well studied, which allows adjustment of 

radiopharmaceuticals for optimal binding affinity. One important area of the binding pocket is a 

glutamate binding pocket in position S1‘ to the active site of PSMA. As the name already implies, this 

area has a high affinity towards glutamate and glutamate-like structures. Potent inhibitors have a 

glutamate moiety that binds in this area, as even the exchange of glutamate to the glutamate-like 

aspartate causes a significant reduction in affinity.8–10 The active site is located next to this binding 

area. It consists of two zinc ions, which are responsible for the enzymatic cleavage. For this reason, the 

radiotracer has to contain in this position a unit which binds to the zinc but can’t be cleaved by it. The 

so-called entrance funnel represents the largest part of the binding pocket and is not very selective. 

Thus, a variety of different chemical structures can be included here. Nevertheless, there are some 

areas inside the funnel which, when addressed with the right units, lead to an increase in affinity. One 

of these areas is near to the active site. The so-called arginine patch is defined by arginine side chains 

and thus prefers negatively charged groups. For this reason, a lot of inhibitors contain negatively 

charged units, such as carboxyl groups, in direct vicinity to the zinc-binding unit.8,9 An area which 

enables π-interactions is located near to the entrance lit of the binding pocket. The use of aromatic 

units in the correct position of the inhibitor allows interactions with this area of the binding pocket 

which increases the affinity of the inhibitor.8,11 
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The first developed PSMA inhibitors were inhibitors with a phosphonate unit.10 Phosphonates are 

suitable as PSMA inhibitors, since they can coordinate the zinc ions in the active site, but are not 

cleavable. However, because of the difficulties in phosphonate synthesis, they have not been 

established and other units with the same properties were searched and the phosphonates were 

replaced by urea derivatives.12 Today, the most common PSMA radiopharmaceuticals consist of urea-

based inhibitors (figure 1).9 All compounds show a similar inhibitor structure, in which the N-terminus 

of glutamate is conjugated to the N-terminus of another amino acid through a urea unit. The 

C-terminus of the second amino acid provides a negatively charged group, which can interact with the 

arginine patch. The side chain can be used for further functionalisation. The most common amino acids 

used here are lysine and glutamate. If the glutamate is conjugated to lysine via urea, it is named KuE 

(lysine-urea-glutamate) based inhibitor.9,13 If the conjugation is carried out with another glutamate, it 

is called EuE (glutamate-urea-glutamate) based inhibitor.13–15 Also known is the functionalisation of 

one glutamate of EuE with a lysine. Here, due to the additional C-terminus of lysine (K-EuE), the 

interaction with the arginine patch is increased which can also interact with the arginine patch and can 

lead for example to a better affinity or rapid clearance properties combined with high tumour 

binding.15,16  

 

Figure 1: Glutamate-urea-based PSMA inhibitors. 

 
Among the most prominent urea-based PSMA radiopharmaceuticals are [68Ga]Ga/[177Lu]-PSMA-617, 

[68Ga]Ga-PSMA-11 or [68Ga]Ga/[177Lu]Lu-PSMA-I&T. All these include a KuE unit as inhibitor.9,17–20 

Nevertheless, EuE-based PSMA radiopharmaceuticals are also found in clinical applications. The 

technetium-99m labelled ligand MIP-1404 was the first PSMA 99mTc-labelled inhibitor who was 

evaluated in clinical studies with promising results and PCa lesion detection rates in patients with PSA 

values of more than 2 ng/mL, which are comparable to [68Ga]Ga-PSMA-11.2,21  

The PSMA inhibitor is normally connected to the radiolabelling moiety via a linker system. This linker 

provides space between the inhibitor and the radiolabelling unit and prevents the influence of each 
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other. In addition, the linker can carry additional structure features for an increased pharmacokinetic 

such as an increased affinity towards PSMA due to structures which interact with the binding pocket. 

The general number of possible linker structures for radiopharmaceuticals is large, but the linker must 

be adapted to the required conditions. One interesting linking molecule is squaric acid (SA). In the life 

sciences it is established, for example, as coupling agent for e.g. peptide, protein or carbohydrate 

conjugates or as bioisoster in drug development.22,23 Our group recently introduced the first 

application of squaric acid in the field of radiopharmacy as linking unit of chelators and targeting 

vectors.24 Besides the functionalisation of a chelator unit with monoclonal antibodies25,26 or the 

fibroblast activation protein inhibitor (FAPi)27–30, also squaric acid conjugated KuE inhibitors were 

presented.31–33 An interesting result of these studies of squaric acid conjugated KuE derivatives is that 

the squaric acid seems to have improved kidney clearance kinetics in contrast to PSMA ligands such as 

PSMA-11.31,33 Due to its aromatic character, if it is in the right position of the PSMA inhibitor, it can 

contribute to an increased affinity. 

As already mentioned, some studies indicate some advantages of K-EuE-based inhibitors over KuE-

based inhibitors.15,16 In this study, we synthesized several K-EuE and KuE-based inhibitors, conjugated 

them to different chelators via squaric acid. We evaluated and compared them systematically 

regarding their potential of in vitro binding of PSMA. To compare the suitability of the sqauric acid unit 

as potential linking unit for a PSMA radiopharmaceutical, we compared SA.KuE and SA.K-EuE based 

inhibitors with inhibitors containing the PSMA-617 linker unit.  

In this study, we used three different chelators. The hybrid chelator DATA5m (figure 2A) enables fast 

gallium-68 labelling under mild conditions.34,35 AAZTA5 (figure 2B) is also a hybrid chelator but in 

contrast to DATA5m, AAZTA5 can be labelled with diagnostic radionuclides (e.g. gallium-68 or 

scandium-44) as well as with therapeutic nuclides (e.g. lutetium-177).36 The chelator DO2AGA (figure 

2C) is a derivative of the DOTAGA chelator. Like AAZTA5 it can be labelled with diagnostic nuclides as 

well as with therapeutic nuclides.17,37 Both chelators are therefore suitable for theranostic approaches. 

One amine of the DO2AGA scaffold is functionalised with an amine function instead of a carboxyl group 

which is normally found on this position in DOTA or DOTAGA derivatives. This functionalisation can be 

used to functionalise the chelator with other target vectors in further studies. 

 

Figure 2: Structure of the chelators used in this study. A: DATA5m; B: AAZTA5; C: DO2AGA. 
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Results 

In this study we synthesised 12 different compounds and sorted them into four sets (figure 3). The 

sorting was based on the containing chelator moiety. Set A contains the targeting units without a 

chelator (1-3). Set B includes the DATA5m conjugated target vectors (4-6), set C the AAZTA5 bound 

compounds (7-9) and set D the DO2AGA conjugated compounds (10-12).  

 

Figure 3: Compounds analysed in this study. The division of the compounds into the sets is based on the used chelator moiety. 

A: no chelator; B: DATA5m; C. AAZTA5; D: DO2AGA. Colour-code for the structure units: blue: SAME.KuE; green: SAME.K-EuE; 

red: 617.KuE; orange: DATA5m; purple: AAZTA5; black: DO2AGA. 

 
Both, the target vectors (1-3) and the chelator moieties were synthesized individually and then 

conjugated to each other.  
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The synthesis of SAME.KuE is already described by Lahnif et al.33 and the synthesis of 617.KuE was 

carried out according to the protocol of Benešová et al.20,38 . Therefore, only the synthesis of 

SAME.K-EuE will be described below (figure 4). 

 

Figure 4: Synthesis scheme of SAME.K-EuE. a) triphosgene, L-glutamic acid di-tert-butyl ester hydrochloride, DIPEA, DCM, 

1.5 h, 0°C-RT; b) L-glutamic acid α-tert-butyl-γ-benzyl ester hydrochloride, DIPEA, DCM, overnight, RT, 62%; c) Pd/C, H2, 

MeOH, overnight, RT, 90%; d) N(ε)-benzoyloxycarbonyl-L-lysine tert-butyl ester hydrochloride, HATU, HOBt, DIPEA, MeCN, 

overnight, RT, 73%; e) ) Pd/C, H2, EtOH, overnight, RT, 94%; f) 3,4-Diethoxy-3-cyclobutene-1,2-dione, 0.5 M phosphate buffer 

pH 7, 2 d, RT, 86%; g) DCM / TFA (2:1), 4 days, RT, 38%. 

 
The target vector SAME.K-EuE was carried out in a 7 step synthesis with an overall yield of 13%. 

L-glutamic acid di-tert-butyl ester hydrochloride was treated with triphosgene and DIPEA to form in 

situ an isocyanate. The amino function of L-glutamic acid α-tert-butyl-γ-benzyl ester hydrochloride 

formed with the isocyanate a urea unit and the protected EuE unit was formed. To functionalize the 

EuE unit with a lysine, the orthogonal benzyl protecting group was removed by hydrogenation. The 

lysine unit with the benzyl protected side chain was introduced using a standard amide coupling 

reaction with HATU and HOBt as reagent. After reductive deprotection of the side chain amine, squaric 

acid was added to the molecule via an asymmetrical amidation at a pH value of 7. Thus, the squaric 

acid is introduced as squaramide. To get the operational target vector 2, the remaining protecting 

groups were cleaved from the molecule under acidic conditions and the compound was HPLC purified. 

The synthesis of DATA5m and AAZTA5 is already described in literature.25,39,40 In the following, the 

synthesis of the chelator DO2AGA is described (figure 5).  
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Figure 5: Synthesis scheme of DO2AGA. a) Ethylenediamine, di-tert-butyl dicarbonate, chloroform, 16 h, 0°C- RT, 65%; b) 

(fluorenylmethoxy)carbonyl chloride, pyridine, DCM, 2 h, RT, 74%; c) DCM / TFA, 16 h, RT, 97%; d) 2-chloroethylamine 

hydrochloride, di-tert-butyl dicarbonate, DCM, 16 h, RT, 79%; e) IV, DO2A(tBu)-GABz, K2CO3, MeCN, 90 °C, 16 h, 90%; f) Pd/C, 

H2, MeOH, over night, RT, 89%; g) III, HATU, HOBt, DIPEA, MeCN, 16 h, RT, 93%; h) DCM, Triethylamine, 20 min, RT, 85%. 

 
The synthesis of DO2AGA was performed in an 8-step synthesis with an overall yield of 23%. In the first 

step of the secondary amine of DO2A(tBu)-GABz was functionalisied with a Boc protected ethylamine 

(IV) via nucleophilic substitution. The benzyl protecting group of compound V was removed by 

hydrogenation. Product VI was directly used for conjugation to the resin bound 617.KuE linker. For 

squaric acid conjugation, however, a terminal amine is necessary, so compound VI was functionalised 

with an ethylenediamine bridge. One amine of the ethylenediamine unit was previously protected an 

Fmoc protecting group (III). For this one amine of ethylenediamine was first protected with a Boc-

protecting group and then the protection of the second amine with the Fmoc group was carried out. 

Afterwards, the Boc-protecting group was removed under acidic conditions. A direct protection of only 

one amine with Fmoc is not possible and the indirect rout via the Boc group is necessary. The 

functionalisation of VI with III was carried out with a standard amide formation reaction using HATU 
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and HOBt as coupling reagent. Afterwards, the Fmoc group of compound VII was removed under basic 

conditions and compound VIII was ready for squaric acid conjugation. 

The conjugation of the squaric acid moieties SAME.XuE (X = K (1) and X = K-E (2)) with the amine 

function of the chelators were all performed as asymmetric amidation under basic conditions. Figure 

6A shows the general reaction scheme for this type of conjugation. In terms of the syntheses of the 

hybrid chelator containing compounds (4-9) the chelators were first functionalised with an 

ethylendiamine bridge to provide a terminal amine for the sqauric acid conjugation. The chelators 

were then deprotected and conjugated to squaric acid via an asymmetric amidation. In terms of the 

DO2AGA conjugation (figure 6B), compound VIII was conjugated to the still tert-butyl protected 

SAME.XuE target vectors, followed by a complete acidic deprotection of the compounds. The used 

solvent depends on the compound. Here organic solvents as well as aqueous solutions can be 

considered. While the conjugation of the already deprotected DATA5m and AAZTA5 was carried out in 

aqueous phosphate buffer with a pH value of 9, the conjugation of the tert-butyl protected DO2AGA 

was carried out in an organic solvent (ethylene diamine or dichloromethane) and an organic base 

(triethylamine) was added to provide basic conditions.  

 

Figure 6: General conjugation strategies for asymmetric amidation of SAME.XuE (X = K (1) and X = K-E (2)) with A) hybrid 

chelators DATA5m and AAZTA5 and B) DO2AGA. a) Tert-butyl (2-aminoethyl)carbamate, HATU, DIPEA, MeCN, RT; b) DCM /TFA, 

RT; c) SAME.XuE, 0.5 M phosphate buffer (pH 9), RT; d) SAME.XuE, DCM or ethyl acetate, triethylamine; e) DCM / TFA, RT. 

 
The final synthesis of 6, 9 and 12 was carried out using a standard solid phase peptide synthesis 

reaction. The free carboxyl groups of the tert-butyl protected chelators DATA5m(tBu)3-COOH, 

AAZTA5(tBu)4-COOH and DO2A(tBu)3(NHBoc)-GA-COOH (VI) were coupled to the free amino function 

of the resin bound 617.KuE unit using HATU and HOBt as reagents. A schematic overview of this 

reaction pathway is shown in figure 7. The final compounds 6, 9, 12 were cleaved of the resin and 

deprotected under acidic conditions and were obtained after a final HPLC purification. 
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Figure 7: Conjugation of the chelators to the targeting unit 617.KuE. a) HATU, HOBt, DIPEA, DMF, RT; b) DCM / TFA, RT. 

 
The in vitro binding affinities of the synthesized compounds were determined in a competitive 

radioligand binding assay. PSMA-positive LNCaP cells were incubated with different amounts of the 

compounds 1-12 and with a known concentration of [68Ga]Ga-PSMA-10. The IC50 values were 

determined and the results are shown in table 1. 

Table 1: IC50 values of the evaluated compounds. * Data taken from Lahnif et al.33. 

Compound IC50 (nM) ± SD (n = 3) 

1 (SAME.KuE) 35.9 ± 2.6 

2 (SAME.K-EuE) 17.2 ± 5.2 

3 (617.KuE) 21.5 ± 1.9 

4 (DATA5m.SA.KuE)* 51.1 ± 5.5 

5 (DATA5m.SA.K-EuE) 386.2 ± 81.0 

6 (DATA5m.617.KuE) 92.1 ± 11.7 

7 (AAZTA5.SA.KuE)* 52.1 ± 4.0 

8 (AAZTA5.SA.K-EuE) 178.2 ± 42.7 

9 (AAZTA5.617.KuE)) 12.7 ± 1.7 

10 (DO2AGA.SA.KuE) 20.2 ± 3.5 

11 (DO2AGA.SA.K-EuE) 407.1 ± 19.2 

12 (DO2AGA.617.KuE) 20.2 ± 2.6 

 

Discussion 

To compare the two squaric acid-based urea-glutamate PSMA targeting vectors SA.KuE and SA.K-EuE, 

we conjugated them to three different chelator moieties and evaluated the in vivo binding affinity 

towards PSMA in a competitive radioligand binding assay. We also integrated the linker and targeting 

vector structure of PSMA-617 in our study to compare the binding potential of our squaric acid-based 
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targeting vectors to the binding potential of the targeting structure of literature known reference 

compound PSMA-617. We divided the successful synthesized compounds 1-12 into four sets. The 

division was based on the conjugated chelator moieties. The affinities of the compounds were 

compared. A graphical comparison is shown in figure 8. 

 

Figure 8: Graphical comparison of the IC50 values of all tested compounds. 

 
If the individual IC50 values of the target vectors with each other in set A are compared, it is apparent 

that the EuE-based compound (2) shows the best affinity with a value of 17.2 ± 5.2 nM. However, the 

target vector 617.KuE (3) only showed a slightly lower affinity (21.5 ± 1.9 nM), which lied within the 

error range of the value of 2. With an IC50 value of 35.9 ± 2.6 nM SA.KuE (1) showed the lower affinity 

of the three target units. It was 2-fold lower than the affinity of 2. 

The comparison of the compounds inside the sets B, C and D showed that the conjugation of a chelator 

can have a high influence on the binding affinity. While SA.K-EuE showed the best affinity without 

chelator (compound 2), the attachment of a labelling unit led to a significant decrease in affinity. This 

can be seen all three sets. The IC50 value droped dramatically if a chelator was added to SA.K-EuE and 

ranked only in ranges between 178.2 ± 42.7 nM (compound 8) and 407.1 ± 19.2 nM (Compound 11). 

The chelator seems to have an important negative influence on the conformation that SA.K-EuE can 

form in the binding pocket. Such a consistent influence of the chelator cannot be observed with the 

other two targeting units SA.KuE and 617.KuE. While in set B, 4 (51.1 ± 5.5 nM) showed a nearly 2-fold 

higher affinity than 6 (92.1 ± 11.7 nM), in set C, 9 (12.7 ± 1.7 nM) showed a significant better affinity 

than 7 (52.1 ± 4.0 nM) and in set D 10 and 12 have the same affinity (20.2 ± 3.5 nM and 20.2 ± 2.6 nM, 

respectively). Thus, with the two targeting vectors SA.KuE and 617.KuE, no general positive or negative 

influence can be determined and it depends on the chelator which provides the better affinity.  
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In general, it cannot be said that the conjugation of a chelator leads to a general decrease or increase 

in affinity. Whether the chelator has positive or negative influences seems to depend on the targeting 

vector/chelator combination. While DATA5m seems to lead to a decrease of affinity in general, the 

addition of AAZTA5 to SA.KuE (7) leads to a decrease and the addition to 617.KuE (9) leads to an 

increase in affinity. Since both units contain a KuE unit, the AAZTA5 chelator seems to have an influence 

on the linker arrangement in the PSMA binding pocket. It is notable that there is such a difference in 

the effect of DATA5m and AAZTA5, since both chelators only vary in one structural element. In terms of 

the DO2AGA compounds, the chelator shows a positive (compound 10) or no significant influence 

(compound 12) on the IC50 value, while the affinity of the SA.K-EuE conjugated to DO2AGA (11) 

displayed the lowest affinity among all tested compunds.  

A general statement as to whether squaric acid-based KuE variants are better than the 617.KuE cannot 

be made due to the differences in the results. 

The superiority of EuE-based PSMA inhibitors over KuE-based PSMA inhibitors, as shown by other 

studies15,16, could not be confirmed by this study and rather showed the better suitability of KuE-based 

targeting vectors, independent of the linker structure.  

It is possible that a negative influence of the celator can be reduced by adding longer linking units such 

as alkyl chains between the chelator and the target vector. Thus, the chelator could be in a higher 

distance to the binding unit and thus have less influence on the binding inside the pocket. This needs 

to be further evaluated.  

 

Conclusion 

In summary, nine different potential PSMA radiopharmaceuticals were designed, synthesized and their 

binding affinity towards PSMA was compared. The design based on three different chelators and three 

different PSMA inhibitor structures (set B to D). For comparison purposes the targeting units without 

chelator moiety were also evaluated (set A). The results show that the radiolabelling moieties have a 

certain influence on binding affinity. While SA.K-EuE showed without a labelling moiety the best IC50 

value, the addition of a chelator led to a drastically decrease of affinity. For the other two targeting 

vector units, the influence of the chelator moiety is dependent on the chelator/targeting unit 

combination. Here an improvement or a decline as well as no influence can occur. 

The high influence of the chelator has to be considered in the development of novel chelator 

conjugated PSMA inhibitors. Nevertheless, the design of the targeting unit (in combination with a 
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potent linker unit) is mainly responsible for the binding potential of the PSMA inhibitor, since a low 

affinity of the linker/targeting unit cannot be balanced by a chelator.  

The published fact15,16 that EuE-based compounds are superior to KuE-based compounds could not be 

confirmed in this study. 

 

Materials and Methods 

Chemicals were obtained from AcrosOrganics, AlfaAesar, Fluka, Fisher Scientific, Iris Biotech, Merck, 

Sigma-Aldrich, TCI and VWR. Dry solvents were purchased from VWR, Merck, AlfaAesar and 

AcrosOrganics. Deuterated solvents were purchased from Deutero. DO2A(tBu)-GABz was obtained 

from ChrioBlock GmbH. All chemicals were used without further purification. Silica gel 60 F254 coated 

aluminium plates from Merck were used for thin layer chromatography and evaluated by fluorescence 

extinction at λ=254 nm or potassium permanganate staining. An Avance III HD 300 spectrometer (300 

MHz, 5mm BBFO sample head with z-gradient and ATM and BACS 60 sample changer), an Avance II 

400 spectrometer (400 MHz, 5mm BBFO sample head with z-Gradient and ATM and SampleXPress 60 

sample changer) and an Avance III 600 spectrometer (600 MHz, 5mm TCI CryoProbe sample head with 

z-Gradient and ATM and SampleXPress Lite 16 sample changer) from Bruker were used for NMR 

measurements. Agilent Technologies 1220 Infinity LC system coupled to an Agilent Technologies 6130B 

Single Quadrupole LC/MS system were used for LC/MS analysis and a 7000 series Hitachi LaChrom 

HPLC were used for HPLC purification. 

 

Synthesis of SAME.KuE (1, glutamate-urea-lysine-squaric acid ethylester) 

The synthesis of SAME.KuE was carried out as described by Lahnif et al.33 

Synthesis of EuE-K.SAME (2, glutamate-urea-glutamate-lysine-squaric aicd ethylester) 

2-[3-(3-benzyloxycarbonyl-1-tert-butoxycarbonyl-propyl)-ureido]-pentanedioic acid di-tert-butyl ester 

(2a) 

Triphosgene (300 mg, 0.001 mol) was dissolved in dichloromethane (6 mL). L-glutamic acid di-tert-

butyl ester hydrochloride (920 mg, 0.0031 mol) and DIPEA (1.05 mL, 801 mg, 0.0062 mol) were 

dissolved in dichloromethane (10 mL) and added dropwise to the triphosgene solution over a period 

of 60 min at 0 °C. The solution was stirred for 15 min at 0 °C and for additional 30 min at room 

temperature. L-glutamic acid alpha-tert butyl-gamma-benzyl ester hydrochloride (1.02 g, 0.0031 mol) 

and DIPEA (1.05 mL, 801 mg, 0.0062 mol) were dissolved in dichloromethane (5 mL) and added to the 
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solution. It was stirred overnight and the solvent was removed under reduced pressure. The crude 

product was dissolved in ethyl acetate (20 mL) and washed with 1M NaHCO3 solution (3 x 20 mL) and 

brine (3 x 20 mL). Ethyl acetate was dried over magnesium sulfate and removed under removed 

pressure. The final product 2a was obtained after column purification (hexane / ethyl acetate, 3:1 + 3% 

triethylamine; Rf = 0.38) as yellow oil (1.12 g, 0.002 mol, 62%). 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.54 – 7.17 (m, 5H), 5.25 – 4.99 (m, 4H), 4.35 (dtd, J = 20.4, 8.0, 

4.9 Hz, 2H), 4.12 (q, J = 7.1 Hz, 1H), 2.53 – 2.36 (m, 2H), 2.34 – 2.09 (m, 2H), 1.99 – 1.79 (m, 2H), 

1.48 - 1.36 (m, 27H). 

MS (ESI+): 579.3 [M+H]+, calculated for C30H46N2O9: 578.32 [M]+. 

 

2-[3-(1-tert-butoxycarbonyl-propyl)-ureido]-pentanedioic acid di-tert-butyl ester (2b) 

Product 2a (1.12 g, 0.002 mol) was dissolved in methanol (10 mL) and palladium on activated carbon 

(20 mg) was added. The solution was stirred overnight with hydrogen. Palladium on activated carbon 

was filtered over celite and the methanol was removed under reduced pressure. Product 2b was used 

without further purification and obtained as colorless oil (0.92 g, 0.0018 mol, 90%). 

MS (ESI+): 489.3 [M+H]+, calculated for C23H40N2O9: 488.27 [M]+. 

 

tetra-tert-butyl (9S,14S,18S)-3,11,16-trioxo-1-phenyl-2-oxa-4,10,15,17-tetraazaicosane-9,14,18,20-

tetracarboxylate (2c) 

Product 2b (320 mg, 0.655 mmol), HATU (374 mg, 0.98 mmol), HOBt (266 mg, 1,97 mmol) and DIPEA 

(335 µL, 255 mg, 1.31 mmol) were dissolved in acetonitrile (5 mL). N(ε)-benzoyloxycarbonyl-L-lysine 

tert-butyl ester hydrochloride (489 mg, 1.31 mmol) was added. The solution was stirred overnight. The 

solvent was removed under reduced pressure and the crude product was purified by column 

chromatography (hexane / ethyl acetate, 1:1; Rf = 0.22) The product (2c) was obtained as yellow oil 

(361 mg, 0.48 mmol, 73%) 

1H-NMR (400 MHz, CDCl3) δ [ppm] =.7.40 – 7.29 (m, 5H), 7.24 (s, 1H), 5.92 (d, J = 8.6 Hz, 1H), 5.19 (d, J 

= 9.0 Hz, 1H), 5.08 (s, 2H), 5.00 (s, 1H), 4.48 (td, J = 9.5, 5.4 Hz, 1H), 4.35 (ddd, J = 9.1, 7.6, 4.6 Hz, 1H), 

4.21 (td, J = 9.1, 4.5 Hz, 1H), 3.18 (q, J = 6.5 Hz, 2H), 2.40 – 1.62 (m, 7H), 1.44 (dd, J = 10.4, 5.2 Hz, 37H), 

1.25 (t, J = 7.2 Hz, 1H). 

MS (ESI+): 807.5 [M+H]+, 829.4 [M+Na]+, calculated for C41H66N4O12: 806.47 [M]+. 
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tetra-tert-butyl (5S,10S,14S)-1-amino-7,12-dioxo-6,11,13-triazaheptadecane-5,10,14,17-

tetracarboxylate (2d) 

Product 2c (361 mg, 0.48 mmol), was dissolved in ethanol (40 mL) and palladium on activated carbon 

(60 mg) was added. The solution was stirred with hydrogen overnight. The product was filtered over 

celite and the ethanol was removed under reduced pressure. The product was used without further 

purification. Product 2d was obtained as yellow oil (301 mg, 0.45 mmol, 94%). 

MS (ESI+): 673.4 [M+H]+, 695.4 [M+Na]+, calculated for C33H60N4O10: 672.43 [M]+. 

 

tetra-tert-butyl (5S,10S,14S)-1-amino(3-ethoxy-3-cyclobutene-1,2-dione)-7,12-dioxo-6,11,13-

triazaheptadecane-5,10,14,17-tetracarboxylate (2e) 

Product 2d (300 mg, 0.45 mmol) was dissolved in 0.5 M phosphate buffer pH 7 (10 mL). 3,4-Diethoxy-

3-cyclobutene-1,2-dione (198 µL, 228 mg, 1.34 mmol) was added and the pH was adjusted to 7. Ethyl 

acetate (3 mL) was added and the solution was stirred for 2 days. The solvent was removed under 

reduced pressure and the product 2e (304.5 mg, 0.38 mmol, 86%) was obtained as yellow oil after 

column chromatography (Cyclohexan / ethyl acetate, 3:1 to 1:2). 

1H-NMR (400 MHz, CDCl3) δ [ppm] =.5.33 (s, 1H), 4.76 (q, J = 7.5, 7.0 Hz, 2H), 4.42 (s, 2H), 4.12 (q, J = 

7.1 Hz, 2H), 3.43 (s, 2H), 2.41 – 2.09 (m, 2H), 2.04 (s, 3H), 1.67 – 1.54 (m, 2H), 1.50 – 1.37 (m, 36H), 

1.25 (t, J = 7.1 Hz, 3H). 

MS (ESI+): 797.4 [M+H]+, 819.4 [M+Na]+, calculated for C39H64N4O13: 796.45 [M]+. 

 

5S,10S,14S-1-amino(3-ethoxy-3-cyclobutene-1,2-dione)-7,12-dioxo-6,11,13-triazaheptadecane-

5,10,14,17-tetracarboxylate (EuE-K.SAME,2) 

Product 2e (50 mg, 0.063 mmol) was dissolved in dichloromethane (100 µL) and trifluoroacetic acid 

(50 µL) and stirred for one day. Additional trifluoroacetic acid was added (100 µL) and stirred for 

another three days. The solvent was removed under reduced pressure. Half of the batch size was used 

for further experiments without purification, the other half was purified via HPLC (Phenomenex Luna 

C18 (250 x 10 mm) 10 µm; 5 mL/min; water/acetonitrile + 0.1% TFA; 15% acetonitrile to 50% 

acetonitrile in 20min, Rt = 7.0 min). The final product 2 was obtained as white power (6.8 mg, 

0.012 mmol, 38%). 

MS (ESI+): 573.3 [M+H]+, calculated for C23H32N4O13: 572.20 [M]+. 
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Synthesis of 617.KuE (3) 

The synthesis of the target vector KuE conjugated to the PSMA-617 linking unit was performed as 

described by Benešová et al.20,38  

 

Synthesis of the DO2AGA chelator 

Tert-butyl(2-aminoethyl)carbamate (I) 

Ethylenediamine (5.41 mL, 4.86 g, 0.081 mol) was dissolved in chloroform (40 mL). Di-tert-butyl 

dicarbonate (2.3 mL, 2.2 g, 0.01 mol) was dissolved in chloroform (20 mL) and added to the solution 

dropwise at atemperature of 0 °C and over a period of one hour. The Solution was stirred for 16 hours. 

Water (20 mL) was added and the organic phase was washed with water (3 x 20 mL) and brine 

(3 x 20 mL). The chloroform was dried with magnesium sulfate and the solvent was removed under 

reduced pressure. The product I was obtained as colourless oil (938 mg, 6.5 mmol, 65%). 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 4.95 (s, 1H), 3.16 (q, J = 5.8 Hz, 2H), 2.79 (q, J = 6.2 Hz, 2H), 1.43 

(d, J = 3.1 Hz, 9H). 

 

(9H-fluorene-9-yl)methyl-tert-butyl-ethane-1,2-diyldicarbamate (II) 

Product I (938 mg, 6.5 mmol) was dissolved in dichlormethane (5 mL) and stirred for 30 min. Pyridine 

(572 µL, 562 mg, 7.1 mmol) and (fluorenylmethoxy)carbonyl chloride (1.84 g, 7.1 mmol) were added. 

The solution was stirred for 2 hours at room temperature. The solvent was removed under reduced 

pressure. The product II was obtained as colourless solid (1.84 g, 4.8 mmol, 74%) after column 

chromatography (dicloromethane / methanol, 100:1; Rf = 0.2). 

1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.79 (dt, J = 7.6, 0.9 Hz, 2H), 7.61 (dd, J = 7.5, 1.2 Hz, 2H), 7.42 

(ddd, J = 8.5, 7.5, 1.4 Hz, 2H), 7.38 – 7.26 (m, 2H), 5.29 (d, J = 18.1 Hz, 1H), 4.43 (d, J = 6.9 Hz, 2H), 4.24 

(d, J = 6.9 Hz, 1H), 3.30 (s, 4H), 1.47 (s, 9H). 

MS (ESI+): 283.1 [M+H-Boc]+, calculated for C22H26N2O4: 382.19 [M]+. 
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(9H-fluorene-9-yl)methyl-(2-aminoethyl)carbamate (III) 

Product II (1 g, 2.6 mmol) was dissolved in dichloromethane. Trifluoracetic acid (5 mL) was added and 

stirref for 16 hours at room temperature. The solvent was removed under reduced pressure and the 

product III (716 mg, 2.5 mmol, 97%) was used without further purification.  

1H-NMR (400 MHz, MeOD) δ [ppm] = 7.75 (d, J = 7.7 Hz, 2H), 7.64 – 7.54 (m, 2H), 7.39 – 7.31 (m, 2H), 

7.26 (td, J = 7.4, 1.2 Hz, 2H), 4.17 (t, J = 6.6 Hz, 1H), 3.33 (t, J = 5.9 Hz, 2H), 3.26 (p, J = 1.6 Hz, 2H), 2.98 

(t, J = 5.9 Hz, 2H). 

MS (ESI+): 283.2 [M+H]+, calculated for C17H18N2O2: 282.14 [M]+. 

 

Tert-butyl-N-(2-chloroethyl)carbamate (IV) 

2-Chloroethylamine hydrochloride (1 g, 8.6 mmol) was dissolved in dichloromethane (10 mL) and 

cooled to 0 °C. Di-tert-butyl dicarbonate (1.8 mL, 1.84 g, 8.6 mmol) was added dropwise. The solution 

was stirred for 16 hours and washed with water (3 x 20 mL) and brine (3 x 20 mL). The organic solvent 

was removed under reduced pressure. Product IV (1.22 g, 6.7 mmol, 79%) was obtained as colourless 

oil and used without further purification. 

1H-NMR (300 MHz, CDCl3) δ [ppm] = 4.95 (s, 1H), 3.59 (t, J = 5.6 Hz, 2H), 3.46 (t, J = 5.1 Hz, 2H), 1.44 (s, 

9H). 

 

5-benzyl-1-tert-butyl-2-(4,10-bis(2-(tert-butoxy)-2-oxoethyl)-7-(2-((tert-butoxycarbonyl)amino)ethyl)-

1,4,7,10-tetraazacyclododecane-1-yl)pentanedioate (DO2A(tBu)3(NHBoc)-GABz, V) 

Compound IV (344 mg, 1.9 mmol), DO2A(tBu)-GABz (517 mg, 0.76 mmol) and potassium carbonate 

(191 mg, 1.4 mmol) were dissolved in dry acetonitrile (10 mL) and stirred for 16 hours at 90 °C. The 

carbonate was filtered off and the solvent was removed under reduced pressure. The crude product 

was purified by column chromatography (hexane / ethyl acetate + 3% triethylamine, 1:1; Rf = 0.4). The 

product V (565 mg, 0.69 mmol, 90%) was obtained as yellow oil. 

MS (ESI+): 821.2 [M+H]+, 410.9 ½[M+H]+, calculated for C43H73N5O10: 819.54 [M]+. 
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4-(4,10-bis(2-(tert-butoxy)-2-oxoethyl)-7-(2-((tert-butoxycarbonyl)amino)ethyl)-1,4,7,10-tetraaza-

cyclododecane-1-yl)-5-(tert-butoxy)-5-oxopentanoic acid (DO2A(tBu)3(NHBoc)-GA, VI) 

Product V (565 mg, 0.769 mmol), was dissolved in methanol (3 mL) and palladium on activated carbon 

(40 mg) was added. The solution was stirred with Hydrogen over night. After filtration over celite and 

removing the solvent under reduced pressure, the product was used without further purification. 

Product VI was obtained as colourless oil (450 mg, 0.62 mmol, 89%). 

MS (ESI+): 730.5 [M+H]+, 752.4 [M+Na]+, calculated for C36H67N5O10: 729.49 [M]+. 

 

Di-tert-butyl 2,2'-(4-(1-(9H-fluoren-9-yl)-14,14-dimethyl-3,8,12-trioxo-2,13-dioxa-4,7-

diazapentadecane-11-yl)-10-(2-((tert-butoxycarbonyl)amino)ethyl)-1,4,7,10-tetraazacyclododecane-

1,7-diyl)diacetate (DO2A(tBu)3(NHBoc)-GA(N-Fmoc-ethylenediamine), VII) 

Product VI (180 mg, 0.25 mmol), HATU (144 mg, 0.37 mmol) DIPEA (128 µL, 98 mg, 0.75 mmol) and 

HOBt (51 mg, 0.37 mmol) were dissolved in acetonitrile (2 mL) and stirred for 30 min at room 

temperature. Compound III (139 mg, 0.49 mmol) was added and the solution was stirred for 16 hours 

at room temperature. The solvent was removed under reduced pressure and the product VII (231 mg, 

0.23 mmol, 93%) was obtained after column chromatography (dichloromethane / methanol + 3% 

triethylamine, 100:1; Rf = 0.04). 

MS (ESI+): 497.9 ½[M+H]+, calculated for C53H83N7O11: 993.62 [M]+. 

 

Di-tert-butyl 2,2'-(4-(5-((2-aminoethyl)amino)-1-(tert-butoxy)-1,5-dioxopentane-2-yl)-10-(2-((tert-

butoxycarbonyl)amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate (DO2A(tBu)3(NHBoc)-

GA(ethylenediamine), VIII) 

Product VII (231 mg, 0.23 mmol) was dissolved in dichloromethane (3 mL). The solution was stirred for 

20 min with triethylamine (255 µL, 180 mg, 0.18 mmol). The solvent and the triethylamine were 

removed under reduced pressure and Product VIII (148 mg, 0.19 mmol, 85%) was obtained as 

colourless oil and used without further purification.  

MS (ESI+): 772.5 [M+H]+, 795.5 [M+Na]+, 386.9 ½[M+H]+, calculated for C38H73N7O9: 771.55 [M]+. 
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General procedure of the conjugation of chelator and target vector 

Squaric acid-based conjugation (4, 5, 7, 8, 10, 11) 

The synthesis of DATA5m-SA.KuE (4) can be found at Lahnif et al.33 and the synthesis of AAZTA5.SA.KuE 

(7) can be found at Greifenstein et al.32 and these syntheses are therefore not discussed here. 

 

DATA5m.SA.K-EuE (5) 

DATA5m(tBu)3-COOH was synthesized according to Farkas et al.39 and Lahnif et al.33 

(5a) DATA5m(tBu)3-COOH (100 mg, 0.17 mmol) was dissolved in dry acetonitrile (2 mL). HATU (65.4 mg, 

0.17 mmol) and DIPEA (87 µL, 66 mg, 0.51 mmol) were added and stirred for 15 min. Tert-butyl(2- 

aminoethyl)carbamate (40 µL, 41 mg, 0.26 mmol) was added and stirred for an additional hour at room 

temperature. The solvent was removed under reduced pressure. The product 5a (139 mg, 0.19 mmol) 

was obtained after column chromatography (chloroform / methanol + 1% triethylamine, 19:1; 

Rf = 0.24) as yellow oil. 

1H-NMR (400 MHz, DMSO-d6) δ [ppm] = 7.77 (s, 1H), 6.77 (s, 1H), 3.23 (s, 6H), 3.05 - 2.94 (dt, J = 6.4 

Hz, 2H), 2.59 -2.54 (m, 8H), 2.17 (s, 3H), 2.06 - 2.02 (t, J = 8.0 Hz, 2H), 1.44 - 1.38 (m, 4H), 1.20 (s, 36H). 

MS (ESI+): 714.5 [M+H]+, calculated for C36H67N5O9: 713.49 [M]+. 

 

(5b) Product 5a (139 mg, 0.19 mmol) was dissolved in dichloromethane (500 µL) and trifluoroacetic 

acid (500 µL) was added and stirred for 5 days. Additional trifluoroacetic acid (250 µL) was added and 

stirred for additional two days. The solvent was removed under reduced pressure and the product 5b 

(220 mg, 0.49 mmol) was obtained as brown oil and used without further purification. 

MS (ESI+): 446.2 [M+H]+, calculated for C19H35N5O9: 445.25 [M]+. 

 

Product 5b (220 mg, 0.49 mmol) and EuE-K.SAME (2, 205 mg, 0.36 mmol) were dissolved in phosphate 

buffer (0.5 M, pH 9, 2 mL). The pH value was adjusted with 1 M NaOH solution and 1 M HCl solution. 

The solution was stirred over night. The solvent was removed by lyophilisation. The product 5 was 

purified by semi-preparative HPLC purification (column: Phenomex Luna C18 (250 x 10 mm) 10 μ, flow 

rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 30% MeCN to 40% MeCN in 20 min, tR = 6.1 min) and obtained 

as colourless solid (26 mg, 0.03 mmol, 8%). 
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MS (ESI+): 972.4 [M+H]+, calculated for C40H61N9O19: 971.41 [M]+. 

 

AAZTA5.SA.K-EuE (8) 

AAZTA5(tBu)4(NHBoc) was synthesized as described by Greifenstein et al.32 

(8a) AAZTA5(tBu)4(NHBoc) (5.5 mg, 0.0062 mmol) was dissolved in dichloromethane (500 µL) and 

trifluoroacetic acid (500 µL) was added and stirred for six days. Additional trifluoroacetic acid was 

added after two and six days. The solvent was removed under reduced pressure and the product 8a 

was used without further purification. 

MS (ESI+): 490.2 [M+H]+, calculated for C20H35N5O9: 489.24 [M]+. 

 

Product 8a and EuE-K.SAME (2, 2.6 mg, 0.0062 mmol) were dissolved in phosphate buffer (0.5 M, pH 9, 

450 µL) and stirred for 19 days. The pH value was adjusted every day with 1m NaOH solution and 1 M 

HCl solution. Additional EuE-K.SAME (2, 2.6 mg, 0.0062 mmol) was added after 10 days. The solvent 

was removed by lyophilisation and purified by semi-preparative HPLC purification (column: 

LiChrospher 100 RP18 EC (250 x 10 mm) 5 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 10% MeCN 

to 15% MeCN in 20 min, tR = 9.6 min) The product 8 (0.43 mg, 0.00042 mmol, 7%) was obtained as 

colourless solid. 

MS (ESI+): 1016.3 [M+H]+, 508.8 ½[M+H]+, calculated for C41H61N9O21: 1015.40 [M]+. 

 

DO2AGA.SA.KuE (10) 

(10a) Product VIII (82 mg, 0.11 mmol), EuK.SAME (1, 65 mg, 0.11 mmol) and DIPEA (100 µL) were 

dissolved in ethanol (2 mL). The solution was stirred over night. The solvent was removed under 

removed pressure and Product 10a (114 mg, 0.085 mmol, 77%) was obtained as brown oil after column 

chromatography (ethyl acetate / methanol, 15:1 to 15:1; Rf = 0.25 (ethyl acetate / methanol, 10:1)) 

MS (ESI+): 669.5 ½[M+H]+, calculated for C66H116N10O18: 1336.85 [M]+. 

 

(10) Product 10a was dissolved in dichloromethane (2.5 mL) and trifluoroacetic acid (400 µL). The 

mixture was stirred for two days. After one day, trifluoroacetic acid (400 µL) was added. The product 

(10, 4.7 mg, 0.0052 mmol, 7%) was obtained as a yellow powder after semi-preparative HPLC 
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purification (column: Phenomex Luna C18 (250 x 10 mm) 10 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% 

TFA, 8% MeCN to 10% MeCN in 20 min, tR = 7.6 min). 

MS (ESI+): 901.3 [M+H]+, 451.3 ½[M+H]+, calculated for C37H60N10O16: 900.42 [M]+. 

 

DO2AGA.SA.K-EuE (11) 

Product VIII (10 mg, 0.013 mmol), EuE-K.SAME (2, 15.5 mg, 0.019 mmol) and triethylamine (10 µL) 

were dissolved in ethyl acetate (100 µL) and stirred over night. The solvent and triethylamine were 

removed under reduced pressure (Product 11a). The residue was dissolved in dichloromethane (400 

µL) and trifluoroacetic acid (10 µL) was added. The mixture was stirred for 5 days. Every day 

trifluoroacetic acid was added. The crude product was purified by semi-preparative HPLC purification 

(column: Phenomex Luna C18 (250 x 10 mm) 10 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 8% 

MeCN to 10% MeCN in 20 min, tR = 9.0 min). The product 11 (1.1 mg, 0.0011 mmol, 8.5%) was obtained 

as colourless solid. 

MS (ESI+): 1030.4 [M+H]+, 515.8 ½[M+H]+, calculated for C42H67N11O19: 1029.46 [M]+. 

 

Conjugation to 617.KuE (6, 9, 12) 

The synthesis of the resin bound target vector KuE conjugated to the PSMA-617 linking unit (resin 

bound 617.KuE) was performed as described by Benešová et al.20,38  

The synthesis of AAZTA5.617.KuE (9) is already described by Sinnes et al.41 and thus are not discussed 

here. 

DATA5m.617.KuE (6) 

DATA5m(tBu)3-COOH (52 mg, 0.09 mmol), HATU (33 mg, 0.09 mmol), HOBt (26 mg, 0.26 mmol) and 

DIPEA (45 µL, 34 mg, 0.26 mmol) were dissolved in DMF (2 mL) and stirred for 20 min. The resin bound 

617.KuE (65 mg, 0.06 mmol) was added and stirred for two days. The solution was filtered and the 

resin was washed with dichloromethane. To the resin trifluoroacetic acid (2 mL) was added and stirred 

for 20 min. The resin was filtered off and the procedure was repeated two times. The trifluoracetic 

acid solutions were combined and trifluoroacetic acid was removed under reduced pressure. Product 6 

(1.42 mg, 0.0014 mol, 2%) was obtained after HPLC purification (column: Phenomex Luna C18 

(250 x 10 mm) 10 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 30% MeCN to 40% MeCN in 20 min, 

tR = 5.9 min) 
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MS (ESI+): 1041.4 [M+H]+, 521.3 ½[M+H]+, calculated for C50H72N8O16: 1040.51 [M]+. 

 

DO2AGA.617.KuE (12) 

Product VI (500 mg, 0.69 mmol), HATU (259 mg, 0.69 mmol), HOBt (269 mg, 1.99 mmol) and DIPEA 

(229 µL, 257 mg, 1.99 mmol) were dissolved in DMF (16 mL) and stirred for 20 min at room 

temperature. The resin bound 617.KuE (498 mg, 0.46 mmol) was added and the mixture was stirred 

for four days at room temperature. The resin was filtered off and washed with dichloromethane. To 

the resin trifluoroacetic acid (3 mL) was added and stirred for 20 min. The resin was filtered off and 

the procedure was repeated two times. The trifluoracetic acid solutions were combined and 

trifluoroacetic acid was removed under reduced pressure. Product 12 (6.52 mg, 0.0059 mol, 1%) was 

obtained as colourless solid after HPLC purification (column: LiChrospher 100 RP18 EC (250 x 10 mm) 

5 μ, flow rate: 5 mL/min, H2O/MeCN + 0.1% TFA, 20% MeCN to 30% MeCN in 20 min, tR = 15.2 min). 

MS (ESI+): 1100.5 [M+H]+, 550.3 ½[M+H]+, calculated for C52H78N10O16: 1098.56 [M]+. 

 

In vitro binding affinity studies 

The cell cultivation was performed as described by Lahnif et al.33 According to the cell cultivation 

protocol by Lahnif et al.33, the LNCaP cells (Sigma Aldrich) were cultured in RPMI 1640 medium (Thermo 

Fisher Scientific). 10% fetal bovine serum (Thermo Fisher Scientific), 100 µg/mL streptomycin and 

100 units/mL penicillin were added to the cells and medium and incubated at 37 °C in 5% CO2. Cells 

were harvested using a solution of 0.05% trypsin and 0.02% EDTA. The cells were neutralized before 

further experiments using serum-containing medium.  

The affinity studies were performed according to a protocol of Benešová et al.20 Here 105 LNCaP cells 

were incubated with a solution of 0.75 nM of the radiolabelled reference compound [68Ga]Ga-PSMA-10 

and 12 different concentrations of the compound (1-12) to be analysed. The cells were incubated for 

45 min at room temperature. After the incubation ice-cold PBS was used to wash the cells and the cell-

bound activity was measured. For measurement, a γ-counter (2480 WIZARD2 Automatic Gamma 

Counter, PerkinElmer) was used and data were analysed using nonlinear regression in 

GraphPad Prism 9. 
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5.  Conclusion 

The aim of this project was the development, improvement and application of urea-glutamate-based 

PSMA inhibitors for the diagnosis and therapy of prostate cancer. This dissertation also attempts to 

provide solutions to the remaining problems and issues in the field of PSMA inhibitor-based imaging 

and therapy of prostate cancer. These problems include the search for compounds with high PSMA 

affinity and no enrichment in other tissues like salivary glands, enableing higher tomour doses or the 

search for suitable drug delivery systems for a targeted drug delivery directly to the PCa cells. Other 

addressed problems are the efficient therapy of PCa related bone metastases and the development of 

kit-labelable compounds.  

This work presents alternatives to already existing and literature-known PSMA radiopharmaceuticals, 

evaluates them regarding synthesis, radiolabelling, in vitro and in vivo behaviour and compares them 

with reference compounds known in literature. For this purpose different chelators were conjugated 

to various urea-based PSMA inhibitors via linking units (project A and D). Novel PSMA ligands have 

been developed and evaluated in this work of which some compounds have been found with similar 

or even better properties in comparison to common used PSMA ligands. For example, 

[68Ga]Ga-DATA5m.SA.KuE showed better pharmacokinetic properties regarding kidney clearance in 

comparison to [68Ga]Ga-PSMA-11, which is used in clinical routine. 

Furthermore, this work presents novel approaches to addressing known problems, such as the 

heterogeneous expression of PSMA in PCa related bone metastases (project B). If PCa related bone 

metastases show a low or even no expression of PSMA, a treatment with the highly potent 

[177Lu]Lu-PSMA-617 is difficult or not possible. To overcome this problem, a PSMA inhibitor was 

combined with a bisphosphonate targeting vector. This compound combine the enrichment 

mechanism of [177Lu]Lu-PSMA-617 with the enrichment mechanism of bisphosphonates which are 

accumulated in regions with high bone metabolism as found in bone metastases. 

This work also uses the already known concept of drug delivery and presents two approaches that 

make this principle possible for application in prostate cancer treatment (project C). Here, liposomes 

are functionalized with a PSMA targeting vector to enable a targeted transport of the liposomes to the 

cancer cells. Furthermore, an approach for targeted transport of a cytotoxic agent bound to a PSMA 

inhibitor is described. 

A widely used linker in this work is squaric acid. Squaric acid is commonly used in a lot of different 

conjugation approaches in chemistry1 but gains little attention in radiopharmacy. First squaric acid 

containing PSMA-radiopharmaceuticals were introduced by Engelbogen and Greifenstein.2–5 A large 
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part of this dissertation deals with the evaluation and further development of squaric acid-based PSMA 

inhibitors and their application. 

All in all, novel PSMA radiopharmaceuticals with improved properties and novel PSMA inhibitor 

containing approaches to overcome known problems are presented, which could lead to an improved 

diagnosis and therapy of prostate cancer. The preclinical investigations of some subprojects are 

completed and the next step is the translation into clinic. 

In the following, the results of all individual projects are shortly summarised. 

 

5.1  Project A: Hybrid chelator conjugated PSMA inhibitors  

The aim of this project was the synthesis of hybrid chelator conjugated KuE inhibitors. The hybrid 

chelator DATA5m was mainly used in this project. DATA5m shows optimal labelling conditions with 

gallium-68. This radiometal is one of the most important PET nuclides. It is known that the 

radiolabelling of DATA5m with gallium-68 provides fast kinetics at mild conditions and stabile 

complexes, making it interesting for potential kit-type like applications.6,7 

In the publication Hybrid chelator-based PSMA-radiopharmaceuticals: translational approach8 the 

synthesis of DATA5m.SA.KuE is described. Here, the actual PSMA inhibitor KuE was linked via a 

squaramide linker to the DATA5m chelator. The use of squaric acid as linking unit and coupling reagent 

enables not only a simplified syntheses due to the selectivity towards amines, the synthesis at mild 

conditions and the pH controlled asymmetric amidation, it also allows a synthesis without side 

products.5 Squaric acid can also interact with the PSMA binding pocket due to its aromatic character 

and have a positive influence on the binding affinity of the molecule. The quantitative radiolabelling of 

DATA5m.SA.KuE with gallium-68 was possible at mild conditions and the complex showed a high 

stability over 2 hours in PBS as well as in human serum. 

The in vitro and in vivo evaluation of DATA5m.SA.KuE was done along AAZTA5.SA.KuE. This compound 

was synthesized and radiolabelled with scandium-44 and lutetium-177 in a previous work.5 The hybrid 

chelator AAZTA5, in contrast to DATA5m allows the radiolabelling of diagnostic as well as therapeutic 

radionuclides. Both compounds were evaluated regarding in vitro binding affinity and internalisation 

ratio and compared with the reference compound PSMA-11. Although both DATA5m.SA.KuE and 

AAZTA5.SA.KuE displayed a 2-fold lower affinity than PSMA-11 (51.1 ± 5.5 nM and 52.1 ± 4.0 nM vs. 

26.2 ± 2.4 nM), a similar internalisation ratio was found for all compounds ([68Ga]Ga-DATA5m.SA.KuE = 

6.6 ± 0.6%, [44Sc]Sc-AAZTA5.SA.KuE = 4.8% and [68Ga]Ga-PSMA-11 = 5.2%). In vivo studies in PSMA-

positive LNCaP tumour bearing Balb/c nude mice showed a similar tumour uptake of all compounds. 
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Notable was the significant lower kidney uptake of the SA.KuE-based compounds (between 

13.63 ± 6.81% ID/g and 22.70 ± 0.90% ID/g) in contrast to [68Ga]Ga-PSMA-11 (73.69 ± 18.77% ID/g). 

This showed that the SA.KuE compounds have a fast renal excretion and a tumour accumulation, which 

does not underperform [68Ga]Ga-PSMA-11. Thus, [68Ga]Ga-DATA5m.SA.KuE is an interesting novel 

compound for PET imaging and the pair of [44Sc]Sc-AAZTA5.SA.KuE and [177Lu]Lu-AAZTA5.SA.KuE are 

promising candidates for future theranostic applications. Here, further studies are necessary to verify 

these first results of this promising study. 

In the manuscript [68Ga]Ga-DATA5m-PSMA-617 as novel diagnostic kit-based counterpart for 

[177Lu]Lu-PSMA-617 the DOTA chelator of PSMA-617 is replaced by the chelator DATA5m to develop a 

PSMA radiopharmaceutical which can be labelled fast and under mild conditions in a kit-labelling like 

approach. The compound carries the highly potent target vector and linking unit of the well-known 

PSMA-617. Applied in kit applications, a diagnostic counterpart to the therapeutic [177Lu]Lu-PSMA-617 

with the same pharmacophore unit and thus same pharmacokinetic properties could be made 

available for clinical routine.  

The pharmacophore unit of PSMA-617 was synthesized on a resin and conjugated to DATA5m. 

Radiochemical evaluation showed an efficient labelling of DATA5m-PSMA-617 with gallium-68 under 

mild conditions and with fast reaction times. Quantitative yields were obtained after already three 

minutes. The labelled compound also showed a high purity of > 99% after the labelling, thus no further 

purification was necessary. This is an important aspect for the suitability for a use in kit labelling. The 

complex was also stable in human serum, NaCl and PBS for at least 90 min. It was not possible to 

reproduce the radiolabelling results of the thesis of J-P. Sinnes.9 This could be due to a different 

generator system and setting.  

In vitro PSMA affinity studies showed that DATA5m-PSMA-617 (92.1 ± 11.7 nM) showed a lower affinity 

than PSMA-11 (26.2 ± 2.4 nM) and (DOTA)-PSMA-617 (15.9 ± 5.1 nM). DATA5m-PSMA-617 and 

(DOTA)-PSMA-617 only vary in the chelator, thus the DATA5m chelator seems to have a high influence 

towards the PSMA affinity. It is in accordance to previous studies. The comparison of the affinity 

DOTAGA.SA.KuE (17.6 ± 5.1 nM)3 and DATA5m.SA.KuE (51.1 ± 5.5 nM)8 also showed a significant lower 

affinity of DATA5m. J-P. Sinnes found a similar affinity of PSMA-617 in comparison to the DATA5m 

containing compound (21.5 ± 1.15 nM).9 This result was not found in the present study and can be due 

to differences in the implementation protocol and handling of the assay. J-P. Sinnes just conducted 

initial labelling and affinity experiments. Thus, comparison of the other and more detailed results of 

the present study is not possible.  
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In the present study, we also investigated the lipophilicity of the two compounds. The lipophilicity of 

DATA5m-PSMA-617 was higher than the lipophilicity of PSMA-617. The different lipophilicity could led 

to different binding conditions in the PSMA binding pocket and thus may led to the found differences 

in binding affinity. The DATA5m chelator seemed to have an influence on the conformation of the 

pharmacophore unit inside the binding pocket. Thus, in further studies a spacer, such as an alkyl chain, 

could be introduced between DATA5m and the targeting unit. This introduction of a spacer could lead 

to a longer distance between both units and thus could reduce the influence of the chelator. 

Additionally, units, such as PEG groups that have an influence on lipophilicity could be added to the 

DATA5m compound to adjust the lipophilicity.  

All the findings indicate that the novel compound is a promising diagnostic counterpart to 

[177Lu]Lu-PSMA-617. Further in vivo examinations are necessary to evaluate the in vivo behaviour of 

[68Ga]Ga-DATA5m-PSMA-617. In cooperation with the radiochemical studies laboratory, INRASTES 

NCSR "Demokritos" in Athens, Greece such animal studies are ongoing. Ex vivo biodistribution studies 

are being conducted to compare the tumour accumulation of [68Ga]Ga-DATA5m-PSMA-617 and 

[68Ga]Ga-PSMA-617. Unfortunately, at the time of submission of this dissertation, the studies have not 

been finished and no results can be shown.  

 

5.2  Project B: Prostate cancer and related bone metastases  

Since most men with late stage prostate cancer will develop bone metastases, it is a crucial aspect to 

find potent treatment methods to treat both, the primary tumour as well as the bone metastases.10 

Unfortunately, the PSMA expression in PCa related bone metastases can vary.11,12 In nuclear medicine, 

[177Lu]Lu-PSMA-617 is a highly potent PSMA radiopharmaceutical, which shows very good results in 

the therapy of prostate cancer.13 But, if the formed bone metastases show no or only low PSMA 

expression, a therapy with [177Lu]Lu-PSMA-617 is challenging.14 Novel strategies for treatment of 

heterogeneous bone metastases with low PSMA expression are to be found. 

In the manuscript DOTA conjugate of bisphosphonate and PSMA-inhibitor: A promising combination 

for therapy of prostate cancer related bone metastases a novel compound is presented which can 

address this problem. The novel compound DOTA-L-Lys(SA.Pam)-PSMA-617 consists of three structural 

elements. These are the PSMA inhibitor structure of PSMA-617 for targeting of PSMA and third 

generation bisphosphonate SA.Pam, which can bind to HAP, the mineral structure of bones. HAP is 

exposed in areas of high bone metabolism, as it is also found at bone metastases. The bisphosphonate 

pamidronate (Pam) is conjugated to the rest of the molecule via a squaramide, which also shows a 
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positive influence on the HAP binding of Pam. The third essential structure element is a DOTA chelator, 

which enables the radiolabelling of the compound with nuclides like lutetium-177. 

After successful synthesis, radiolabelling properties were evaluated. The compound displayed 

radiochemical yields of over 90% with lutetitium-177 in five minutes and the complex was stable in 

PBS, NaCl and human serum for at least 14 days. The lipophilicity of the novel compound was 

comparable to the lipophilicity of [177Lu]Lu-PSMA-617. In the next step, the binding to HAP was 

evaluated in a HAP binding assay. The binding of the novel 177Lu-labelled compound was compared to 

the HAP binding of [177Lu]Lu-PSMA-617 and free lutetium-177. With a binding of over 98%, 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 showed a very strong affinity towards HAP. This HAP affinity 

is comparable to the binding of free lutetium-177 (99.89 ± 0.02%), which is known for a high HAP 

affinity. [177Lu]Lu-PSMA-617 showed no binding to the crystalline HAP structure (1.20 ± 0.30%). This is 

as expected, since [177Lu]Lu-PSMA-617 has no structural element that have HAP affinity and thus 

[177Lu]Lu-PSMA-617 can only accumulate in bone metastases with PSMA expression. The same 

experiment with prior blocking of HAP with another bisphosphonate showed that the binding of 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 and free lutetium-177 is a selective HAP binding and no 

significant unselective binding occurred, since the two probes determined only a very low binding in 

the blocking studies. In comparison to other literature-known bisphosphonate compounds, 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 exhibited a very high HAP affinity. 

The binding affinity (Ki value) of the novel heterodimeric compound, determined in an in vitro 

competitive binding assay, was lower than the affinity of PSMA-617 (Ki values: 52.6 ± 3.5 nM vs. 

6.9 ± 1.3 nM; IC50 values: 64.4 ± 4.3 nM vs. 15.9 ± 5.1 nM). Additionally, the SA.Pam unit seems to have 

an influence on the affinity, since the affinity of the precursor molecule without the SA.Pam unit had 

a more than twice as high Ki value (19.7 ± 3.3 nM; IC50: 24.1 ± 4.1 nM) than the final SA.Pam containing 

compound. 

The tumour and bone accumulation were determined in LNCaP tumour-bearing mice to evaluate the 

in vivo potential of the novel compound. The compound demonstrated a tumour uptake of 

4.2 ±0.7% ID/g which is lower than the literature tumour uptake of [177Lu]Lu-PSMA-617 

(11.2 ± 4.17% ID/g).15 This reflects differences in the Ki values with a better PSMA binding of 

[177Lu]Lu-PSMA-617. This differences can also be due to differences in the assay, since the compared 

tumour uptake value of [177Lu]Lu-PSMA-617 is taken from literature. [177Lu]Lu-PSMA-617 showed no 

HAP binding and consequently, no bone uptake was observed and thus, this compound did not 

accumulate in bone metastases without PSMA expression. In contrast to that, 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 showed a bone uptake of 3.4 ± 0.4% ID/g, which is 

comparable to other literature-known bisphosphonates, such as [177Lu]Lu-DOTAZOL.16 This showed that, 
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in contrast to [177Lu]Lu-PSMA-617, the novel compound have the possibility for accumulate via both 

mechanisms in bone metastases. The significantly higher kidney uptake of the novel compound in 

contrast to [177Lu]Lu-DOTAZOL can be explained with the physiological existence of PSMA in the kidneys. 

Although the PSMA affinity and tumour accumulation of [177Lu]Lu-PSMA-617 are higher than 

[177Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617, the novel compound is a potential candidate for future 

therapy of PCa related bone metastases. It demonstrated favourable properties for the therapy of 

bone metastases using two independent targeting mechanisms and could contribute to the care of 

patients with PCa related bone metastases. This is especially the case, if PSMA expression is too low 

for a successful therapy with known PSMA radiopharmaceuticals or unclear PSMA level. In future the 

findings of this initial study needs to be further investigated by additional investigations. Additionally, 

since DOTA can also be radiolabelled with other radionuclides than lutetium-177, the radiolabelling of 

the compound with diagnostic nuclides can be investigated, enabling a theranostic approach.  

 

5.3  Project C: PSMA inhibitor conjugated drug delivery systems 

A frequently used concept in oncology is the use of drug delivery systems for a targeted transport of a 

drug to its place of effect. There are different ways to realise such a drug delivery system. A drug, in 

particular a cytotoxic drug, can be covalently bound to a cleavable linker and a targeting vector (SMDC). 

The targeting vector is responsible for specific transport and the drug is realised by cleavage of the 

linker by special conditions in the area of interest.17 Another approach is the inclusion of the drug in 

nanoparticles such as liposomes.18 This systems have some advantages over a systemic application of 

a cytostatic drug. Since the drug can only effect the targeted area or tissue, side effects are reduced 

and bioavailability of drugs can be increased by this concepts too.19 The difference of both delivery 

systems is the size and the ratio of target vector and transported drug. While a SMDC contains one 

drug molecule and one targeting unit, a liposome can contain a certain number of drug molecules and 

more than one targeting units. A schematic comparison is shown in figure 24. 
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Figure 24: Schematic comparison of a liposme-based drug delivery system and a small molecule durg delivery system (Figure 
not true to scale). SMDC carries one drug and one targeting vector. In liposome-based delivery systems, the numbers of 
targeting vectors and transported drug can vary, depending on preparation. 

 
In the manuscript 18F-labeled, PSMA-specific liposomes: promising and PET-traceable tool for future 

targeted drug delivery in the treatment of prostate cancer, a proof-of-principle study for the 

application of drug-loaded liposomes for the targeted transport to prostate cancer cells were 

demonstrated. The aim was to synthesize liposomes out of hyperbranched polyglycerols with 

hydrophobic alkyl chain anchors (BisHD-hbPG) block copolymers, which are functionalised with a PSMA 

inhibitor for the targeted delivery and with an 18F-label to evaluate the behaviour of the novel PSMA 

inhibitor liposome in PET measurements in vivo. The radiolabelling and liposome formation of the 

PSMA inhibitor containing liposome should be compared with a liposome without a PSMA inhibitor. 

For the synthesis of the PSMA inhibitor carrying polymer, the BisHD-hbPG polymer which carries alkyne 

groups (provided by the group of Prof. Frey, Uni Mainz) were functionalized with previous synthesized 

PSMA targeting vector azide.SA.KuE in a CuAAC reaction. After purification via spin filtration the PSMA 

inhibitor containing polymer as well as the PSMA inhibitor free polymers were functionalised with 

[18F]F-TEG-azide via CuAAC for PET imaging. The radiochemical yield of the PSMA inhibitor caring 

polymer (73% RCY) was comparable to the radiochemical yield of the free polymer (81%). Afterwards 

liposome formation was carried out in an aqueous solution via a thin film hydration method. For 

liposome stabilisation, DOPC and cholesterol were added. Liposomes which are obtained by this 

method have different sizes. To obtain only one-sized liposomes, an extrusion mechanism was used, 

in which the liposomes were passed through different-sized membranes. After a fractionated size 

exclusion chromatography to remove smaller unwanted components such as unassembled polymers, 

the purified 18F-labelled liposomes were obtained. The KuE.SA functionalised liposomes were obtained 

in a RCY of 25% and the non-functionalised liposomes with a RCY of 14%. 

Important to consider is that the pharmacokinetic properties of a liposome is dependent on the size. 

Sizes of 100 to 200 nm showed the best pharmacokinetic properties with the lowest enrichment in 
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tissues such as liver.20,21 With sizes of 199.1 nm of the KuE containing liposome and 157.5 nm of the 

non-functionalised liposome, the sizes of the evaluated liposomes were favourable and enable a good 

transport of the potential payload of the liposomes. In this study it was shown that liposomes with a 

PSMA targeting unit can be synthesized and radiolabelled with fluorine-18 for PET in vivo evaluation 

of the liposome behaviour. These liposomes enable a drug delivery approach targeted towards PCa 

cancer cells.  

In future studies, the in vivo behaviour of the KuE-containing liposomes should be evaluated in PSMA 

positive tumour-bearing mice via PET and should be compared to the PSMA inhibitor free liposomes. 

Furthermore, in additional studies the incorporation of drugs into the liposomes have to be evaluated 

and the therapeutic effect should be tested in vivo.  

The manuscript Old drug, new delivery strategy: MMAE repacked deals with the development of a 

small molecule drug delivery system. In such systems, a targeting vector is responsible for targeted 

drug delivery. The drug is covalently bound to the targeting vector via a cleavable linker, which is 

cleaved in the tumour cell by defined conditions and the drug is released by this mechanism. In this 

study, the compound design of MMAE.VC.SA.617 should combine several structural features. The 

targeting and linker unit of PSMA-617 is used as targeting unit, since it shows high affinity towards 

PSMA. It is conjugated via a squaramide which should introduce increased pharmacokinetic properties 

as found in previous studies (project A). The cytotoxic drug MMAE is conjugated to the squaramide 

through the enzymatic cleavable linker valine-citrulline, which is responsible for drug release in the 

prostate cancer cell.  

After the successful synthesis of MMAE.VC.SA.617, the compound was evaluated regarding its binding 

affinity towards PSMA. In comparison to PSMA-617, the affinity of the drug conjugate was nine times 

lower (21.5 ± 1.9 nM for PSMA-617 and 188.6 ± 24.7 nM for MMAE.VC.SA.617). This extreme 

difference can only be explained by a high influence of the parts of the molecule which are not involved 

in PSMA binding. The PSMA-617 binding motive is designed to address all affinity increasing binding 

areas in the binding pocket. The additional DOTA chelator seems to have no significant influence. The 

situation is different for MMAE.VC.SA.617. It has a big molecule part with a high molecule mass which 

is not involved in PSMA binding and could have a steric influence. For example a steric hindrance of 

MMAE or the cleavable linker could prevent the binding of naphthyl unit to the aromatic binding area 

of PSMA, leading to a significant decrease in affinity. Introduction of a long spacer unit between the 

cleavable linker and the targeting unit, such as an alkyl chain, could result in the non-binding part being 

outside the pocket and having no influence on the affinity.  
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The cytotoxicity of the novel drug delivery system was evaluated in vitro via a CellTiter-Blue® assay 

using PSMA positive LNCaP cells. MMAE.VC.SA.617 showed with an IC50 value of 33.0 ± 4.9 nM a lower 

cytotoxicity than the free MMAE (0.23 ± 0.06 nM). This could be due to differences in the uptake 

mechanism of both compounds. A PSMA blocking study with PMPA showed that blocked PSMA led to 

a decreased cytotoxicity. This proved that the compound is indeed mainly taken up via PSMA 

internalization and confirmed the suitability of our novel compound as PSMA driven drug delivery 

system. A blocking of cathepsin B, also led to a decrease in affinity (84.4 ± 0.1 nM), showing that the 

release of MMAE is based on the cleavage of the valine-citrulline linker by cathepsin B. This was also 

verified in a cathepsin B cleavage assay. The addition of cathepsin B to a solution of MMAE.VC.SA.617 

led to an increasing amount of free MMAE in the probe over the time. Complete release was reached 

after 20 min.  

Subsequent in vivo studies showed that the application of MMAE.VC.SA.617 can inhibit tumour 

growth. During the complete time of the study no further increase of the wight of the tumour was 

observed. Furthermore, comparisons with free MMAE, showed that the novel compound has a higher 

tolerance in vivo, since nearly all mice in one MMAE comparative study (0.5 mg MMAE/kg) died, while 

all mice of the equivalent MMAE.VC.SA.617 group (3.35 mg MMAE.VC.SA.617/kg, equivalent to 

0.5 mg MMAE/kg) survived.  

The studies showed that MMAE.VC.SA.617 is a promising candidate for small molecule drug delivery 

of MMAE. Further optimizations of the structure as discussed above could lead to an increased binding 

affinity. Higher affinities could lead to more PSMA bound compound and thus a higher internalization 

ratio. Thus, more MMAE.VC.SA.617 would be present in the cell and could be cleaved by cathepsin B, 

increasing the cytotoxicity. 

 

5.4  Project D: PSMA inhibitor structure optimisation  

In project D, the manuscript Comparison of the binding affinity of squaramide containing lysine-urea-

glutamate- and glutamate-urea-glutamate-based PSMA inhibitors is about the comparison of the 

binding affinities of novel urea-based PSMA inhibitors to identify possible potent PSMA target 

vector/chelator conjugates. KuE is the most used PSMA inhibitor right now, but studies indicating that 

the exchange of the lysine residue against another glutamate unit and its functionalization with a lysine 

leads to better pharmacological properties.22,23 Based on these studies squaric acid conjugated K-EuE 

was compared to SAME.KuE. As reference, the well-known and established targeting vector and linking 

unit of PSMA-617 was also included in this study.  
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First, the binding affinities of the targeting vectors were evaluated. Here, it was shown that 

SAME.K-EuE has the highest affinity (17.2 ± 5.2 nM) among all three targeting units. 617.KuE showed 

a similar affinity with an IC50 value of 21.5 ± 1.9 nM. SAME.KuE has the lowest affinity (35.9 ± 2.6 nM). 

To make the target vectors usable in radiopharmacy, functionalisation with chelators were performed. 

Three different chelators were chosen for evaluation containing the two hybrid chelators DATA5m and 

AAZTA5 as well as the DOTA derivative DO2AGA.  

The comparison of the affinity of all chelator-conjugated compounds displayed the drastically decrease 

of the affinity, if a chelator is added to SAME.K-EuE. This conjugation led to a decrease from 

17.2 ± 5.2 nM (only targeting unit) to IC50 values between 178 nM and 407 nM. The chelator seems to 

have a highly negative effect on the conformation of the SA.K-EuE in the binding pocket. The affinity 

of the best SA.K-EuE-based conjugate was almost twice as low as the affinity of the worst 617.KuE-

based compound (DATA5m.617.KuE) and even 3.5-fold lower than the SA.KuE derivative 

(AAZTA5.SA.KuE) with the lowest IC50 value. The studies indicating that “K-EuE is better than KuE” could 

not be verified, at least not for squaric acid-based chelator conjugates. One option to improve the 

PSMA binding affinity could be to add a spacer between the chelator and the squaramide. This could 

lead to a less steric influence of the chelator.  

Concerning the compounds with the targeting units SA.KuE and 617.KuE, a clear statement of influence 

of the chelator cannot be made. It was not possible to identify if one of both targeting units is superior 

to the other. While the DATA5m.SA.KuE conjugate showed a better affinity than DATA5m.617.KuE, it was 

differently observed for the AAZTA5 conjugates. Here, the AAZTA5-617.KuE variant showed a better 

affinity than the AAZTA5.SA.KuE version and no differences were observed with the corresponding 

DO2AGA derivatives. All these results show that a clear classification of the chelator towards affinity 

influence is not possible. The influence seems to be dependent on the combination of each moiety. As 

for the SA.K-EuE derivatives, all compounds could be synthesized with a longer alkyl chain to get a 

distance between chelator and binding pocket to be sure that the influence of the often bulky chelator 

is minimal. Then, the impact of a covalent modification of the targeting moiety and the resulting 

conformation in the binding pocket can be evaluated without influences of bulky residues in new 

binding affinity studies. 
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6.  Appendix 

6.1  List of abbreviations 

%ID/g  Percent injected dose per 

 gramm 
18F-TEG 2-(2-[18F]fluoroethoxy)ethoxy) 

ethane  

2-PMPA 2-phosponomethyl  

pentanedioic acid  

a years 

AAZTA 1,4-bis (carboxymethyl)-6- 

[bis (carboxymethyl)]amino- 

6-methylperhydro-1,4- 

diazepine 

AAZTA5 1,4-bis-(carboxylmethyl)-6- 

[bis-(carboxymethyl)-amino-6- 

pentanoic-acid]-perhydro-1,4- 

diazepine 

ACN  Acetonitrile 

ADC antibody drug conjugate 

Amc aminomethylcyclohexane 

Arg arginine 

AROP anionic ring opening  

polymerization 

As specific activity 

Asn asparagine 

Asp aspartate 

ATP adenosine triphosphate  

BFC bifunctional chelator 

BGO bismuth germanate 

BisHD-

hbPG 

hyperbranched polyglycerols  

with hydrophobic alkyl chain  

anchors 

BisHD-OH 1,2-bis-n-hexadecyl glyceryl  

ether  

BisOD-OH 1,2-bis-n-octadecyl glyceryl  

ether  

Boc tert-butyloxycarbonyl  

protecting group 

BPAPD 4-{[(bis–phosphonopropyl) 

carbomoyl]methyl}-7,10-bis- 

(carboxy-methyl)-1,4,7,10- 

tetraazacyclododec-1-yl)- 

acetic acid 

Bq Bequerel 

Bq/g Bequerel per gramm 

c.a. carrier-added 

c.f. carrier-free 

CAF cancer associated fibroblast 

CAR Chelator-to-antibody-ratio  

cpm counts per minute 

CT computed tomography 

CuAAC copper(I)-catalysed huisgen 1,3- 

dipolar cycloaddition 

d days 

DAPI 4′,6-diamidino-2-phenylindole 

DATA5m 1,4-bis(carboxymethyl)-6-pentanoic  

acid[amino(methyl) carboxymethyl]  

perhydro-1,4-diazepine 

DATAm 1,4-bis(carboxymethyl)-6-

[amino(methyl) 

carboxymethyl]methylperhydro-1,4-

diazepine 

DC dendritic cell 

DCM dichloromethane 

DFG Deutsche Forschungsgemeinschaft 

DFO deferoxamine B 

DIPEA N,N-Diisopropylethylamine 

DLS Dynamic light scattering 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

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

phosphocholine 

DOTA 1,4,7,10-tetraazacyclo-dodecane- 

1,4,7,10-tetraacetic acid 

DOTAGA 1,4,7,10-tetraazacyclododececane- 

1-glutaric acid-4,7,10-triacetic acid 

DOTAM 1,4,7,10-Tetrakis(carbamoylmethyl)- 

1,4,7,10-tetraazacyclododecane 

DPP dipeptidyl peptidase 

DTPA diethylenetriaminepentaacetic acid 

E energy 

E glutamate 

EC electron capture 

EDTA Ethylenediaminetetraacetic acid 

EDTMP ethylenediaminetetramethylene 

phosphonic acid 

EEGE ethoxyethyl glycidyl ether  

ERT endoradiotherapy 

ESI Electrospray ionization 
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e.g. for example 

EtOH ethanol 

EuE glutamate-urea-glutamate  

FAP fibroblast activation protein  

FAPi fibroblast activation protein  

inhibitor 

FDA U.S. Food and Drug Administration 

[18F]FDG 2-deoxy-2-[18F]fluoro-D-glucose 

FFPS farnesyl pyrophosphate synthase  

Fmoc fluorenylmethoxycarbonyl  

protecting group 

FOLH1 folate hydrolase 1 

g gramm 

GCPII glutamate carboxypeptidase II  

Glu glutamate 

GSH glutathion 

GSO gadolinium orthosilicate 

h hours 

HAP hydroxyapatite 

HATU 1-[Bis(dimethylamino)methylene]- 

1H-1,2,3-triazolo[4,5-b]pyridinium  

3-oxide hexafluorophosphate 

HBED N,N'-Di(2-

hydroxybenzyl)ethylenediamine-N,N'-

diacetic acid 

HBED-CC N,N'-bis-[2-hydroxy-5-

(carboxyethyl)benzyl] 

ethylenediamine-N,N'-diacetic acid 

hbPG hyperbranched polyglycerols  

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium 

hexafluorophosphate 

HEPES 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

His histidine 

HMDP hydroxymethylenediphosphonate 

HOBt Hydroxybenzotriazole 

HPLC high performance liquid 

chromatography 

HS human serum 

HSQC  heteronuclear single quantum 

coherence 

INRATES Institute of Nuclear & Radiological 

Sciences and Technology, Energy & 

Safety 

i.v. intravenous 

IC50 half maximal inhibitory  

concentration 

K lysine 

kDa kilodalton 

K-EuE lysine-glutamate-urea-glutamate  

Ki inhibitory constant 

KuE lysine-urea-glutamate  

LC/MS liquid chromatography / mass 

spectroscopy 

LET linear energy transfer 

Leu leucine 

LNCaP Lymph Node Carcinoma of the Prostate 

logD7.4  distribution coefficient in water and 

organic solvent at pH 7.4 

LOR line of response 

LSO lutetium oxyorthosilicate 

Lys lysine 

mAb monoclonal antibody 

mCrPC Metastatic castration-resistant 

prostate cancer  

MDP methylenediphosphonate 

MeCN Acetonitrile 

MeOH methanol 

mg milligramm 

min minutes 

MMAE monomethyl auristatin E 

Mn molecular weight 

mPEG methoxy PEG  

MPGC  Max Planck Graduate Center Mainz  

MPS mononuclear phagocyte system  

MRI magnetic resonance imaging 

MWCO Molecular weight cut-off 

n Neutron 

n.c.a. no-carrier-added 

NAAG N-acetyl-aspartyl-glutamate 

NAALDase N-acetyl-L-aspartyl-L-glutamate 

peptidase 

NHS N-hydroxysuccinimide 

NMP N-methylpyrrolidone  

NMR nuclear magnetic resonance 

NODAGA 1,4,7-triazacyclononane,1-glutaric 

acid-4,7-acetic acid 

NOTA 1,4,7-triazacyclononane-1,4,7-triacetic 

acid 

p Proton 

p.i. post injection 

PABC p-amino benzyloxycarbonyl  

Pam pamidronate 

PBS phosphate-buffered saline 
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PCa Prostate cancer 

PEG Polyethylene glycol  

PET positon emission tomography  

Phe phenylalanine 

PMDETA N,N,N′,N′′,N′′-

Pentamethyldiethylentriamine 

PREP prolyl oligopeptidase  

Ps Positronium 

PSA prostate specific antigen 

PSMA prostate-specific membrane antigen 

PSMAi prostate-specific membrane antigen 

inhibitor 

QMA quaternary methyl ammonium  

RCY radiochemical yield 

Rf retention factor 

RT room temperature 

s seconds 

SA squaric acid 

SADE squaric acid diester 

SAME squaric acid monoester 

SD standard deviation 

SEC size exclusion chromatography 

SFB Sonderforschungsbereich 

SMA slow monomer addition  

SMDC small molecule drug conjugate 

SN2 second order nucleophilic substitution  

SPAAC strain-promoted-alkyne-azide-

cycloaddition  

SPECT single-photon emission computed 

tomography 

SUL standardized uptake value (SUV) 

normalized by lean body mass 

SUV standardized uptake value 

t1/2 half-life time 

TC transition temperature  

TFA Trifluoroacetic acid 

TLC thin layer chormatography 

tR retention time 

TRAM (1,4,7-triazonane-1,4,7-

triyl)tris(methylene))tris((1-amino-15-

oxo-4,7,10-trioxa-14-azaheptadecan-

17-yl)phosphinic acid 

TransMed Mainz Research School of Translational 

Biomedicine 

TRAP (1,4,7-triazonane-1,4,7-

triyl)tris(methylene))tris((1-amino-15-

oxo-4,7,10-trioxa-14-azaheptadecan-

17-yl)phosphinic acid 

TRIGA Training, Research, Isotopes, General 

Atomic 

Trp tryptophane 

TV targeting vector 

Tyr tyrosine 

VC valine-citrulline 

Vh hydrodynamic volume 

WARMTH World Association of 

Radiopharmaceutical and Molecular 

Therapy 

Zol zoledronate 

 

 

 

 

  



268 
 

6.2  List of publications 

 

 

  



269 
 

6.3  Acknowledgment 

  



270 
 

6.4  Eidesstattliche Erklärung 

 

Die vorliegende Arbeit wurde unter der Betreuung von X.X. in der Zeit von September 2018 bis Januar 

2022 am Institut für Kernchemie / Department Chemie- Standort TRIGA der Johannes Gutenberg-

Universität Mainz angefertigt. 

Hiermit erkläre ich, Tilmann Grus, dass die vorliegende Disseration von mir selbstständig verfasst 

wurde und alle schriftlichen und elektronischen Quellen sowie andere Hilfsmittel angegeben habe. 

„I hereby declare that I wrote the dissertation submitted without any unauthorized external assistance 

and used only sources acknowledged in the work. All textual passages which are appropriated verbatim 

or paraphrased from published and unpublished texts as well as all information obtained from oral 

sources are duly indicated and listed in accordance with bibliographical rules. In carrying out this 

research, I complied with the rules of standard scientific practice as formulated in the statutes of 

Johannes Gutenberg-University Mainz to insure standard scientific practice.”  

 

 

Mainz, 27th of January 2022 

 

 

Tilmann Grus 

 



271 
 

6.5.  Curriculum Vitae 

  



272 
 

  



273 
 

 


