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1. Zusammenfassung 

Diese kumulative Dissertation beinhaltet drei Veröffentlichungen und befasst sich mit dem 

rationalen Design und der Entwicklung einer neuen Gruppe von Desferrioxamin B (DFOB)-

Analoga, die die 89Zr-Chelatisierung für das targeted Positronen-Emissions-Tomographie 

(PET)-Imaging optimieren sollen. Die beschriebenen Einschränkungen von DFOB und seinem 

oktadentaten Analogon DFO* - insbesondere die suboptimale in vivo-Stabilität und Löslichkeit 

- bilden die Grundlage für den hier entwickelten synthetischen Ansatz. Ziel ist es, optimierte 

Chelatoren zu entwickeln, die auf leicht verfügbaren Bausteinen basieren und zu 

isopeptidischen Strukturen mit einstellbaren Eigenschaften zusammengesetzt werden. Zu den 

wichtigsten Strukturmerkmalen gehören vier Hydroxamsäuren für eine effiziente Zr4+-

Koordination, Funktionalitäten für eine Konjugation der targeting Vektoren, variable Abstände 

zwischen den Hydroxamsäuren für ein fine tuning hinsichtlich der Komplexstabilität mit Zr4+ 

und clickbaren Seitenketten für eine verbesserte Löslichkeit und der Beeinflussung der 

Pharmakokinetik. Anhand dieser Kriterien wurde ein modularer Ansatz entwickelt, der sowohl 

die synthetischen als auch die funktionellen Einschränkungen der bisher verfügbaren 

Chelatoren überwinden kann. 

In der ersten Veröffentlichung (ChemMedChem, 2023) wurden isopeptidische Analoga von 

DFOB mit Azidoseitenketten synthetisiert. Diese Chelatoren mit den Bezeichnungen AZA-DFO 

(hexadentat) und AZA-DFO* (oktadentat) wurden durch eine modulare Synthese aus 

Bausteinen bestehend aus Ornithin-ß-Alanin (Orn-β-Ala) und Lysin-ß-Alanin (Lys-β-Ala) 

aufgebaut. Neun Chelatoren wurden durch kupferkatalysierte Azid-Alkin-Cycloaddition 

(CuAAC) an zwitterionische Moleküle konjugiert. Dies führte zu wasserlöslichen 

Verbindungen, die Zr4+ unter milden Bedingungen (Raumtemperatur, 90 Minuten) 

komplexierten. Experimente zu Transchelatierung mit Ethylendiamintetraessigsäure (EDTA)- 

und DFOB-Überschuss zeigten, dass die kürzeren Hydroxamatabstände auf Orn-Basis die 

Komplexstabilität im Vergleich zu längeren Varianten auf Lys-Basis verbessern. Zusätzlich 

konnte gezeigt werden, dass die Anordnung der Amidgruppen und das Vorhandensein 

zwitterionischer Seitenketten die Stabilität der Komplexe nicht beeinträchtigten. Das 

oktadentate Orn-basierte AZA-DFO*-Derivat wurde als besonders vielversprechender 

Chelator identifiziert. Dieser vereint hohe Komplexstabilität und schnelle 

Komplexierungskinetik mit Modularität für weitere Funktionalisierungen. 

Die zweite Veröffentlichung (European Journal of Organic Chemistry, 2024) beinhaltet eine 

Festphasensynthesestrategie für isopeptidische DFOB und DFO*-Analoga (ipDFOB und 

ipDFO*), die vier Hydroxamsäuren für eine gute Zr4+-Chelatisierung enthalten. Der Ansatz 

verwendet leicht herzustellende Fmoc geschützte Vorstufen und ermöglicht die Synthese 

sowohl von ipDFO* als auch von clickbaren AZA-ipDFO* Derivaten in nur wenigen Stunden. 
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Im Vergleich zur mehrstufigen liquid-phase Synthese reduziert die Festphasenmethode den 

Syntheseaufwand erheblich und ermöglicht den modularen Aufbau von Chelatoren mit 

einstellbaren Abständen zwischen Hydroxamaten. Diese Flexibilität ist entscheidend für die 

Optimierung der Komplexierungsstabilität, da der Abstand zwischen den Hydroxamaten die 

Stabilität des Komplexes mit harten Metallkationen wie Zr4+ beeinflusst. Diese Methode stellt 

somit einen robusten und skalierbaren Weg zur Entwicklung maßgeschneiderter Chelatoren 

nicht nur für Zr4+, sondern möglicherweise auch für andere klinisch relevante Radiometalle dar. 

Die dritte Veröffentlichung (ChemMedChem, 2024) beschreibt die Festphasensynthese 

mehrerer oktadentater DFO*-Analoga mit unterschiedlichen Hydroxamat-Abständen. Die 

Komplexstabilität dieser Analoga wurde durch Radiomarkierung mit 89Zr sowohl in 

Humanserum als auch in kompetitiven Assays mit EDTA und DFOB im Überschuss bewertet. 

Der radiochemische Assay diente dabei als Benchmark für die Validierung einer nicht-

radioaktiven LC/MS-basierten Methode. Die Daten zeigten, dass ein längerer Hydroxamat-

Abstand (9 Atome) zu einer höheren Stabilität führt, was den Ergebnissen der ersten 

Veröffentlichung auf den ersten Blick widerspricht. Der stabilste Komplex widerstand der 

EDTA-Kompetition über 72 Stunden, was sowohl durch Radio-Thin Layer Chromatography 

(TLC) als auch durch liquid chromatography gekoppelt an ein Massenspektrometer (LC/MS) 

bestätigt wurde. Die unkomplizierte Synthese, die hohe Komplexstabilität und der modulare 

Ansatz dieser ipDFO-Derivate unterstreichen ihr Potenzial als Chelatoren der nächsten 

Generation für das targeted PET-Imaging. 

Eine der größten Herausforderungen bei dieser Arbeit war die Synthese von strukturell 

komplexen, orthogonal geschützten Bausteinen. Der Ansatz umfasst Aminosäurederivate mit 

Seitenketten wie Ornithin und Lysin. Die γ-ständigen Amine dieser Verbindungen wurden mit 

Benzoylperoxid oxidiert, um ein geschütztes Hydroxylamin als Aminäquivalent für die solid 

phase peptide synthesis (SPPS) zu erzeugen. Auch nicht-seitenkettentragende Verbindungen 

wie γ-ständige Bromcarbonsäuren (bspw. 5-Brompentansäure) wurden zur Synthese von 

Chelatoren ohne Seitenkette verwendet. Hier führten Substitutionsreaktionen mit O-

Benzylhydroxylamin zu den entsprechenden Intermediaten für die Verwendung in der SPPS. 

In einem dritten Ansatz wurde Boc-Allylglycin zur Herstellung von Kupplungsintermediaten 

über Ozonolyse mit anschließender reduktiver Aminierung verwendet. Für die Entwicklung 

eines belastbaren Festphasenprotokolls wurde der anspruchsvolle Kupplungsschritt von 

benzylgeschützten Hydroxylaminderivaten mit aktivierten Carbonsäuren im Hinblick auf 

Kupplungsreagenzien, Äquivalente, Temperatur, Zeit und Festphasenharz optimiert. 

Zusammenfassend lässt sich sagen, dass diese Arbeit den Zugang zu einer neuen Gruppe 

von Molekülen mit erheblichem Potenzial für die klinische Diagnostik ermöglicht hat. 

Insbesondere für das targeted PET-Imaging könnten Verbindungen wie das in der zweiten 
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Veröffentlichung präsentierte Lysin-Urea-Glutaminsäure (KuE)-ipDFO*-Konstrukt von 

höchstem Interesse sein, da es in einer Synthese die Herstellung vom targeting vector und 

Chelator in einer Verbindung ermöglicht. Die neu entwickelte Festphasensynthesestrategie 

reduziert den manuellen Arbeitsaufwand deutlich und erleichtert die Herstellung von klickbaren 

Derivaten für die gezielte Konjugation. Der in dieser Arbeit vorgestellte Syntheseansatz weist 

ein hohes Potenzial für eine vollständige Automatisierung auf und erweist sich als robust unter 

Bedingungen, die ein Scale-up ermöglichen.  
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2. Abstract 

This cumulative thesis contains of three publications and focuses the rational design and 

development of a new group of desferrioxamine B (DFOB) analogues aimed at improving 89Zr 

chelation for targeted PET imaging. The described limitations of DFOB and its octadentate 

analogue DFO* - particularly their suboptimal in vivo stability and solubility - form the 

foundation for the synthetic approaches developed herein. The objective was to create 

optimized chelators based on readily available building blocks, assembled into isopeptidic 

structures with tunable properties. Key structural features include four hydroxamic acids for 

efficient Zr4+ coordination, bifunctionalities for targeting vector conjugation, variable spacer 

lengths for fine-tuning complex stability, and clickable side chains for improved solubility and 

pharmacokinetic control. These criteria guided the development of a modular platform capable 

of addressing both the synthetic and functional limitations of previously available chelators. 

In the first publication (ChemMedChem, 2023) isopeptidic analogues of DFOB with azido side 

chains were synthesized. Termed AZA-DFO (hexadentate) and AZA-DFO* (octadentate), 

these chelators were constructed via modular synthesis from Orn-β-Ala and Lys-β-Ala. Nine 

chelators were further conjugated to zwitterionic moieties via copper-catalyzed azide–alkyne 

cycloaddition (CuAAC), resulting in water-soluble compounds capable of complexing Zr4+ 

under mild conditions (room temperature, 90 min). Transchelation studies using 1000-fold 

excess EDTA and 300-fold DFOB showed that shorter Orn-based hydroxamate spacing 

improves the complex stability compared to longer Lys-based variants. Notably, the 

arrangement of amide groups and presence of zwitterionic side chains did not impair complex 

stability. The octadentate AZA-DFO* derivative was identified as a particularly promising 

chelator, combining high stability and fast complexation kinetics with modularity for further 

functionalization. 

The second publication (European Journal of Organic Chemistry, 2024) describes a solid-

phase synthesis strategy for isopeptidic DFOB and DFO* analogues (ipDFOB and ipDFO*) 

containing four hydroxamic acids for strong Zr4+ chelation. The approach utilizes commercially 

available or easily prepared Fmoc-protected precursors and enables synthesis of both ipDFO* 

and its clickable derivative AZA-ipDFO* in only a few hours. Compared to traditional multistep 

solution synthesis, the solid-phase method significantly reduces synthetic effort and enables 

modular assembly of chelators with adjustable spacer lengths. This flexibility is crucial for 

optimizing complexation properties, as the spacing between hydroxamates impacts complex 

stability with hard metal cations like Zr4+. This method thus represents a robust and scalable 

route for developing tailored chelators not only for Zr4+, but potentially for other clinically 

relevant radiometals. 
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The third publication (ChemMedChem, 2024) reports the solid-phase synthesis of multiple 

octadentate DFOB analogues with varying hydroxamate spacers. The complex stabilities of 

these analogues by radiolabeling with 89Zr were evaluated both in human serum and in 

competitive assays with excess EDTA and DFOB. The radiochemical assay served as the 

benchmark for validating a non-radioactive LC/MS-based method. The data clearly 

demonstrated that longer hydroxamate spacing (9 atoms) results in higher stability, 

contradicting the results of the first publication. The most stable complex resisted EDTA 

challenge over 72 h, confirmed via both radio-TLC and LC/MS. The straightforward synthesis, 

high complex stability, and modular nature of these ipDFO derivatives highlight their potential 

as next-generation chelators for targeted PET imaging. 

One of the major challenges in this work was the synthesis of structurally complex, orthogonally 

protected building blocks. The approach involved side chain bearing amino acid derivatives 

such ornithine and lysine. These γ-standing amines of these compounds were oxidized via 

benzoyl peroxide to create a protected hydroxyl amine as an amine equivalent for the SPPS. 

As well non-side chain bearing compounds like γ-positioned bromo carbon acids like, 5-bromo 

pentanoic acid was used to synthesize non-side bearing chelators. Here substitution reactions 

with O-benzyl hydroxylamine leads to the corresponding intermediates for the usage in SPPS. 

In a third approach Boc-allylglycine was used to prepare intermediates via ozonolysis with 

followed reductive amination. For developing a solid-phase protocol the demanding coupling 

step of benzyl protected hydroxyl amine derivatives was optimized with respect to coupling 

reagents, equivalents, temperature, time, and resin choice.  

In summary, this work has enabled access to a new group of molecules with significant 

potential for clinical diagnostics, particularly in targeted PET, exemplified by the KuE-ipDFO* 

construct described in the second publication. The newly developed solid-phase synthesis 

(SPPS) strategy markedly reduces manual workload and facilitates the generation of clickable 

derivatives for targeted conjugation. The synthetic approach presented in this thesis 

demonstrates strong potential for full automation and exhibits robustness under conditions 

amenable to scale-up. The chelators introduced herein possess high flexibility for adaptation 

to a variety of novel applications.  
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3. Introduction 

This introduction aims to provide an understanding of the medical imaging procedure of 

positron emission tomography (PET), as it is important for the intention of this thesis. The first 

section explains the procedure’s physical principles and the strengths and weaknesses and 

how it is different from or can be combined with other imaging methods. Current relevance to 

the daily clinical practice is also discussed. Then, the principles of targeted PET and 

immunoPET and their associated biological background are presented to give the basis, 

context and motivation of the thesis carried out. From a chemical point of view, the current 

problems of clinical use with respect to radiochelator and nuclide are also addressed.  

In the second part of the introduction, the synthetic background of this thesis is presented. In 

this section, the principles of solid phase peptide synthesis (SPPS) are explained and the 

possible influence of the choice of protecting groups, different resins and coupling reagents is 

discussed.  

 

3.1 PET imaging 

3.1.1 Conventional PET, PET Combinations and Alternatives 

Conventional PET imaging is an imaging method used in clinical analysis for the diagnosis of 

cancer, and for various metabolic processes, cardiovascular issues or bone injuries.[1-3] 

Depending on the radiotracer used, this non-invasive method can be used to selectively 

address different targets of the patient's body and display them in an image.  

The method is based on the application of a radiotracer. The radioactive ß+ decay of a neutron-

deficient radionuclide in the radiotracer emits positrons, which react with the electron as an 

antiparticle from the surrounding tissue in the physical process of annihilation.[4] In this process, 

both particles are extinguished, resulting in the emission of two collinear γ-photons with an 

energy of 511 keV.[4-5] These photons are converted into low energy photons in the Vis range 

by scintillators arranged in a ring around the patient, which are then converted from the visual 

signal into an electronic signal by photosensors and multipliers.[4] The detector registers a total 

of three electronic signals: 1. the energy of the γ-photon, 2. the time at which the γ-photon hit 

the detector and 3. the position at which the γ-photon hit the detector.[6] These three signals 

are used to calculate a line of response (LOR), which can be used to determine the point of 

origin of the annihilation on the basis of a coincidence-based calculation. A large number of 

coincidence-based calculations can then be used to create a PET image that shows the 

distribution of the radiotracer in the patient's body.[4] Figure 1 shows the principle of a PET 

measurement. 
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Figure 1: Principle of PET measurements. The decay of the positron emitting radionuclide, which is injected in the 
patient, leads to an annihilation event between the positron and an electron of the environment resulting in two 
photons with an angle of nearly 180° to each other. The distance between the place of decay and annihilation 
depends on the kinetic energy of the released positron. The resulting photons can be detected via a ring of detectors 
around the patient. After transforming it into a specific electric signal a PET image can be created.[6-7] 

 

For a better mapping of the PET image in the morphology of the patient, the PET measurement 

is usually performed in combination with computed tomography (CT) or magnetic resonance 

imaging (MRI). The CT and MRI methods allow the presentation of the anatomy of a patient. 

In a CT measurement, the organism is irradiated with X-ray radiation from an X-ray source. 

Depending on the constitution, structure and composition of different tissues, the absorption of 

the X-rays varies, allowing production of a contrast image on the emersion side.[8-9] rotating the 

X-ray source and detector around the patient's body along the axis from head to toe, a 

computer can merge the recorded slices into a three-dimensional image.[8] To improve the 

spatial resolution of a CT measurement, the patient is usually administered a contrast agent 

(typically containing iodine) in advance.[8-9] The morphology of the tissue can also be visualized 

using the MRI method. In contrast to CT, this avoids radiation exposure for the patient. In MRI, 

the nuclear spins of an organ’s hydrogen atoms align along a magnetic field, creating an overall 

magnetization.[10] A short magnetic pulse disturbs this equilibrium, and while the spins return, 

an electrical signal is recorded. Differences in relaxation and hydrogen distribution allow the 

differentiation of tissue types. For spatial characterization, layer selection and gradient 

magnetic fields are used to selectively vary the signal, enabling imaging with spatial 

resolution.[10] 

Based on the morphological information obtained from the CT or MRI measurement, the PET 

image can be overlayed on an image of the patient's anatomy,  aiding, for example,  a 

prognosis, a characterization of the affected tissue and determination of  the treatment’s 

efficacy.[1, 3, 11] In the daily hospital practice, PET/CT measurements tend to be carried out due 
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to common availability and well-established protocols. PET/MRI is not yet widely used and is 

still in the establishment phase, which increases costs. PET/CT, on the other hand, enables 

faster measurements, but with  lower soft tissue resolution and the need for X-rays exposure.[12] 

Figure 2 shows a PET/CT with PET/MRI comparison based on 18F-FDG of a patient with lung 

cancer.[13] PET/MRI demonstrates a better vertebrae resolution compared to PET/CT. 

Compared to CT images, bone tissue in MRI images has a signal intensity similar to that of fat 

tissue due to the high fat content in the bone marrow. This similarity limits the accuracy of MRI-

based methods for generating reliable attenuation correction maps, which are essential in 

positron emission tomography (PET). The attenuation of annihilation photons travelling 

through the body differs among the tissues encountered, due to their densities and 

compositions (e.g., bone, fat, air, etc.). If this attenuation is not properly accounted for, it can 

lead to misinterpretation of the PET signals and ultimately compromise the quantitative 

accuracy of the resulting images.[13] 
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Figure 2: PET/CT vs. PET/MRI image of the same patient with lung cancer. A PET/CT image (a)) is based on the 
morphological image from a corresponding CT scan (b)). A PET/MRI (c)) is embedded in a corresponding MRI 
image (d)).[13] 

 

An alternative imaging method to PET is the single-photon emission computed tomography 

(SPECT).  A radionuclide introduced into the patient directly emits γ-photons. These are 

registered by collimators rotating around the patient and translated into an image using gamma 

cameras, similar to PET.[7, 14] The use of a collimator is essential, as this is the only way to trace 

the origin of the photon. At the same time, the linear structure of the collimator leads to a 
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detecting yield of only around 0.01% of the photons, which significantly reduces the sensitivity 

compared to PET (around 1%).[7, 14] The higher sensitivity with PET therefore reduces the 

individual scan times in relative terms, which increases the feasibility of making multiple scans. 

This in turn improves temporal resolution, which is an important factor in dynamic biological 

processes.[7] The coincidence-based calculation in PET achieves a significantly higher 

sensitivity compared to collimator-based detection in SPECT. However, because of their 

inherent characteristics (discussed in the next section) the resolution of PET is significantly 

reduced, compared to SPECT. Briefly, this is because the positron’s kinetic energy and the 

non-collinearity of the annihilation photons. Thus, the choice between PET and SPECT as a 

diagnostic method is often a case-by-case decision, depending on the disease and condition 

of the patient.[7] 

The imaging methods mentioned are summarized with their properties in Table 1. 

 

Table 1: Overview of the mentioned diagnostic methods with their properties.[8]  

Method Temporal 

Resolution 

Spatial Resolution 

(clinical) [mm] 

Sensitivity [M] Costs Signal 

PET s – min 5 – 7 10-11 – 10-12 €€ ß+ 

SPECT min 8 – 10 10-10 – 10-11 € γ 

CT min 0.5 – 1 ND € γ 

MRT min – h 1 10-3 – 10-5 €€ T1 

 

 

3.1.2 Principle and physical background of PET imaging 

Several criteria have major influence on the quality of the measurement. Some of these criteria 

are the basis of clinical practice and therefore this work, the most important physical influences 

on the resolution of a PET image are discussed in this section.  

First, the emitted positron’s kinetic energy influences the spatial resolution of a PET 

measurement. It is important to keep in mind that not only the type of radioisotope determines 

the kinetic energy - there is also a certain energy distribution within a radioisotope, that can 

range from 0 to a value characteristic of the particular radionuclide.[5] After emission, the 

positrons kinetic energy decreases through interaction with the surrounding medium until an 

energy level is reached at which annihilation can take place.[7] The distance covered up to this 

point has a negative influence on the resolution of the measurement, as there is a spatial 

difference in the coincidence-based calculation of the LOR and the actual point of origin of the 

annihilation (Figure 1, left).[5, 7] Choosing a suitable and appropriate radionuclide with the lowest 
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possible maximum kinetic energy can help reduce this measurement error. A second inherent 

factor that affects spatial resolution occurs during the annihilation process. This is because the 

two collinear photons do not always have an angle of exactly 180° to each other. A deviation 

of approximately 0.25° has been observed, which leads to an error in the calculation of the 

LOR and thus to a deterioration of resolution (Figure 1, left).[5, 7, 15] For that reason and because 

a smaller diameter also reduces the error potential due to non-collinear γ-photons, it seems 

intuitive that they are why modern PET devices tend to have the smallest possible diameter. 

In addition to these inherent factors, technical factors also have an influence on the quality of 

the PET image. One factor is the energy resolution of the detector. This describes which energy 

range is registered by the detector via the full-width-half-maximum (FWHM) of the photo 

signal.[16-17] Today's detectors have a percentage energy resolution of around 10%, which 

corresponds to an energy window between 400-600 keV.[4-5, 16-17] This is an important aspect 

when choosing the radioisotope, because many ß+-decays occur with simultaneous emission 

of γ-rays. Although some radionuclides have suitable kinetic energies, good positron yields 

and interesting half-lives, they emit γ-rays during decay that are located directly in or near the 

energy window, which dramatically reduces the quality of the image due to interference.[18] 

These γ-rays can make the patient’s radiation exposure very high. Unfortunately, photons with 

higher energies can also fall into the energy window due to Compton scattering, which further 

limits the choice of possible radionuclides with high γ-emission.[5, 16, 19-20] Other factors that 

seem counterintuitive are detector-related effects. These include the width of the scintillator 

crystal, inter-crystal scattering and inter-crystal penetration. However, the influence can be 

minimized by further development of detector technology and corresponding algorithms in the 

data processing step.[7] 

 

3.1.3 Non-targeted PET 

Non-targeted PET is commonly used in the field of oncology for the diagnosis and evaluation 

of tumors,[2, 21] and also in cardiology for blood flow examinations or coronary heart diseases 

or in neurology for the characterization of early stages of neurological diseases such as 

Alzheimer's and Parkinson's.[21-27] Applying conventional PET is preceded by an understanding 

of the physiological and biochemical processes in which the small radiolabeled chemical 

molecules act and which parts are to be visualized. Temporal observation of the distribution 

and concentration of the labeled molecule in the patient is accomplished through detecting the 

produced annihilation photons. When labeling with conventional radionuclides, the basic 

assumption is that the labeled structures’ behavior must be chemically and biologically identical 

to the naturally occurring derivatives. Table 2 provides an overview of clinically common 
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radioisotopes with their half-lives, the positron fraction during decay, the kinetic energies of the 

positrons and the associated loss of resolution.[28] 

 

Table 2: Overview of some positron emitting radioisotopes regarding the half-life, the branching of positrons and 
values of the kinetic energy and the related loss of resolution.[28] 

Radioisotope Half-life t1/2 

[min] 

Decay ß+ 

[%] 

kin. Emax 

[keV] 

kin. Emean 

[keV] 

Loss of 

Resolution 

Rmax [mm] 

Loss of 

Resolution 

Rmean [mm] 

11C 20.4 99.8 960 386 4.2 1.2 

13N 10 99.8 1199 492 5.5 1.8 

15O 2 99.9 1732 735 8.4 3.0 

18F 110 96.9 634 250 2.4 0.6 

 

Due to the short half-lives of 2 min to almost 2 h of radioisotopes shown in Table 2, it is 

necessary to prepare them on the day of use directly before application. This is done with 

cyclotrons, which are located in the same hospital.[29] Subsequently, the radioisotopes must be 

able to be transferred to the radiotracer in clean and fast reactions with high yields. Before 

using the radiotracers, the following quality standards must be met or determined: physical 

parameters (osmolarity and pH value), radionuclide purity (γ-spectrum, calculation of half-life), 

radiochemical purity (radioactive by-products), determination of molar activity, chemical purity, 

solvent residues and microbial contamination.[29] Only then can the radiotracers be safely 

injected into the patient. The choice of radionuclide must always be made in the context of the 

time scale of the question to be examined. The very short-lived 15O in [15O]H2O, for example, 

is suitable for investigations of blood flow in the brain.[21, 27] 13N, which is also very short-lived, 

is used as [13N]NH3 for measuring myocardial blood flow.[21, 24] The 11C isotope, has a wider 

range of applications, as it occurs ubiquitously in biological molecules and can be easily 

inserted into radiotracers via methylation reactions due to its chemical nature. The 18F acts in 

a similar way as the most widely used radionuclide.[21] Its use is rather unintuitive as it is not a 

common atom in biological molecules. However, it has very favorable physical properties. The 

half-life of 110 min allows multi-step labeling syntheses and the outstanding low kinetic energy 

leads to the highest resolution in the resulting PET images of all possible positron emitters.[21] 

To date, a number of 11C and 18F-based radiotracers have been developed and approved for 

clinical use.[30] Figure 3 shows four clinically relevant radiotracers for conventional PET 

imaging. 
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Figure 3: Some clinically relevant PET tracer: [18F]-florbetapir a), [11C]-choline b), [11C]-methionine c) and [18F]-
fluorodeoxyglucose (FDG) d).[31-37] 

 

For example, [18F]-florbetapir 1 (Figure 3 a)) is used for the early detection of Alzheimer's 

disease. It attaches to the amyloid structures in the brain which are developing at an early 

stage of Alzheimer's.[31-32] Similarly, the neurodegenerative disease Parkinson's can now be 

diagnosed via the accumulating tau proteins using PET.[25] The [11C]-choline 2 (Figure 3 b)) is 

used in the early detection of recurrent prostate cancer when other radiotracers give false 

negative results.[33-34] Choline acts as a marker for phospholipid synthesis and therefore has 

an increased requirement as a component of the cell membrane in tumor tissue with an 

increased cell division rate.[38] [11C]-choline 2 or [11C]-methionine 3 (Figure 3 c)) can achieve 

good results in the diagnosis of diffuse bone marrow infiltration or inflammatory lesions of 

multiple myeloma when other radiotracers such as [18F]-fluorodeoxyglucose (FDG) 4 (Figure 

3 d)) fail in sensitivity or specificity.[35-37] However, [11C]-methionine 3 is best known for its use 

in the diagnosis of brain tumors.[39-41] The increased sensitivity is based on the 

hypermetabolism of amino acids in tumor tissue.[37] The most important and by far the most 

widely used PET radiotracer is the glucose derivative [18F]-FDG 4.[1, 30, 42] Normally 

differentiated cells generate the energy for their cell processes in the mitochondria via oxidative 

phosphorylation.[43] However, it has been observed that most cancer cells switch their energy 

production to aerobic glycolysis. This phenomenon is known as the Warburg effect and is the 

reason why [18F]-FDG 4 has been so successful in PET diagnostics in recent years.[43]The 

accumulation of [18F]-FDG 4 in tumor cells allows the detection of a variety of cancer types and 

the evaluation of the treatment progress. The glucose derivative shows high sensitivity and 

specificity in the PET images of many cancers due to excellent resolution of 18F as a 

radionuclide.[44] 
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The principles and molecules explained so far provide a brief overview of the current medical 

possibilities in conventional PET diagnostics. One weakness of the principles outlined is that 

physiological and biochemical events can lead to misinterpretations in the PET image due to 

the non-targeted nature of the molecules.[45-46] For example, [18F]-FDG 4 leads to intrinsically 

increased uptake in the brain and bladder, which significantly reduces its suitability for gliomas 

and prostate cancer. In addition, uptake in inflammatory tissue is drastically increased, which 

can lead to false-positive diagnoses.[46] Furthermore, in all cases (attachment to amyloid 

structures, synthesis of phospholipids for the cell membrane, hypermetabolism of amino acids 

and sugars), the principles described are based on ubiquitous processes. This leads to a 

reduced signal-to-noise ratio, which means that only a spatial resolution of 6 - 10 mm can be 

achieved in the clinical context.[47] This is extremely unfavorable, especially for the detection of 

recurrent cancer and the detection of metastases. The next section will therefore present PET 

methods in which tissues are marked in a targeted manner. It thus represents a replenishment 

of conventional PET diagnostics. 

 

3.1.4 Targeted PET 

With increasing understanding of the molecular pathogenesis of diseases, especially cancer, 

and a simultaneous improvement in knowledge of the immune system, more and more 

targeted radiotracers can be realized today.[45] This can be fulfilled by conjugating a targeting 

vector, e.g. a small molecule or antibody, to a chelator that complexes a metallic radioisotope. 

Figure 4 shows a schematic representation of a typical targeted PET tracer.  

 

 

Figure 4: Principle setup of a targeted pet tracer. It consists of a targeting vector, a linker unit which provides a 
distance between the vector and the last part of the tracer: the chelator which holds a radionuclide.[48] 
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The targeting vector is structure-specifically addressed, which enables good image quality, 

spatial resolution and quantification in targeted PET imaging.[45] The targeting vector is 

conjugated via a linker to the chelator, which carries the radionuclide. This method ideally 

combines the targeted specificity of the vector with the high sensitivity and resolution of PET. 

A suitable targeted PET tracer must have a high uptake in the desired tissue, leading to rapid 

saturation, while at the same time eliminating the unbound tracer from the bloodstream as 

quickly as possible. This reduces the radiation exposure and at the same time optimizes the 

signal-to-lesion ratio.  

So-called bifunctional chelating agents (BFCs) are generally used for the formation of this type 

of PET tracer. On the one hand, these chelators have the function of coordinating the 

radionuclide through specific functional groups and, on the other hand, conjugation to the 

targeting vector is made possible by other functional groups. It is important that conjugation to 

the targeting vector can take place under reaction conditions (e.g. temperature and pH value) 

that do not lead to inactivation of a biomolecule as targeting vector through denaturation.[49] 

Amines are often used as conjugation sites for the targeting vector part, which can be accessed 

non-site-specifically via N-hydroxysuccinimide esters (NHS) or isothiocyanates (NCS). When 

using small molecules as shown in the following section, the conjugation site is clearly defined 

and intrinsically positioned in such a way that no influence on the biological binding properties 

(when using a biological targeting vector) is to be expected later on. But, when using biological 

targeting vectors such as antibodies as the bioactive part of the tracer, there is the major 

drawback that the number and location of the conjugation is not clearly defined.[49] Thus, for 

example, the active binding region of the antibody can be affected, which can lead to a 

reduction in affinity and immunoreactivity to the antigen.[49] In addition, the number of 

conjugated chelators can vary (chelator-targeting vector-ratio), which can lead to a problem of 

homogeneity in the conjugates, as only the average of the conjugated chelators per 

biomolecule can be determined in a solution.[49] For this reason, several techniques have been 

developed that are site-specific. The most used technique is coupling to the thiol group of a 

cysteine residue.[45, 49] In the past, this approach was often implemented via binding with 

maleimide. However, since in vivo cleavage of the conjugate occurs via a retro-Michael 

reaction in plasma, irreversible techniques have also been developed.[45, 50] Another approach 

is the click chemistry. These reactions are bioorthogonal, rapid, stereospecific and lead to high 

yields under suitable conditions for antibodies.[51] Functional groups are used that do not occur 

in natural structures and can therefore only bind to the intended positions. Special bi- or tri-

specific antibodies with suitable functional groups can be produced for this purpose.[45, 52-53] 

The most used click reaction in this context is copper-catalyzed azide-alkyne cycloaddition 

(CuAAC).[45] One disadvantage is the use of harmful copper ions, which must be quantitatively 

separated before using in a medical context. 
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In addition, the entire PET tracer can be optimized with regard to the pharmacokinetic and 

pharmacodynamic properties and the tissue-specific requirements in the biological system 

using various approaches. For example, the logD value can be adjusted by PEGylation, which 

can influence improved penetration into the target tissue and the clearance pathway (renal or 

hepatic) and the associated clearance rate can be adjusted.[54-55] The introduction of lipophilic 

groups such as lipofuscin has been shown to achieve effective cell membrane passage in 

senescent cells.[56] In other work, the influence of carbohydrates was investigated. For 

example, the popular RGD motif, which often binds integrin associated with cancer, was 

labelled with various carbohydrates. These structures showed high affinities for integrin and 

high tumor retention with simultaneous favorable in vivo biodistribution.[57] The introduction of 

galactose into the radiotracer PSMA I&T led to a strong reduction in binding to human serum 

albumin (HSA), which in turn led to a strong reduction in non-specific uptake in nontarget tissue 

and thus to a better signal-to-lesion ratio.[58] In other cases, binding to albumin was specifically 

focussed in order to enable an extension of the circulation time and thus improved tumor 

uptake.[59-60] The introduction of zwitterionic groups has the consequence that the extended 

hydration shell can reduce the non-specific interactions with serum proteins and cell 

membranes. The reduced interactions with components of the immune system increase the 

tolerability of the tracers in patients. In addition, the neutral overall charge promotes rapid 

excretion via the kidneys, which indirectly increases the signal in the target tissue.[61-62]  

The next two sections deal with the state of the art for the targeting vector part of targeted PET 

tracers. Firstly, two clinically relevant small molecules are presented, which can be used to 

produce target-specific images for certain types of cancer. Then immunoPET, which is based 

on the specific interaction of antibodies, will be presented in more detail. In the course of this, 

the potential of antibody engineering is discussed and illustrated with examples. 

 

3.1.4.1 Targeted PET with small molecules 

Certain tumor markers are present at elevated levels in cancer cells compared to other cells.[2, 

63-64] These tissue markers of cancerous tumors include molecules of various categories such 

as membrane receptors, oncogenes, tumor suppressor genes, nuclear antigens and growth 

factors.[64] Selective tumor markers can define susceptibility risks and help with tumor detection 

and diagnosis so that therapeutic steps for effective treatment can be initiated rapidly.[64]  

One example of a targeted PET tracer is PSMA-11 (Figure 5 a)).[65] It addresses the prostate-

specific membrane antigen (PSMA), which occurs naturally on the prostate epithelium and 

cleaves glutamate residues from folic acids or from the neuropeptide N-

acetylaspartylglutamate (NAAG) hydrolytically.[66-67] In certain types of prostate cancer it is 
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strongly overexpressed (known as PSMA(+) cancer cell lines), making it particularly suitable 

as a biomarker for prostate cancer. With PSMA-11, detection via PET can be ensured by 

complexing 68Ga as a positron emitter into the N,N’-Bis-[2-hydroxy-5-

(carboxyethyl)benzyl]ethylendiamin-N,N’-diacetic acid (HBED-CC) scaffold (marked in blue) 

resulting in PET tracer 5. The urea structure consisting of glutamic acid and lysine (marked in 

green) mimics the natural substrate of PSMA and is therefore an excellent inhibitor for PSMA 

with high specificity.[68-70] Another example is the quinoline-based fibroblast activation protein 

inhibitor (FAPI-04) conjugated to 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacedic acid 

(DOTA) (Figure 5 b).[71] FAPI-04 (marked in green) binds to the fibroblast activation protein 

(FAP), a type II transmembrane serine protease.[71] FAP is overexpressed in some cancer-

associated fibroblasts, and has been detected in a variety of cancers. This is an example of a 

tumor marker that is not related to a specific cancer type. The chelator DOTA (marked in blue) 

binds the radionuclide in this conjugate. In many clinical studies the use of FAP-targeted 

radiotracers like 6 has been shown to be promising.[72-74] In the field of PET imaging, both 

tracers 5 and 6 are mainly used with 68Ga.[28, 75-76]  

 

Figure 5: Two examples of targeted PET radio tracers. PSMA-11 with the urea binding motif (marked in green) and 
the HBED-CC chelator (marked in blue) which is used for the diagnosis of prostate cancer (a)). FAPI-04 (marked in 
green) also with a DOTA complexation motif (marked in blue) which is used to detect fibroblast activation protein 
(FAP) for the diagnosis of some cancer types.[65, 71] 

 

3.1.4.2 ImmunoPET 

Besides the small molecule-based targeted PET strategy, the high specificity of antibodies in 

the human organism is used to transport radiotracers to specific tissues in a targeted manner. 

The basic structure of an immunoPET tracer is depicted in Figure 4. The targeting vector is an 

antibody or an antibody fragment with high specificity for a tumor marker. 
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Typical tumor markers are receptor tyrosine kinases (RTKs). The class of RTKs consists of cell 

membrane proteins that are involved in mediating cell-to-cell communication and thereby 

control several important and complex biological functions such as cell growth, motility, 

differentiation and metabolism.[77] They are overexpressed and mutated in a variety of cancer 

types and are therefore ideally suited as target structures for the therapy and diagnosis of 

cancer.[77] Typical representatives of the RTK class are: epidermal growth factor receptor 

(EGFR), human epidermal growth factor receptor (HER2 and HER3), vascular endothelial 

growth factor receptor (VEGFR) or mesenchymal-epithelial transition factor (c-MET).[45, 78] 

Another group of interest for targeting in the human organism are the cluster of differentiation 

(CD) antigens. These include a variety of cell surface molecules that have been grouped by 

immunophenotyping of cells. A CD antigen always includes one or more CD antibodies that 

are addressed accordingly.[79] A frequently used CD is the CD20 on the cell surface of B-cells 

and is therefore directed against lymphoma.[80]  

A large number of antibodies (e.g. recombinant, chimeric, fragmented, immunoconjugate or 

bispecific antibodies) have been developed specifically for the targets mentioned above.[81-83] 

Figure 6 shows a schematic representation of a typical antibody and antibody fragments.  

 

Figure 6: Antibody and antibody fragments produced via antibody engineering. A full antibody with all of its 
compartment’s a), the Fab-region fragment called (Fab)’2 b), the Fab-region but only one of its arms called Fab c), 

an overall reduced form of a whole antibody called minibody d), diabody e), scFv f) and a nanobody g).[45, 84] 

 

The molecular size of the targeting vectors has a significant influence on their 

pharmacokinetics.[85] ImmunoPET tracers range in size from around 15 kDa (nanobody-

conjugate) to around 150 kDa for conjugates of monoclonal antibodies (mAbs), with a variety 

of smaller mAb-based constructs in between.[85] Due to their relatively large molecular mass, 

monoclonal antibodies (mAbs) have only a limited ability to penetrate from the blood into the 
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tissue by diffusion. Therefore, their tissue distribution is slow and the overall distribution volume 

remains low. Penetration by mAbs is particularly limited in the tumor center, which means that 

distribution within the tumor tissue is often heterogeneous. In contrast, smaller, antibody-based 

constructs can cross the blood-tissue barrier much more easily - an advantage that increases 

their suitability for efficient tumor targeting.[85] Smaller molecules are generally cleared faster 

via the kidneys, while larger structures have longer blood half-lives. Table 3 provides an 

overview of various mAb-based constructs, their molecular size, pharmacokinetic properties 

and elimination pathways.[85] 

Table 3: Antibody and antibody based fragments and its estimated sizes, the pharmacokinetic half-life and the way 
of elimination.[85] 

Name IgG (Fab)’2 Minibody Fab scFv Nanobody 

Size 150 kDa 110 kDa 75 kDa 50 kDa 25 kDa 15 kDa 

Pharmacokinetic 

t1/2 

few days 

to weeks 

~ 24 h few hours ~ 4 h ~ 1 h ~ 1 h 

Elimination hepato 

biliary 

hepato 

biliary 

hepato 

biliary 

Kidney Kidney Kidney 

 

IgG-type antibodies (Figure 6 a)) are the most common approach in PET imaging.[84] consist 

of an Fc fragment and an antigen-binding Fab fragment with constant and variable regions 

based on heavy and light chains.[84] The Fab fragment in particular is relevant due to its antigen 

recognition via different glycosylation patterns.[86] To date, numerous therapeutically approved 

antibodies also have diagnostic potential.[45, 87-88] Detection of cancer in many organs via 

ImmunoPET is possible, e.g. intestine,[89] breast,[90] lymphatic system,[80] pancreas,[91] 

prostate,[92] kidney,[93] brain,[94] lung,[95] and solid tumors in general.[96-99] Despite clinical 

success, IgG antibodies have disadvantages. Due to their size (approx. 150 kDa), they exceed 

the renal filtration limit (60 kDa), which leads to slow blood clearance and a low signal-to-

background ratio.[45, 84, 100] Unlabeled antibodies are sometimes necessary to saturate specific 

binding sites in advance, which makes reproducible protocols due to heterogeneity of 

antibodies, tumors, patients and individual therapies difficult.[91, 101-102] 

To improve tumor penetration, blood clearance and targeting accuracy, smaller antibody 

fragments were developed as part of antibody engineering (Figure 6 b - g).[100, 103-104] molecules 

penetrate tumors better and are excreted more quickly.[100] In any case, the Fc region is 

omitted. Initial approaches used (Fab)′2 and Fab fragments (Figure 6 b and c), but their 

production is complex[104]. Alternatively, only variable regions were used (Figure 6 d - f) to 

optimize specificity and clearance. Minibodies (Figure 6 d) are eliminated after 48 h, diabodies 

(Figure 6 e) after 24 h.[100] The scFv fragment (Figure 6 f) with a mass of ~25 kDa offers a good 
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balance of clearance (<12 h), tumor penetration and ease of production, but suffers from 

monovalent binding.[105] Diabodies improve this, but have poorer pharmacokinetics.[45] /VHHs 

(Figure 6 g), which at ~15 kDa are small, stable and can be functionalized in many ways (e.g. 

with 18F, biotin, fluorophores), are also promising.[106-108] Too rapid clearance can be 

compensated for by PEGylation or albumin binding.[109-110] Overall, antibody engineering allows 

a modular approach for patient-adapted diagnostics and therapy, tailored to biological and 

physical half-lives. 

 

3.1.5 Radionuclides for targeted PET and immunoPET  

As already mentioned in sections 3.1.1 and 3.1.2, the selected radioisotope has a major 

influence on the quality of the PET measurement. If the conventional PET tracers from section 

3.1.3 are compared with the targeted PET tracers from section 3.1.4, it becomes clear that the 

requirements with regard to the radionuclide properties have changed. Whereas the 

conventional PET tracers are still dominated by covalently bound radionuclides with short 

physical half-lives (see Table 2) of up to 110 min for 18F, the leading requirements with regard 

to the physical half-life are associated with biological half-lives of up to several hours to several 

days in relation to the modern targeted PET tracers. This is achieved by the introduction of 

mostly metallic radionuclides. These metallic radionuclides cannot be covalently bound directly 

to the tracer but must be fixed via chelators. An overview of typical PET-radionuclides is listed 

in Table 4.[28] 

Table 4: Overview of some positron emitting radiometals with selected properties.[28, 111] 

Radioisotope Half-life 
t1/2 

Decay ß+ [%] kin. Emean 
[keV] 

Loss of 
Resolution 
Rmean [mm] 

Possible 
Gamma-rays γ 

[keV] 
 

64Cu 12.7 h 17.5 278 0.7 / 
68Ga 67.8 min 87.7 836 3.5 1077 
86Y 14.7 h 11.9, 5.6 535, 681 1.9, 2.8 1077, 627, 

1153 
124I 100.2 h 11.7, 10.7 687, 975 2.8, 4.4 602, 1691, 723 
89Zr 78.4 h 22.7 396 1.3 909 

 

All radionuclides in Table 4 have longer half-lives and are therefore suitable for use in targeted 

PET and immunoPET, as they fit well into the time range in which the antibodies or antibody 

fragments have their biological half-life (see section 3.1.4.2). A further advantage of using 

radionuclides with longer half-lives is that an increased signal-to-noise ratio can be achieved 

by increasing the time between injection and acquisition of the diagnostic image, due to the 

clearance of the tracer that took place meanwhile. The positron fraction during decay is given 
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in percentage as a dimension of the amount of radiotracer to be used in the clinical 

measurements. It is noticeable that the metallic radionuclides used here have significantly 

lower values than the conventional radionuclides in Table 2. The proportion of electron capture 

(EC) is significantly higher here. In EC, the proton-rich atomic nucleus is not stabilized by the 

release of a positive charge through the emission of a positron, but by the capture of an 

electron, whereby a proton is converted into a neutron.[112] Column 4 shows the mean kinetic 

energy of the positrons, which determines the loss of spatial resolution (column 5), as 

explained in more detail in section 3.1.2. The last column shows possible gamma-rays with the 

corresponding energy. The higher the values, the higher the radiation exposure. In Figure 7 

the decay schemes of the five radiometals shown in Table 4 are depicted.  

 

Figure 7: Simplified decay schemes of 64Cu, 68Ga, 86Y, 124I and 89Zr. Only the decay products, ß+ abundance and 

possible gamma rays are shown.[111, 113-115] 

 

64Cu has a half-life (t1/2 = 12.7 h) which only matches the antibody fragments with relatively 

short biological half-lives. It emits a positron that has a low energy (278 keV), which resulting 

in a low loss of spatial measurement resolution (only 0.7 mm).[28] In addition to the positron 

emission, 64Cu also has a 40% probability of ß-emission during decay. This can potentially be 

used for radiotherapy, making it in combination with 67Cu a good candidate for theranostic 

approaches in the future.[28, 116] The 68Ga, 86Y and 124I all belong to the group of typically long-

range positron emitters (1.9 - 4.4 mm spatial resolution loss), which reduces attractiveness.[28] 

In addition, some of them cause additional radiation exposure due to high generation of gamma 

rays during decay. These can interfere with the annihilation photons through scattering or fall 
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into the energy window of the PET detector and thus negatively affect the quality of the PET 

image. The use of 86Y in particular is almost impossible due to the high energy gamma rays.[28] 

A very interesting radionuclide for targeted PET and especially for immunoPET is the 

radionuclide 89Zr. With a half-life of 78.4 h, it matches the biological half-life of antibodies and 

is also suitable for immunoPET applications with short detection times, such as the use of 

small antibody fragments.[117-118] It is therefore ideally suited for investigating issues relating to 

pharmacokinetics and biodistribution.[115, 119] With an average positron energy of 396 keV, it is 

described as a short-range positron emitter, which leads to a spatial resolution loss of only 

1.3 mm.[28] In Table 4, a gamma ray with 909 keV is listed with a probability of 100%. This is a 

relatively strong additional radiation exposure.[119] However, since this gamma ray is not 

produced during the decay of 89Zr to 89mY, but during the subsequent decay of 89mY to 89Y with 

a relatively long half-life of 16 s, it is assumed that it has no negative influence on the 

coincidence of the detection of the annihilation photons and also cannot interfere with them.[28] 

The production of 89Zr has been improved in the past to a standard process, which includes 

automatic production and purification. Thus, 89Zr can be obtained with a purity of >99.99% and 

a yield of >94%.[115, 120-121] For these reasons, 89Zr is an optimal candidate for application in 

immunoPET and is already increasingly used for imaging.[45] 

 

3.1.6 Radiochelators for 89Zr 

The radiolabeling process presents a major challenge in the development of antibody-based 

PET tracers. It requires mild physiological conditions – typically at temperatures not exceeding 

37 °C – to preserve the structural integrity of the antibody. This presents a significant limitation, 

as many widely used chelators, such as DOTA (see Figure 5 b)), require elevated temperatures 

(e.g. ~90 °C) to effectively complex metals such as Zr4+. Consequently, a prelabelling strategy 

followed by conjugation of the metal complex to the antibody would be necessary, which 

introduces additional synthetic complexity. This includes multiple purification steps that not only 

increase workload and cost but also raise concerns regarding reproducibility, quality 

assurance, and radiation exposure during synthesis. Given the growing relevance of 89Zr as a 

radionuclide for immunoPET applications, the identification of a suitable chelator for its stable 

complexation becomes a central focus. The chelator is a critical component in the design of 

targeted PET tracers and must be specifically tailored to meet the demanding coordination 

chemistry of 89Zr. Therefore, the next section first explains the chemical behavior of Zr4+ in 

more detail. Subsequently, the currently published acyclic Zr4+ chelator are presented, its 

weaknesses are analyzed and several structural alternatives from the literature are presented 

which promise improved complexation properties.  
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3.1.6.1 Chemical aspects of Zr4+ 
89Zr is available in aqueous solution containing Zr4+ ions. Due to its high charge compared to 

the relatively small ionic radius (85 pm), it is a particularly hard ion and a strong Lewis acid. In 

addition, it tends to form oligomeric zirconates of limited solubility.[122-123] Figure 8 shows the 

dominant species in aqueous NaClO4 (1 M) of Zr4+ as a function of concentration and pH.[123] 

 

Figure 8: Behavior of Zr4+ ion in aqueous conditions depending on Zr4+-concentration and pH value. For a 
successful complexation it is important that Zr4+ is accessible for the chelator and is not precipitated. Precipitation 

occurs with the trespass of the red line.[123] 

 

Above a pH of approx. 0.5, Zr4+ is present as a hydroxide. At the same time, polynuclear 

zirconium compounds are formed over the entire pH range above a concentration of 

10-6 mol/L.[123] For the complexation of Zr4+ with a suitable chelator, it is important that Zr4+ is 

not precipitated as a hydroxide. Studies have shown that precipitation takes place by 

neutralization from tetrameric Zr4(OH)15
+ at pH 4 to 5 via Zr4(OH)16 x 8H2O to (Zr4(OH)16)n 

(transition marked in red in Figure 8).[123-124] This transition should therefore be avoided. 

However, other amorphous hydrous oxides and basic salts are also known to precipitate from 

aqueous solutions. The formation is a complex balance of pH value, total Zr concentration in 

solution, temperature and the presence of anions such as chloride, acetate, sulphate or 

nitrate.[123] When complexing Zr4+, care should therefore be taken to ensure that the solutions 

are diluted and a pH value is set at which the resulting complex is stable.  

 



3. Introduction 
 

 
24 

3.1.6.2 Coordination Chemistry of Zr4+ and Chelators 

Zr4+ as a hard cation favors complexation by equally hard donor groups.[125] Thus, 

hydroxamates have become the focus of complexation for Zr4+.[126-127] The popular 

desferrioxamine B (DFOB) 7 (Figure 9 a)) is already a widely used natural product in this 

context.[45, 128-130] 

 

Figure 9: Structures of the natural siderophore DFOB 7 and octadentate derivative DFO* 8. 

 

DFOB 7 belongs to the group of siderophores and originates from the bacterium Streptomyces 

pilosus, from which it is used to make Fe3+ from the environment usable for the bacterium.[131-

133] It forms very stable complexes with Fe3+ (logK = 32) and has therefore been used in a 

clinical context since the 1960s as "desferal" for the treatment of iron overload.[134] DFOB 7 

has a molar mass of 560 g/mol and has a linear, polyamide structure with three hydroxamic 

acids. Hydroxamates are among the best ligands for hard, oxophilic cations such as Fe3+ or 

Zr4+. In aqueous solutions, hydroxamic acids have a pKa of 8.5 - 9.3. When a hard cation (Mn+) 

is present in the solution, both Lewis acids (H+ and Mn+) compete for the donor group, resulting 

in an exchange of the proton for the metal with a pKa of about 1.[135-136] DFOB 7 can be 

complexed with Zr4+ under mild conditions at room temperature within 30 – 60 min, can 

therefore be conjugated to sensitive biomolecules via the free terminal amine and has already 

been investigated in many studies with regard to its applicability in immunoPET.[78, 126, 133, 137-

147] Unfortunately, a reduced in vivo stability of the complexes was observed, which leads to a 

degradation of the complex and thus to the release of 89Zr into the investigated organism.[119, 

129, 139, 148-151] The released 89Zr was partially not excreted, but was deposited in the bones. In 

addition to the safety issue, this also has a negative impact on the quality of the PET image 

due to a higher background signal. 

This instability was attributed to a not fully saturated coordination sphere of zirconium. Actually 

Zr4+ prefers a coordination number of eight, DFOB 7, due to its three hydroxamic acids (marked 

in red in Figure 9) offers only six donor atoms.[139] In order to achieve an octadentate 
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coordination sphere, the coordination sites are saturated by water ligands, which rapidly 

exchange and in this way kinetically destabilize the complex.[139] To overcome this shortcoming, 

DFO* 8 (Figure 9 b)) was developed by Patra et al. in 2014.[152] The structure of DFOB 7 was 

simply extended by one repeating unit, thereby introducing a fourth hydroxamic acid and 

ensuring octadentate complexation. Investigations via transchelation assays against a large 

excess of competing chelators such as DFOB 7 and EDTA have demonstrated the increased 

stability in in vitro studies and thus fundamentally confirmed the unsaturated coordination 

sphere hypothesis.[152-153] Beside DFO* 8, a large number of other tetrahydroxamic acids 

bearing Zr chelators have been presented in the literature in recent years: DFOB-PPH 9 and 

DFOB-PPHNOCO 10,[154] Orn4-hx 11,[155] DFO-HOPO 12,[156-157] DFOcyclo* 13,[158] 

H3DFOSqOEt 14,[159] DFO2 15,[160] DFO2p 16,[161] DFO-Em 17,[162] DFO-Km 18,[163] oxoDFO* 

19,[164] and the macrocyclic derivatives CTH36 20[165] and PPDFOT1 21.[166] They are illustrated 

in Figure 10. Many showed increased stability in in vitro experiments. Unfortunately, only a few 

of them (Orn4-hx 11, DFOcyclo* 13, DFO-Km 18, H3DFOSqOEt 14, 3,4,3-(Ll-1,2-HOPO) and 

DFO-HOPO 12) have been labeled with 89Zr and compared to DFOB 7 in in vivo immunoPET 

measurements.[150, 155, 158-159, 163, 167-168]  

Unfortunately, none of the chelators could show outstanding results that correspond to the in 

vitro results. Even DFO* 8, one of the best chelators investigated in this regard, showed little 

to no improvement in a direct comparison with DFOB 7 as an 89Zr complex conjugated to 

trastuzumab, an antibody addressed to HER2.[158, 169-171] 
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Figure 10: Published hydroxamate based Zr-chelators. Most of them used DFOB 7 as starting material (marked in 
blue).  DFOB-PPH 9 and DFOB-PPHNOCO 10,[154] Orn4-hx 11,[155] DFO-HOPO 12,[156-157] DFOcyclo* 13,[158] 
H3DFOSqOEt 14,[159] DFO2 15,[160] DFO2p 16,[161] DFO-Em 17,[162] DFO-Km 18,[163] oxoDFO* 19,[164] and the 

macrocyclic derivatives CTH36 20[165] and PPDFOT1 21.[166] 
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Since the synthesis of most of the mentioned chelators uses DFOB 7 as a starting material 

(marked in blue in Figure 10) for derivatization, this raises the question of whether, in addition 

to the positive effect of the fourth hydroxamic acid, the spacing between the hydroxamic acids 

could have an influence on complex stability. Considering the bacterial origin of DFOB 7, it 

seems intuitive that DFOB 7 spacing is optimal for Fe3+ but not for Zr4+. When complexing Zr4+, 

with its different radius, the DFOB 7 spacing could lead to tensions in the complex geometry 

due to rigidity, which could destabilize the complex. A schematic representation of this 

hypothesis is shown in Figure 11. 

 

Figure 11: Schematic drawing of chelators for the coordination of Zr4+ and Fe3+. 

 

Iron, with the atomic number 26, is present as Fe3+ with an outer electron configuration of 

[Ar]3d5 in the DFOB 7 complex as a distorted octahedral high spin complex and has an ionic 

radius of 66 pm.[122, 172] Zirconium, on the other hand, with the atomic number 40, has the noble 

gas configuration [Kr] and thus a d0 configuration. As an octadentate complex with four 

hydroxamates, a square antiprismatic geometry is favored in which only 16 electrons are 

involved.[173] Therefore, there is a free dπ orbital, which can accept the electrons from the lone 

electron pair of the oxygens and thus strengthens the bond between Zr4+ and the 

hydroxamates.[125] For this reason, the elements in the first few groups of transition metals are 

also referred as oxophilic.[125] Zr4+ has an ion radius of 85 pm, which is around 29% larger than 

of Fe3+.[122] With the additional introduction of a fourth repeating unit from DFOB 7 to DFO* 8, 

this could result in a chelator which is too long overall and the flexibility of the alkyl chains is 

not sufficient to compensate. It must also be considered that in the practical application of 89Zr 

in the clinical context, the corresponding 89Y is formed during the process of radioactive 

decay.[28] Although 89Y also favors octadentate chelation, it has a less contracted ion radius of 

102 pm due to the single reduced charge of 3+.[122, 124] The question of stable DFOB 7 analogue 

complexes with Y3+ has not yet been discussed in the literature. 

Another weakness of the chelators presented in the literature to date is difficulty in making 

them functional. All derivatives based on DFOB 7 have so far only one conjugation site that 

can be used for functionalization. This limits their use with regard to multimerization platforms 

or for bi or even multispecificity. DFOB 7 and its derivatives are known for the poor water 
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solubility, which is particularly bad for conjugation to sensitive biomolecules that are only stable 

in aqueous media and poorly tolerate other solvents.[164] 

Previous work has shown that a minimum distance of seven atoms between the hydroxamic 

acids is necessary to enable complexation with Zr.[174] In comparison, DFOB 7 and DFO* 8 

(see Figure 9) have a distance of nine atoms. Seibold et al. published the Zr chelator CTH36 

20 in 2017, which structure was based on semiempirical calculations.[165] CTH36 20 is a circular 

DFOB 7 analog with a distance of seven atoms between the hydroxamic acids and has shown 

very good stability in in vitro experiments. In a comparative study with many published Zr 

chelators, thermodynamic complex constants were estimated and compared.[175] CTH36 20 

was even rated above DFO* 8, which strengthens the assumption of a non-optimal spacing of 

DFO* 8 as a chelator for Zr4+. 

 

3.2 Solid Phase Peptide Synthesis (SPPS) 

In the past, efforts have been made to prepare DFOB 7 and its analogues via solid-phase 

synthesis. However, the attempts were not successful so far.[164-165] Nevertheless, the approach 

is highly promising. Its sequential design enables a high degree of modularity and significantly 

reduces the need for purification steps. Moreover, the process is readily amenable to 

automation, which facilitates standardization, increases reproducibility, and renders the 

method highly suitable for repetitive or high-throughput synthesis. For these reasons, 

establishing a solid-phase peptide synthesis (SPPS) route for DFOB 7 and its analogues would 

represent a valuable advancement in the development of novel zirconium-based PET 

chelators. 

Sequential peptide synthesis on an insoluble resin matrix goes back to Bruce Merrifield in the 

1960s.[176] In this process, a protected amino acid is immobilized on a resin bead, whereupon 

the next amino acid is selectively coupled by targeted (orthogonal) cleavage of a protective 

group. This enables a controlled monomer sequence, simplifies multi-stage reactions and 

increases the efficiency and speed of synthesis.[177] Today, there is a wide range of resins, 

protective groups and specialized synthesis equipment for solid-phase synthesis. 

Solid-phase peptide synthesis is often supported by microwave radiation at 2.45 GHz.[178] This 

radiation has an energy below the threshold required to break chemical bonds directly but 

generates heat through dielectric heating: polarized molecules and ions align themselves in 

the alternating electric field, which leads to molecular friction. The heat is thus generated 

directly in the solution in contrast to an oil bath. There the heat is transferred via the reaction 

vessel. Materials such as borosilicate absorb hardly any microwaves, which means that the 

energy is transferred directly to the reactants. This results in reversed temperature gradients 
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compared to the classic oil bath (Figure 12), which enables significantly shorter reaction times 

of often only a few minutes.[178] 

 

Figure 12: Depicturing of the Inverted temperature gradient when using microwave heating (left) and conventional 

heating with an oil bath (right).[178] 

 

The resin usually consists of small polystyrene beads (35 - 150 µm) that are crosslinked with 

1 – 2 % divinylbenzene.[177] Before synthesis, the beads must swell in a suitable solvent in 

order to increase reactivity through better diffusion and accessibility. The extent of swelling 

depends on the solvent: THF, toluene, CH₂Cl₂ and dioxane lead to a 5 to 6-fold increase in 

volume, DMF about 4-fold, while MeOH and water hardly show any swelling effects.[176-177] 

However, stronger swelling does not necessarily mean higher conversions: Although CH₂Cl₂ 

lead to high swelling, it hinders the reaction by salt formation with piperidine during Fmoc 

deprotection. CH₂Cl₂ is therefore usually only used for initial swelling, while DMF is used for 

the actual synthesis steps.[177] 

A linker connects the resin with the first amino acid and plays a central role in the synthesis.[177] 

It must be cleavable at the end of the synthesis and this determines the reaction conditions. It 

also determines whether the C- or N-terminus is bound to the resin and influences the chemical 

structure of the sequence start.[177] Figure 13 shows four common linkers that illustrate the 

influence of the linker. 
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Figure 13: Common types of linker which forms the connecting unit between the PS beads of the solid phase and 
the first attached amino acid.[177] 

 

After cleavage with 90 – 95 % TFA in CH₂Cl₂ (1 – 2 h), the Wang resin 22 yields a carboxylic 

acid, as the first amino acid is esterified.[177, 179] The Rink amide resin 23 yields an amide under 

similar conditions (50 % TFA in CH₂Cl₂, 1 h).[177, 180] For acid-labile products, 2-chlorotrityl resin 

24 is suitable, which can already be cleaved with 1 – 5 % TFA in CH₂Cl₂ within 1 min.[177, 181] If 

acidic conditions are not possible, the HMBA resin 25 can be used. Here the cleavage takes 

place with NaOH, N₂H₄ or NH₃ in MeOH over 24 h.[177, 182] 

The most frequently used protecting group strategy in peptide synthesis is the tert-butyl/Fmoc 

strategy.[183] Fmoc can be removed under mild conditions with piperidine, producing 9-

methylene fluorene.[183-184] Numerous groups are available for orthogonal protection: e.g. 4-

methyltrityl (cleavable with 1 % TFA in CH₂Cl₂), Alloc (removable by palladium catalysis), tert-

butyl (90 % TFA or 4 M HCl), Dmb (extremely acid-labile and selectively removable), trityl 

(95 % TFA with scavenger) and Mmt (1 % TFA, also cleavable by oxidation).[185] collection 

represents only a selection of established protecting groups. 

Amide synthesis takes place by coupling a carboxylic acid with an amine with the elimination 

of water.[186] This only takes place efficiently above approx. 200 °C. Many temperature-

sensitive molecules cannot tolerate these temperatures. To increase reactivity, the OH group 

is usually replaced by a better leaving group to form, for example, an active ester.[187], this can 

lead to racemization, particularly through enolization (red box in Figure 14) or oxazolone 

formation (blue box in Figure 14).[187] 
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Figure 14: Two known mechanism of how the loss of chiral integrity in ß-position of an active ester can take place 

via basic conditions: enolization (red box) and via a formation of an oxazolone (blue box).[187] 

 

The enolization of compound 26 leads to a loss of stereochemistry via proton abstraction and 

addition in the β-position (compounds 27 and 28). Alternatively, an oxazolone ring is formed 

by intramolecular attack (compound 31), whereby the configuration is lost via compound 35. If 

the ring is finally opened by an amine, product 29 is formed, but as a racemate.[187] 

In this work, DFO* analogues with β-standing chiral centers are investigated. Their influence 

on complexation is as yet unknown. Therefore, specific coupling reagents were used which 

avoids racemization through enolization or oxazolone formation as far as possible and at the 

same time meet the special requirements of the coupling discussed in this work. The preferred 

coupling reagents of this work are presented in Figure 15. 
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Figure 15: Coupling agents DCC, HOBt, HOAt, Oxyma®, HBTU, HATU and PyOxim®. 

 

A classic approach is the use of carbodiimides such as N,N’-Dicyclohexylcarbodiimide (DCC) 

37, which forms reactive O-acylureas 46. However, these can rapidly rearrange to N-acylureas 

47, which leads especially in DMF to chain termination. DCC 37 is therefore unsuitable for 

DMF-based SPPS.[187] 

 

Figure 16: Formation of N-acylurea within the activation of a carboxylic acid via a carbodiimide.[187] 

 

The addition of benzotriazole derivatives such as Hydroxybenzotriazole (HOBt) 38 or 1-

Hydroxy-7-azabenzotriazole (HOAt) 39 produces more stable, less reactive active esters. 

These prevent rearrangements through protonation and conversion into reactive esters, which 

simultaneously reduces racemization.[188-189] HOAt has an additional nitrogen atom, which 

improves the leaving behavior through its electron-withdrawing effect and increases both 

reactivity and stereointegrity through the so-called Neighboring Effect.[189] 
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Oxyma® 40, introduced in 2009, offers a safe alternative without explosion risk and with 

comparable reactivity to HOAt as well as lower racemization compared to HOBt.[190] 

The combination of additives like uronium or phosphonium components led to the development 

of highly reactive coupling reagents such as HBTU 41, HATU 42 and PyOxim® 43, which are 

characterized by high efficiency and improved control of racemization.[187] PyOxim® 43 in 

particular, an Oxyma®-based phosphonium salt, showed outstanding results in the coupling of 

sterically hindered peptides in this study and was therefore favored. 

 

  



4. Aim of the work 
 

 
34 

4. Aim of the work 

The described limitations of DFOB 7 and DFO* 8 as chelators for immunoPET tracers form the 

basis for a new synthesis to develop an optimized chelator for zirconium. The approach should 

be based on easy-to-produce building blocks, which are to be constructed into isopeptidic 

chelators via modular synthesis (Figure 17). Some requirements are given as basic 

prerequisites: the chelator should have four hydroxamic acids for Zr-binding (Figure 17, 

marked in turquoise), possess bifunctionality to enable conjugation to targeting vector (Figure 

17, marked in rose), variable distance between the hydroxamic acid units for investigations 

regarding sufficient complex stabilities (Figure 17, marked in blue) and clickable sidechain 

groups for fine tuning of pharmacokinetic properties and solubility (Figure 17, marked in red). 

 

Figure 17: Retrosynthesis for the synthesis of complex Zr chelators. Requirements are the use of cheap, readily 
available and easy-to-modify starting materials, which are converted to basic building blocks with different chain 
lengths in the backbone. By selective deprotection of protective groups, the building blocks are to be converted to 
the protected hydroxamic acid chelators in a liquid-phase and a solid-phase approach. After deprotection of the 
hydroxamic acids, the multifunctional Zr chelator is synthesized successfully. 
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One of the main challenges lies in the synthesis of the highly complex building blocks, which 

requires a demanding protecting group strategy. For studies focused on determining the 

optimal spacing for Zr⁴⁺ complexation, the selected building blocks should be derived from 

inexpensive and readily available starting materials bearing side chains, such as 2,3-

diaminopropanoic acid (Dpr), 2,4-diaminobutyric acid (Dab), ornithine and lysine, as well as 

from non-side chain bearing precursors like β-alanine and 4-aminobutyric acid (GABA). 

Glycine is unsuitable as a starting material, as glycine-derived DFOB analogues have been 

shown to exhibit limited chemical stability.[191] The oxidation of the γ-standing amines to form 

protected hydroxylamines in side chain-bearing starting materials must proceed under 

conditions compatible with existing protective groups. If this proves infeasible, an alternative 

approach involves using structural analogues containing a leaving group at the γ-position, 

enabling substitution with protected hydroxylamine. Another strategy includes the introduction 

of a γ-positioned double bond, which can be transformed into the desired modified precursor 

via ozonolysis followed by reductive amination. 

In an initial step, the building blocks should be converted into the corresponding protected 

tetrahydroxamic acids via liquid-phase synthesis, followed by solid-phase synthesis. Given 

literature-reported challenges and failed syntheses,[164-165] it is essential to optimize the reaction 

conditions regarding coupling reagents, equivalents, reaction time, temperature and resin 

choice. These parameters should be systematically investigated through targeted 

experiments. Additionally, the feasibility of scaling up the reaction to a gram scale should be 

assessed. 

With the isopeptidic DFOB and DFO* analogues on hand, a protocol for cleaving the protective 

groups of the hydroxamic acids must be created. One challenge here could be that the integrity 

of the additional functional groups in the compounds must be ensured. Furthermore, a protocol 

for the functionalization of the azide groups via click chemistry should be developed. This 

approach allows fine-tuning of the compounds by introducing prosthetic groups, such as 

zwitterionic side chains, to enhance aqueous solubility. Improved solubility is critical for 

ensuring reliable conjugation to the targeting vector.  

The functionalized isopeptidic DFOB and DFO* analogues should then be evaluated for their 

relative stability using a radioactive assay in competition with EDTA and DFOB 7. The aim is 

to identify an optimal spacing between the hydroxamic acid groups for efficient coordination of 

Zr⁴⁺. Based on these findings, a corresponding non-radioactive assay will be developed using 

the same competing chelators. The radioactive assay data should serve as a benchmark to 

validate the non-radioactive method. Additional assays will investigate the serum stability of 

the Zr⁴⁺ complexes and determine the optimal conditions for the complexation reaction. 

Parameters to be assessed include the Zr⁴⁺-to-chelator ratio, temperature, and reaction time. 
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This is particularly relevant for radiochemical applications, where reactions are performed at 

very low concentrations. 

Based on these insights, a new synthetic approach should be developed in which both the 

targeting vector and the chelator are assembled on the solid phase in a single approach. As 

an initial model, the fundamental urea-based structures of PSMA should be employed, 

necessitating the development of a urea synthesis protocol suitable for solid-phase application. 

Furthermore, the deprotection of the hydroxamic acids under metal catalysis, as well as the 

metal-catalyzed click reaction, should be performed in a final step on the solid phase. This 

strategy offers the advantage of immediate and quantitative removal of potentially toxic metal 

cations, thus enabling a GMP-compliant synthesis. 
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5. Results and Discussion (cumulative part) 

5.1 Solution Phase Synthesis of isopeptidic DFOB and DFO* analogs 

As previously discussed, DFOB 7 exhibits limited in vivo stability, which can result in the 

release and subsequent accumulation of free ⁸⁹Zr in bones and organs. This not only 

compromises image quality but also raises safety concerns. To address this issue, novel DFOB 

and DFO* analogues were developed in this work, designed to form highly stable complexes 

with Zr⁴⁺ while maintaining water solubility and allowing for modular structural customization. 

A total of nine isopeptidic desferrioxamine analogues were synthesized and categorized into 

two groups: AZA-DFOB (hexadentate chelators with three hydroxamate moieties) and AZA-

DFO* (octadentate chelators with four hydroxamate moieties). These were prepared through 

a modular synthetic approach based on ornithine-β-alanine (Orn-β-Ala) and lysine-β-alanine 

(Lys-β-Ala) building blocks. All nine chelators were further functionalized via copper(I)-

catalyzed azide-alkyne cycloaddition (CuAAC) to introduce zwitterionic side chains, thereby 

enhancing aqueous solubility. 

To evaluate their suitability for radiolabeling with ⁸⁹Zr, a newly developed HPLC-MS–based 

assay was applied to monitor complex formation under physiologically relevant conditions. The 

experiments demonstrated rapid and complete complexation of Zr⁴⁺ by the new chelators. 

Notably, the zwitterionic, octadentate chelator composed exclusively of Orn–β-Ala units 

achieved full complexation within 90 min at 37 °C, performing comparably to the established 

Zr-chelator DFO* 8. 

For stability assessment, a non-radioactive, HPLC-MS–based transchelation assay was 

established. In this method, Zr-complexes were incubated with large excesses of competing 

chelators such as EDTA and DFOB 7 at pH 7, and aliquots were analyzed over time. The 

results revealed that hexadentate chelators - particularly those with extended alkyl chains 

derived from Lys–β-Ala - exhibited lower complex stability. In contrast, the octadentate 

analogues showed markedly enhanced stability. The Zr-complex of the pure Orn–β-Ala–based 

chelator remained stable for over 24 hours, even in the presence of a 1000-fold excess of 

EDTA and a 300-fold excess of DFOB 7. 

These findings confirm that the spacing between hydroxamate groups significantly influences 

Zr⁴⁺ complex stability. Shorter distances, as found in ornithine-derived monomers with eight 

atoms between hydroxamates, resulted in more stable complexes than longer spacings from 

lysine-based monomers (nine atoms). This supports the hypothesis that the distance plays a 

role in complexation and possibly also that its flexibility and the orientation of the amides in the 

isopeptidic structure could have an influence on the stability of Zr complexes. 
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5.2 Transfer to SPPS and Synthesis of complex DFO* analogs with side chains 

The promising results obtained with the structures described in Section 5.1 provided the 

impetus to transfer the synthesis to a solid-phase peptide synthesis (SPPS) approach. The 

solution-phase synthesis presented in that section is associated with considerable purification 

effort, resulting in a high workload, substantial time consumption, and extensive use of solvents 

and reagents. As previously discussed in Section 3.2, the advantages of SPPS - particularly in 

terms of efficiency and scalability - become even more apparent when considering the 

complexity of the nine AZA-DFOB and AZA-DFO* chelators synthesized. 

Accordingly, the key innovation of the study presented in this section is the implementation of 

a microwave-assisted solid-phase synthesis protocol, which markedly reduces the overall 

synthetic burden compared to the previously employed multi-step liquid-phase approach. 

Whereas traditional methods required up to 14 synthetic steps, each followed by individual 

purification, the strategy outlined here allows the efficient preparation of isopeptidic DFO* 

analogues (referred to as ipDFO* in this work) within a matter of hours. The modular nature of 

SPPS inherently supports structural variation and customization. 

The monomers required for this SPPS were synthesized in short 3 - 4 step sequences from 

inexpensive starting materials such as tert-butyl 4-bromobutanoate, affording high yields. The 

initial synthetic approach involved the coupling of O-benzyl protected hydroxylamine with 

carboxylic acids to form O-benzyl hydroxamic acid derivatives, analogous to conventional 

peptide bond formation. Although the crude product obtained after resin cleavage exhibited the 

expected mass by HPLC-MS, its purity was insufficient for further applications. This coupling 

step had already been identified as a critical point in earlier work. After extensive screening of 

various coupling reagents, PyOxim® was determined to be the optimal reagent, delivering the 

highest product purity and yield. 

In addition, AZA-ipDFO* analogues bearing azide-containing side chains - structurally 

analogous to those described in Section 5.1 - were successfully synthesized. For this purpose, 

a novel monomer synthesis was developed based on Boc-allylglycine as the starting material. 

In conclusion, the results demonstrate that solid-phase synthesis constitutes an efficient and 

scalable method for the preparation of octadentate ipDFO* analogues, offering significant 

advantages in terms of speed, purity, and synthetic flexibility. 
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5.3 Investigations towards an optimal spacing between the hydroxamic acids 

In this study, the SPPS approach described in the previous section was employed to 

synthesize three pure backbone variants of isopeptidic DFO* (ipDFO*) without side chains, 

incorporating seven, eight, and nine atoms between the hydroxamic acid moieties. These 

DFO* analogues were designed to complete the investigation into optimal spacing for Zr⁴⁺ 

coordination. For this purpose, the corresponding O-benzyl-protected hydroxamic acid 

monomers were synthesized following the same procedure as in the previous work. Using 

SPPS, these monomers were assembled into the desired octadentate chelators, followed by 

resin cleavage and deprotection of the protective groups. In addition to the previously reported 

DFO* analogues, a novel oligoethylene glycol-based analogue (OEGDFO*) was designed and 

synthesized. In this molecule, the peptide backbone was replaced by ether linkages instead of 

amides, inspired by the oxoDFO* structure introduced by Briand, which was shown to exhibit 

improved water solubility due to the presence of ether functionalities.[164] The OEGDFO* 

structure also features a seven-atom spacing between the hydroxamic acid units. 

With the four chelators in hand (the three ipDFO* analogues with different spacings and the 

OEGDFO*), radiochemical stability studies with 89Zr were performed in collaboration with Prof. 

Dr. Susanne Kossatz's laboratory at TranslaTUM, Munich. Surprisingly, the analogue with nine 

atoms between the hydroxamic acids exhibited the highest stability, maintaining approximately 

73 % intact complexes after seven days in 1000-fold excess EDTA at 37 °C. In contrast, the 

other three analogues showed only 50 – 55 % intact complexes under the same conditions. 

This observation initially appears to contradict the findings reported in Section 5.1. However, 

considering the differences in molecular structure, this discrepancy suggests that factors other 

than spacing may influence complex stability. Further experiments will be necessary to 

investigate the underlying causes of this behavior. 

To further demonstrate the potential of SPPS for the synthesis of complex 

radiopharmaceuticals, a complete PET tracer was assembled on the solid phase. For this 

purpose, the core urea motif of PSMA-617, known as KuE (lysine–urea–glutamic acid), was 

selected. It was introduced using a solid-phase carbonyldiimidazole (CDI)-mediated urea 

coupling, whereby the carbonyl group was linked to two amino acids via CDI activation, with 

both imidazole groups serving as leaving groups. The chelator portion was synthesized 

subsequently, as described above. After cleavage from the resin and deprotection of the benzyl 

groups to liberate the hydroxamic acids, a fully functional immunoPET tracer could be obtained 

within a few hours. 
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6. Critical summary and Outlook 

By implementing both solution-phase and solid-phase synthetic strategies, this work provides 

access to a versatile class of modular molecules that hold significant potential as chelators for 

radiometals. In particular, the SPPS approach demonstrated herein stands out due to its rapid, 

resource-efficient execution, yielding structurally complex chelators with high purity. While the 

achievements of this work - presented across the three associated publications - are 

substantial, a critical evaluation of certain aspects is warranted and will be addressed in this 

section. 

First, the sometimes moderate yields obtained via SPPS are considered, along with the 

potential recovery and reuse of monomers, which were employed in five-fold excess during 

the synthesis. In addition, limitations encountered in the HPLC-MS-based non-radioactive 

assay are discussed. Furthermore, the observed discrepancies in Zr complex stabilities, which 

appear to correlate with the spacing between hydroxamic acid units, are critically examined. 

Although this work focused specifically on the design of highly functionalizable chelators for 

89Zr, the modular framework presented here can be adapted for use with other hard, oxophilic 

cations relevant to PET or SPECT imaging. Beyond medical imaging, potential applications for 

these chelators may extend into other fields. For example, they could be immobilized on solid-

phase matrices and deployed as cross-linked beads in wastewater systems, functioning as 

molecular sponges for the selective removal of valuable cations. While originally proposed in 

a light-hearted context, this concept illustrates the broader utility and adaptability of these tailor-

made chelators. 

 

6.1 Solid Phase Peptide Synthesis 

When evaluating the yields obtained via solid-phase peptide synthesis (SPPS), it becomes 

apparent that they remain relatively low, ranging from 9% to 26%. The exact reasons for this 

limited efficiency could not be conclusively identified. Initially, the low yield was attributed to 

the demanding coupling step between O-benzyl-protected hydroxylamine and the activated 

carboxylic acid on the solid support, which was considered a major bottleneck. To investigate 

this hypothesis, a modified solution-phase coupling strategy was explored using acid chloride 

49 and O-benzyl-protected hydroxylamine 48, as described in Section 5.2. Figure 18 illustrates 

this approach, tracing the synthesis from coupling through to the final monomer to provide an 

overview of the process. 



  6. Critical summary and Outlook 

 
73 

 

Figure 18: Reaction of an O-benzyl-protected hydroxylamine with an acid chloride with subsequent deprotection of 
the tert-butyl ester. 

 

This alternative strategy shown in Figure 18 avoided the challenging on-resin hydroxamate 

coupling by introducing pre-formed monomers, allowing the subsequent SPPS to proceed via 

conventional peptide couplings between amines and carboxylic acids. Nevertheless, even this 

streamlined approach - comprising only four standard double coupling steps - resulted in post-

purification yields of merely 9% to 13%. These findings suggest that additional issues, possibly 

related to synthetic conditions or purification inefficiencies, are contributing to the overall low 

yield and merit further investigation. 

To further explore this issue and simultaneously demonstrate the scalability of the synthesis, 

an SPPS was conducted (Section 5.2) using 2-chlorotrityl chloride (CTC) resin in place of 

Wang resin. As outlined in Section 3.2, the CTC linker exhibits significantly higher acid lability 

compared to the Wang resin, allowing cleavage with 1 – 5 % TFA in CH₂Cl₂ for 1 minute, 

instead of the standard 90 – 95 % TFA in CH₂Cl₂ for 1 – 2 hours using TIPS as scavenger. 

This modified cleavage protocol resulted in a yield of 64 % after purification via semipreparative 

HPLC. These results indicate that the high TFA concentration and prolonged exposure times 

during cleavage from Wang resin likely cause partial degradation of the synthesized structures. 

Furthermore, as shown in the reaction scheme, monomers such as 50 - prepared via acid 

chloride coupling - contain a tert-butyl ester that was subsequently cleaved using 50 % TFA in 

CH₂Cl₂ for 2.5 hours, yielding the corresponding free acid 51. While no intermediate 

purification was carried out between coupling and deprotection, overall yields of 60 – 65 % 

were obtained over the two steps. This yield is relatively low. Taken together, these findings 

strongly suggest that the improved yield observed with CTC resin is directly related to the 

milder cleavage conditions, and that the harsh TFA-based cleavage employed with Wang resin 

may lead to product degradation. 

Although the initial choice of Wang resin was based on the intention to perform harsh on-resin 

deprotection reactions, future experiments should carefully align the resin and linker selection 
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with the specific synthetic goals. Optimizing this choice will be essential to improve yield and 

reproducibility in upcoming studies. 

 

In the SPPS conducted in this work, each coupling step typically involved the use of five 

equivalents of both the monomer and the coupling reagent. This stoichiometry results in 

exceptionally poor atom economy, raising concerns about the overall sustainability and 

efficiency of the synthetic process. To partially address this limitation, a series of experiments 

were undertaken to recover and potentially reuse the excess monomers. Successful recovery 

would enable their reapplication in subsequent syntheses, thereby improving the atom 

economy and reducing material waste. 

Most of the coupling reactions employed PyOxim® 43 as the activating agent. For the monomer 

recovery process, the dimethylformamide (DMF) used in the reaction mixture was first removed 

under reduced pressure. The resulting residue was then redissolved in dichloromethane 

(CH₂Cl₂), and the organic phase was washed with 1 M hydrochloric acid. This washing step 

aimed to remove excess DIPEA, hydrolyze any remaining active esters or unused coupling 

reagent, and ensure protonation of the unreacted carboxylic acids to retain them in the organic 

phase. The organic solvents were subsequently evaporated under reduced pressure. 

Attempts to purify the crude residue by silica gel chromatography were unsuccessful. All 

collected fractions contained a high proportion of phosphoric acid amides, the by-product when 

using 43, which significantly hindered isolation of the desired monomer. To circumvent this 

challenge, several hydrolysis strategies were explored to cleave the phosphoric acid amide 

into pyrrolidinium and phosphate under acidic conditions. One such strategy employed a 

biphasic system of CH₂Cl₂ and 1 M HCl with vigorous stirring. However, even at elevated HCl 

concentrations, no conversion was observed. Similarly, an attempt using acetonitrile (CH₃CN) 

with para-toluenesulfonic acid (PTSA) and a small amount of demineralized water also failed 

to produce any discernible conversion. Reaction progress was monitored via ³¹P-NMR 

spectroscopy, confirming the lack of successful hydrolysis. 

Despite the lack of success in these preliminary attempts, the concept of monomer recovery 

remains a promising avenue for improving the sustainability and cost-effectiveness of SPPS-

based syntheses. Future investigations should continue to pursue this goal by optimizing both 

chemical and physical conditions to enable the efficient recovery and reuse of valuable building 

blocks. 
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6.2 Non-radiocactive Stability Assay 

Several challenges arose during the implementation of the HPLC-MS-based stability assay. 

During complexation with Zr⁴⁺, an ion exchange takes place in which four protons (H⁺) are 

displaced, resulting in an increase in the pH of the reaction medium. Potential transmetallation 

processes involving ipDFO* and competing chelators such as EDTA or DFOB further influence 

the solution's pH. These pH shifts were considered in the assay design and mitigated through 

the use of HEPES buffer, with all buffered solutions adjusted to pH 7 to simulate physiologically 

relevant conditions. Figure 19 illustrates the structure of an ipDFO* chelator with a seven-atom 

linker between hydroxamic acid units under these conditions. 

 

Figure 19: Zr- ipDFO* complex with a spacing of seven atoms between the hydroxamates. 

 

Molecular structure 52 does not provide straightforward sites for simple protonation. The 

solvents used in the HPLC-MS analysis were 0.1 % formic acid in demineralized water and 

0.1 % formic acid in acetonitrile, yielding a pH of approximately 2.8 in the aqueous phase. In 

order to generate sufficient signal intensity in electrospray ionization mass spectrometry (ESI-

MS), a net molecular charge other than zero is required. To enable detection as [M+H]⁺ ions, 

carboxylic acid groups can be protonated. The β-alanine moiety has a pKa of 3.55; however, 

in structure 52, the nitrogen is present as an amide rather than a free amine. Due to the 

electron-withdrawing nature of the amide, it is likely that the effective pKa is somewhat 

elevated. Taking these factors into account, the assay was designed to ensure detection of the 

complexes as [M+H]⁺ ions. 

Nonetheless, very low signal intensities were occasionally observed. The analyte showed 

retention on the C18-column used, suggesting that the buffered environment at pH 7 was 



6. Critical summary and Outlook 
 

 
76 

entirely displaced during elution. A key factor in these experiments was the use of a 1000-fold 

excess of EDTA. Although EDTA exhibited negligible retention on the column, it produced 

significant peak tailing. Furthermore, the EDTA concentration approached the upper limit of the 

detector’s tolerance, with total ion chromatogram (TIC) intensities in the range of 10⁹. This was 

necessary because the target analyte had to be detected at concentrations three orders of 

magnitude lower, corresponding to TIC intensities of 10⁴–10⁵, far below optimal sensitivity. As 

the analyte signal often coincided with the EDTA tailing, ion suppression due to ESI-MS cannot 

be entirely excluded. Despite these limitations, the measurements exhibited reasonable 

consistency, permitting their use in data evaluation. 

As an alternative to the HPLC-MS-based non-radioactive stability assay, a UHPLC approach 

using a high-performance diode-array detector (DAD) was explored. Previous experiments 

indicated that the ipDFO* chelators exhibit a UV absorption maximum near 225 nm, 

attributable to the hydroxamate functional groups. While signals corresponding to Zr-ipDFO* 

complexes were successfully detected, no signal was observed for Zr-DFOB complexes. This 

may be attributed to the ability of the Zr-DFOB complex to adopt a range of configurations at 

pH 7, which likely results in variable and inconsistent retention behavior on the hydrophilic 

interaction chromatography (HILIC) phase.[192] This signal blurring is further exacerbated by 

dynamic equilibrium processes, ultimately preventing detectable signals. Figure 20 supports 

this hypothesis with an illustration from the literature depicting Zr-DFOB speciation across 

different pH values. 

 

 

Figure 20: Distribution of individual species of Zr-DFOB-Complexes. Solid lines: binuclear species. Dashed lines: 
mononuclear species. Dash-dot lines: Zr4+ hydroxo species.[192] 
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Unfortunately, the UHPLC-UV/Vis approach did not yield reliable results. Signal intensities 

decreased rapidly over the course of the assay, compromising analytical reliability. As with the 

HPLC-MS method, EDTA peak tailing remained problematic. In addition, quantification via 

signal integration was hampered by baseline instability, resulting in data discrepancies. 

Nonetheless, the method shows promise. With careful optimization - including solvent 

selection, gradient adjustment, and choice of a column capable of achieving better signal 

separation - the UHPLC-based assay could serve as a viable alternative to the HPLC-MS 

method. A major advantage of this technique is that detectors in UV/Vis-based systems are 

not as easily overwhelmed by high concentrations, thereby allowing for increased analyte 

concentrations as long as no adverse chemical interactions occur. 

 

6.3 Comparability of stability assays in the literature 

In order to contextualize the results of the complex stability assays within the existing literature, 

a detailed analysis of previously reported assays was conducted. Sixteen publications were 

identified that investigated the complex stability of DFO 7, DFO* 8, and their analogs using 

competitive assays.[152, 154-156, 158-162, 165-166, 174, 193-196] Table 5 summarizes the analytical methods 

employed and the experimental parameters selected. 
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Tabelle 5: Overview of the methods and parameters of the competition experiments found in the literature regarding the complex stabilities of DFOB and DFO* analogs. Colored 

areas are comparable experiments within this evaluation due to similar parameters. 

Publication Method Chelator 

Concentration 

Competitive 

Chelator 

Ratio Chelator to 

competitive 

Chelator 

Temperature 

[°C] 

pH Intact 

DFOB-

complex 

Allott 2017[156] iTLC 10 mM EDTA 100 37 °C 7 66 % (7 d) 

Sarbisheh 2020[160] iTLC 0.02 mM EDTA 100 37 °C 5 – 8 (0.5 steps) 16 % (7 d) 

Sarbisheh 2023[161] iTLC 0.02 µM EDTA 100 37 °C 6.5 and 7.0 76 % (7 d) 

Salih 2022[162] iTLC 0.022 mM EDTA 1000 37 °C 7 35 % (7 d) 

Raavé 2019[158] iTLC 0.1 mM EDTA 1000 37 °C / 50 % (7 d) 

Outzen 2025[194] iTLC 0.5 µM EDTA 1000 37 °C 7 55 % (7 d) 

Guerard 2014[174] iTLC 0.028 mM EDTA 1750 37 °C 7.4 50 % (7 d) 

Guerard 2017[195] iTLC 0.8 mM EDTA 2000 rt 6 - 8 / 

Brandt 2020[196] iTLC 0.5 µM DTPA 10 000 

100 000 

rt 6 / 

Rudd 2016[159] iTLC 0.1 mM 

0.96 mM 

EDTA 500 50 °C 7 / 

Patra 2014[152] Radio-HPLC 0.28 µM DFOB 300 and 3000 rt 7.3 / 

Seibold 2017[165] Radio-HPLC 0.01 mM EDTA 100, 1000,  9000 rt 7  

Brown 2020[154] HPLC-MS 0.06 mM EDTA 160 and 1600 rt 7.4 / 

Outzen 2023[193] HPLC-MS 0.04 µM EDTA 1000 rt 7 / 

Tieu 2017[166] HPLC-MS / EDTA 1800 / 7 / 

Adams 2017[155] / / EDTA 1000 / / / 
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Various analytical methods were employed across these publications, including radiochemical 

iTLC, radio-HPLC, and HPLC-MS. The concentration of the chelator under investigation 

ranged from 10 mM to 0.02 µM in the iTLC assays, and from 0.01 mM to 0.04 µM in the HPLC-

based assays. In most assays, EDTA was used as the competing chelator; however, in one 

case DFOB and in another DTPA was employed. The ratio of the chelator under investigation 

to the competing chelator varied between 100 and 100,000. Of the 16 experiments conducted, 

7 were performed at 37 °C, while the others were carried out at room temperature or, in one 

instance, at 50 °C. Most experiments were conducted at a pH of 7. 

In assessing the suitability of the methodologies with regard to comparability, only two 

comparable groups could be identified (highlighted in blue and green in Table 5). Beside of the 

used chelator concentration, both groups used DFOB 7 as a reference chelator under 

investigation, employed iTLC as the analytical method, utilized EDTA as the competing 

chelator, and conducted the experiments at 37 °C and pH 7. The only difference between the 

two groups lies in the ratio of DFOB 7 to EDTA: 1:100 and 1:1000. Nevertheless, significant 

discrepancies in the results are evident. For the group using a 100-fold excess of EDTA, the 

percentage of intact 89Zr-DFOB complexes remaining after seven days was reported as 16%, 

66%, and 76%. Similarly, for the group using 1000-fold excess of EDTA, values of 35%, 50%, 

and 55% were observed. No correlation with the applied DFOB 7 concentration could be 

identified. 

This analysis clearly demonstrates that comparisons between the different publications must 

be approached with great caution. Given the extent of variation observed for a single 

compound (DFOB), it is hardly possible to draw meaningful conclusions regarding the 

comparability of different compounds. Ultimately, these experiments only allow for a relative 

assessment of DFOB or DFO* analogs within the context of a single assay, using a reference 

compound such as DFOB as a benchmark—absolute comparisons across studies are not 

supported by the data. 

 

6.4 Structural and conceptual discussion of discrepancies in stability results 

Finally, the initially contradictory results from the paper in section 5.1 and the paper in section 

5.3 should be addressed. In the first publication, a non-radioactive HPLC-MS stability assay 

was used to show that increased complex stability occurs with a smaller spacing between the 

hydroxamic acids. In the results from the third paper in section 5.3, the exact opposite was 

shown in a radioactive stability assay.  
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Considering the structures 53 and 54 that were used, there are some obvious structural 

differences that could have contributed to these different results. As a comparison, Figure 21 

shows the corresponding compounds with eight atoms between the hydroxamic acids.  

 

Figure 21: Zwitterionically modified tBu-ipDFO* chelator 53 and isopeptide ipDFO* chelator 54, both with a spacing 
of eight atoms between the hydroxamic acids. 

 

The most striking structural difference is the zwitterionic side chains in 53, which are not 

present in 54. These could have a protecting effect, whereby interactions with the solvent or 

the competing reagent in 53 could be reduced. A second difference is the free terminal 

carboxylic acid in 54. In 53, the C-terminus is still protected by a tert-butyl ester. The free acid 

could serve as an additional complexation site in energetically unfavored states. Whether or 

not this is conducive to Zr complexation overall, however, would have to be investigated in 

experiments. It should also be noted at this point that a complete turnaround of the above-

mentioned stability results is difficult to explain based on structural differences. This would 

mean that the structural differences lead to an effect that ensures that the previously more 

unstable spacing becomes the more stable spacing. 

In addition to the structural differences, the concept of the assay is also different. The non-

radioactive assay is based on quantitative complexation of the chelators with zirconium. The 

addition of excess EDTA therefore results in an exactly 1000-fold higher concentration of the 

competing chelator compared to the Zr complex present. The situation is different for the 

radioactive assay. For practical reasons, all chelator molecules present are never quantitatively 

complexed with 89Zr. Only a very small proportion of the chelators are present as 89Zr 

complexes next to a very large proportion of still free chelators. The molecular number of 89Zr 

introduced cannot be determined due to the nature of radioactive decay. The design of the 
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experiments is based solely on radioactive activity. However, the number of competing agents 

to be added is still determined by the total amount of chelator analyte. As a result of this 

procedure, EDTA is present in a 1000-fold excess to the ipDFO* chelators, but in a much higher 

excess of corresponding 89Zr-ipDFO* complexes. It cannot be assumed that the shift in 

transmetallation at the beginning is the same when the competing chelator is added, because 

the free analyte chelators now compete with the competing chelator for the 89Zr. From this point 

of view, it is already a state at the beginning of the radioactive assay that is only reached later 

in the non-radioactive assay under the assumption that the EDTA is so much in excess that 

the proportion that is then present in a Zr complex is negligibly small. Depending on the actual 

number of 89Zr, this state would be in a range in which transmetallation would take place much 

slower than at the beginning of the non-radioactive assay anyway. 

Whether the structural differences of the molecules used or the conceptual differences of the 

assays carried out or a combination of both lead to the inverse results cannot be conclusively 

clarified at this point and further experiments must be carried out to clarify this. 

 

6.5 Outlook 

In summary, this work has enabled access to a new class of molecules with significant potential 

for clinical diagnostics, particularly in targeted PET imaging and immunoPET, exemplified by 

the KuE-ipDFO* construct described in Section 5.2. The newly developed solid-phase 

synthesis (SPPS) strategy markedly reduces manual workload and facilitates the generation 

of “clickable” derivatives for targeted conjugation. The synthetic approach presented in this 

thesis demonstrates strong potential for full automation and exhibits robustness under 

conditions amenable to scale-up. The chelators introduced herein possess high flexibility for 

adaption to a variety of novel applications. Furthermore, the studies conducted have shown 

that Zr⁴⁺ complexation can be fine-tuned to improve the stability of these chelators for future 

clinical applications. Ideally, this enhanced stability may beneficially avoid the in vivo release 

of radioactive ⁸⁹Zr during patient imaging. 

One recurring issue in the synthesis workflow was the hydrogenolytic deprotection of O-benzyl-

protected hydroxamic acids. This was performed under a hydrogen atmosphere using 

palladium on activated carbon (Pd/C 10%) as a heterogeneous catalyst. If the reaction 

proceeded for too long, a partial reduction of hydroxamic acids to amides was observed, 

necessitating strict monitoring of the reaction’s progression. Notably, the reaction kinetics were 

varied significantly across experiments, with some trials showing no detectable conversion. 

This was particularly evident for AZA derivatives and zwitterionic ipDFO* analogues, which 

posed considerable challenges in achieving complete conversion. Additionally, when an 
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excessive amount of Pd/C was used (e.g., ~1.5 mg Pd/C per 10 mg substrate), no recoverable 

product or starting material could be obtained. 

Literature reports suggest that certain functional groups or structural motifs - especially non-

polar or aromatic moieties - tend to adsorb strongly onto carbon-based supports.[197-199] Even 

positively charged species such as protonated anilines at low pH have been shown to undergo 

significant adsorption under such conditions. Given these findings, it is plausible that the DFOB 

and DFO* analogues synthesized in this study may also exhibit adsorption to the catalyst 

surface, thereby impeding reaction efficiency. In addition, possible interactions between free 

hydroxamic acids and palladium ions must be considered. Although no definitive conclusions 

could be drawn from the experimental work conducted thus far, further investigation into 

alternative catalytic systems is warranted. Suitable candidates for such future studies may 

include Pd/Al₂O₃, Pd/SiO₂, and PtO₂. 

From a basic research perspective, crystallographic analysis of Zr complexes formed with 

these chelators represents a promising avenue. To date, no crystal structures of Zr-DFOB, Zr-

DFO*, or their analogues have been reported. Successful implementation would require stable 

complexes with limited conformational flexibility to enable uniform crystal formation. This 

reinforces the relevance of further structural optimization of the chelators not only for practical 

applications, but also to facilitate fundamental insights into Zr coordination chemistry. 

From an application-oriented point of view, the development of a fully solid-phase synthesized 

PET tracer would represent a compelling future goal. The strategy outlined in Section 5.2 for 

the synthesis of a KuE-ipDFO* derivative already demonstrates feasibility in this direction, 

although future applications may involve greater complexity. A plausible objective would be the 

complete solid-phase synthesis of a more advanced construct such as PSMA-617, equipped 

with a modular linker and an optimized Zr-chelator featuring functionalizable side chains. 

Crucially, this would entail performing both the palladium-catalyzed O-benzyl deprotection and 

the copper-catalyzed azide-alkyne cycloaddition directly on-resin. Such an approach could 

allow the resin to function simultaneously as a purification scaffold for removing residual heavy 

metals. This feature would be particularly advantageous in a GMP-compliant synthesis for 

clinical-grade radiopharmaceuticals. 
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8. Appendix 

8.1 Supplementary Materials 

8.1.1 Synthesis of Modular Desferrioxamine Analogues and Evaluation of Zwitterionic 

Derivatives for Zirconium Complexation 
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8.2 Hazardous Materials 

Substance Pictogram H-Phrases P-Phrases 

2-Propanol  

225, 319, 336 210, 233, 240, 241, 

242, 305+351+338 

5-Bromopentanoic acid 
 

315, 319, 335 261, 264, 271, 280, 

302+352, 

305+351+338 

6-Bromohexanoicoic acid 

 

314 260, 280, 

303+361+353, 

304+340+310, 

305+351+338, 363 

Ammonium Cerium 

sulfate 

 

315, 319, 335 261, 262, 264, 280, 

302+352, 

305+351+338, 314, 

332+313, 337+313, 

362 

Benzylbromide (BnBr) 
 

315, 319, 335 261, 264, 271, 280, 

302+352, 

305+351+338 

Benzoyl peroxide (BPO)  

241, 317, 319, 

410 

210, 261, 273, 280, 

305+351+338, 

333+313, 420, 501 

BTFFH 
 

315, 319, 335 261, 264, 271, 280, 

302+352, 

305+351+338 

Chloroform 

 

302, 315, 319, 

331, 336, 351, 

361d, 372 

202, 301+312, 

302+352, 

304+340+311, 

305+351+338, 

308+313 
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Carbonyldiimidazole 

(CDI)  

302, 314, 360d 260, 280, 

303+361+353, 

304+340+310, 

305+351+338 

Dichloromethane 
 

315, 319, 336, 

351 

201, 302+352, 

305+351+338, 

308+313 

Copper(I)iodide  

302, 315, 317, 

318, 410 

273, 280, 

301+312+330, 

302+352, 

305+351+338+310 

1,8-

Diazabicyclo[5.4.0]undec-

7-ene (DBU) 

 

290, 301, 314, 

412 

234, 273, 280, 

303+361+353, 

304+340+310, 

305+351+338 

 

N,N'-

Dicyclohexylcarbodiimide 

(DCC) 

 

302, 311, 317, 

318 

361, 264, 280, 

301+312, 

302+352+312, 

305+351+338 

 

N,N'-

Diisopropylcarbodiimide 

(DIC)  

226, 317, 318, 

330, 334 

210, 233, 280, 

303+361+353, 

304+340+310, 

305+351+338 

Diethylether  

224, 302, 336 210, 233, 240, 241, 

301+312, 403+233 

DIPEA  

225, 302, 318, 

331, 335, 411 

210, 273, 280, 

301+312, 

304+340+311, 

305+351+338 
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4-Dimethylaminopyridine 

(DMAP)  

301+331, 310, 

315, 318, 370, 

411 

262, 273, 280, 

301+310, 

302+352+312, 

305+351+338 

 

DMF  

226, 312, 332, 

319, 360d 

201, 210, 302+352, 

305+351+338, 

308+313 

EDTA 
 

319, 332, 373 280, 304+340, 312, 

305+351+338, 

337+313 

Acetic acid 

 

226, 314 210, 280, 

301+330+331, 

303+361+353, 

305+351+338, 310 

Ethyl acetate 
 

225, 319, 336, 

066 

210, 233, 240, 

305+351+338, 

403+235 

Ethanol  

225, 319 210, 233, 240, 241, 

242, 305+351+338 

FmocCl 

 

314 260, 280, 

303+361+353, 

304+341+310, 

305+351+338, 363 

Formic acid  

226, 302, 331, 

314 

210, 280, 

303+361+353, 

304+340+310, 

305+351+338 

H2 (gas)  

220, 280 210, 377, 381, 403 

 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Dimethylformamide
https://en.wikipedia.org/wiki/Dimethylformamide
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HBTU 

 

315, 319, 335 210, 240, 241, 261, 

264, 271, 280, 

302+352, 304+340, 

305+351+338, 312, 

332+313, 337+313, 

362, 370+378, 

403+233, 405, 501 

Hydrochloric acid 
 

290, 314, 335 234, 261, 271, 280, 

303+361+353, 

30+351+338 

HCTU 

 

317, 261, 272, 

280, 302+352, 

333+313, 

362+364 

 

HOBt 
 

207, 319, 412 210, 212, 230, 233, 

280, 370+380+375, 

501 

Potassium carbonate 

(K2CO3) 
 

315, 319, 335 261, 264, 271, 280, 

302+352, 

305+351+338 

Potassium permanganate 

(KMnO4)  

272, 302, 314, 

361d, 373, 410 

210, 220, 280, 

301+330+331, 

303+361+353, 

305+351+338, 310 

Potassium hydroxide 

(KOH) 

 

290, 302, 314 234, 260, 280, 

301+312, 

303+361+353, 

305+351+338 

Acetonitrile  

225, 302, 312, 

319, 332 

210, 280, 

305+351+338 
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Methanol  

225, 

301+311+331, 

370 

210, 233, 280, 

301+310, 

303+361+353, 

304+340+311 

Sodium 

cyanoborohydride 

(NaCNBH3)  

260, 300, 310, 

330, 314, 410, 

032 

273, 280, 

301+330+331, 

302+352, 304+340, 

305+351+338, 

402+404 

Sodium hydroxide (solid) 
 

290, 314 280, 301+330+331, 

305+351+338, 

308+310 

n-Butanol  

226, 302, 318, 

315, 335, 336 

210, 280, 302+352, 

305+351+338, 313 

Triethylamine  

225, 

301+311+331, 

314, 335 

210, 280, 301+312, 

303+361+353, 

304+340+310, 

305+351+338+310 

n-Hexan  

225, 304, 361f, 

373, 315, 336, 

411 

210, 240, 271, 

301+310, 331, 

302+352, 403+235 

Ninhydrin 

 

302, 315, 319, 

335 

261, 264, 270, 271, 

280, 301+312, 

302+352, 304+340, 

305+351+338, 312, 

321, 330, 332+313, 

337+313, 362, 

403+233, 405, 501 

N-methylmorpholine  

228, 361f 202, 210, 240, 241, 

280, 308, 313 
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n-Pentan  

225, 304, 336, 

411, 066 

210, 233, 240, 273, 

301+310, 331 

Ozone (O3) 

 

270, 314, 330, 

335, 341, 361, 

370, 410 

203, 220, 244, 260, 

264+265, 270, 271, 

273 ,280, 284 

,301+330+331, 

302+361+354, 

304+340, 

305+351+338, 

308+316, 362+364, 

370+376, 391, 

403+233, 405 

O-Benzyl hydroxylamine 

 

301, 314, 335, 

412 

261, 273, 280, 

303+361+353, 

304+340+310, 

305+351+338 

Oxalic Acid 

 

302+312, 318 264, 270, 280, 

302+352+312, 

305+351+338+310, 

501 

Phosphomolybdic Acid  

272, 314 220, 280, 

305+351+338, 310 

Piperidine  

225, 302, 

311+331, 314 

210, 280, 301+312, 

303+361+353, 

304+340+310, 

305+351+338 

PyBOP  

302, 317, 410 261, 264, 273, 280, 

301+312, 302+352 

Pyridine 
 

225, 

302+312+332, 

315, 319 

210, 280, 

301+3112, 

303+361+353, 
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304+340+312, 

305+351+338 

Silica gel  

373 260, 270, 314 

t-Butanol 
 

225, 332, 319, 

335, 336 

210, 240, 

305+351+338, 

403+233 

tert-butyl 4-

bromobutanoate  

302, 315, 319, 

335 

261, 305, 338, 351 

TFA 
 

290, 331, 314, 

412, 071 

260, 273, 280, 

303+361+353, 

305+351+338, 312 

THF  

225, 302, 319, 

335, 351, 019 

210, 280, 

301+312+330, 

305+351+338, 

370+378, 403+235 

Thionylchloride 

 

302, 331, 314, 

335, 014, 029 

261, 280, 301+312, 

303+361+353, 

304+340+310, 

305+351+338 

Triisopropyl silane (TIPS)  

226 210, 233, 240, 241, 

242, 243 

Triphenylphosphin  

302, 317, 318, 

372 

260, 280, 301+312, 

302+352, 

305+351+338, 314 

Zirconium tetrachloride 

(ZrCl4) 
 

302, 314, 014 280, 301+330+331, 

305+351+338, 

308+310 
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