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Abstract 

Prostate cancer (PCa) is estimated to be the most common malignancy in man worldwide. 

Despite the reduction of death rates, PCa still remains a serious health care issue with high 

clinical need for better characterization and treatment of the disease. To address these 

issues, imaging techniques have the potential to make significant contributions to the initial 

diagnosis, staging, determination of the extent of disease recurrence, and measurement of 

the response to treatment. Due to the high and consistent expression in PCa, the prostate 

specific membrane antigen (PSMA) has emerged as one of the most extensively explored 

targets for molecular imaging and targeted therapy, using highly specific PSMA radioligands. 

In recent years, several urea-based PSMA inhibitors have been clinically introduced, which 

have already had a remarkable impact on the clinical management of PCa. The primary goal 

of this work was the development of novel PSMA inhibitors for PET imaging (18F), SPECT 

imaging, and for radioguided-surgery (99mTc) of PCa. 

In general, a combination of solution and solid phase peptide synthesis afforded the rapid 

synthesis of the PSMA inhibitors, based on either a KuE- or a EuE-binding motif conjugated 

over a linker unit to a radiometal chelator or a radiolabeled prosthetic group. Binding affinities 

towards PSMA (IC50) and internalization kinetics of the respective radiolabeled inhibitors 

were determined using LNCaP cells and ((125I)I-BA)KuE as internal reference. In vivo 

metabolite analyses, biodistribution studies and µPET imaging was carried out using CD-1 

nu/nu mice and LNCaP-tumor-bearing CB-17-SCID mice. 

The adaptation of the (68Ga/177Lu/111In)PSMA-I&T-based theranostic concept towards 99mTc-

labeling chemistry, led to the corresponding more cost-effective and promising substitute 

99mTc-PSMA-I&S (I & S for Imaging and Surgery). The established 99mTc-labeling strategy 

ensured fast and reliable radiosynthesis for clinical application. The investigated structural 

modifications of 99mTc-PSMA-I&S resulted in comparable in vitro and in vivo PSMA-targeting 

characteristics compared to the lead compound 111In-PSMA-I&T. The combined effects of 

enhanced internalization kinetics and prolonged half-life of intact tracer in the blood 

combined with continuing clearance of background activity promoted excellent tumor-to-

background ratios in SPECT imaging of an exemplary patient using 99mTc-PSMA-I&S (up to 

21h p.i.). These favorable tracer characteristics allowed the successful intraoperative 

detection and complete resection of all 68Ga-PSMA-11 PET positive metastatic lesions during 

first-in-human 99mTc-PSMA-I&S-based radioguided-surgery (RGS). The follow up data of 31 

consecutive patients with evidence of recurrent PCa, undergoing 99mTc-PSMA-I&S-based 

RGS, demonstrated the high potential of this surgical technique for the detection of even 

small tumor deposits in PCa patients with high specificity, sensitivity, as well as accuracy. 



 
 

The short-term outcomes indicated that 99mTc-PSMA-I&S-based RGS might positively 

influence disease progression and delay the need for further systemic treatment. Although, 

99mTc-PSMA-I&S was developed as a gamma probe for intraoperative guidance the acquired 

data also hint towards the unexpected potential of 99mTc-PSMA-I&S as an SPECT imaging 

agent for first-line diagnosis of metastasized PCa. 

To address the continuously growing clinical demand for 18F-labeled PSMA ligands, two 

novel EuE-based PSMA inhibitors, EuE-k-18F-FBAO and EuE-k-β-a18F-FPyl were developed 

for the diagnosis of PCa. The KuE binding motif was replaced by a EuE-based binding unit 

conjugated to an optimized linker structure and different 18F-labeled aromatic groups for 

chemo-selective labeling strategies. The highly hydrophilic chemical structure of both EuE-

based PSMA inhibitors resulted in enhanced PSMA affinities and markedly higher 

internalization efficiencies in LNCaP cells compared to the recently introduced tracers       

18F-DCFPyl and 18F-PSMA-1007.  Therefore, EuE-k-18F-FBAO and EuE-k-β-a18F-FPyl 

revealed markedly higher tumor accumulation in µPET and biodistribution studies in LNCaP-

tumor xenografts in comparison to the reference ligands (1h p.i.). In addition, both EuE-

based radioligands showed favorable pharmacokinetics in vivo with straightforward 

clearance kinetics and almost no uptake in non-target tissue, allowing for high-contrast 

imaging at early time points. Although both 18F-labeled EuE-based inhibitors exhibited 

excellent and (partly) superior in vitro and in vivo PSMA-targeting characteristics in 

comparison to 18F-DCFPyl and 18F-PSMA-1007, EuE-k-18F-FBAO appeared to be more 

promising for further investigation than EuE-k-β-a18F-FPyl, due to the more reliable 

radiosynthesis and the faster clearance kinetics with comparable high tumor uptake. EuE-k-

18F-FBAO was investigated in a proof-of-concept study for the diagnostic application in a 

patient with metastatic castration resistant prostate carcinoma (mCPRC). Due to the intense 

uptake of EuE-k-18F-FBAO in lymph- and bone metastases, the fast renal wash-out, and 

minimal blood pool retention of the tracer high-contrast PCa PET imaging was achieved at 

1h p.i.. 

 

 

 

  



 
 

Zusammenfassung 

Den Schätzungen zur Folge gehört das Prostatakarzinom (PCa) zu der weltweit häufigsten 

bösartigen Tumorerkrankung des Mannes. Trotz sinkender Mortalitätsrate ist eine bessere 

Charakterisierung und Behandlung der Erkrankung von höchster klinischer Notwendigkeit. 

Bildgebende Verfahren leisten einen bedeutenden Beitrag zur Initialdiagnose, dem Staging, 

zur Bestimmung des Ausbreitungsgrades eines PCa-Rezidivs, als auch zur Beurteilung des 

Therapieansprechens. Das Prostata-spezifische Membranantigen (PSMA) gehört, aufgrund 

der hohen und konsistenten Expression beim PCa, zu der am meist erforschten Zielstruktur 

für die molekulare Bildgebung und zielgerichtete Therapie mittels hoch spezifischer 

Harnstoff-basierter PSMA Radioliganden. Das primäre Ziel dieser Arbeit war die Entwicklung 

neuer PSMA Inhibitoren für die PET (18F) und SPECT Bildgebung, sowie für die Radioguided 

Surgery (99mTc) des PCa. 

Eine Kombination aus Flüssig- und Festphasenpeptidsynthese ermöglichte eine schnelle 

Synthese der PSMA Inhibitoren. Die Struktur der PSMA-Liganden basierte entweder auf 

einem KuE- oder EuE-Bindungsmotiv, das über einen Peptidlinker an einen Radiometal-

chelator oder eine radiomarkierte prosthetische Gruppe konjugiert wurde. Zur Bestimmung 

der PSMA Bindungsaffinitäten (IC50) und Internalisierungskinetiken, der jeweiligen 

radiomarkierten Inhibitoren, wurden PSMA exprimierende LNCaP Zellen und ((125I)I-BA)KuE 

als interne Referenz verwendet. In vivo Metabolitenanalysen, Biodistributionsstudien und 

Kleintier-PET Untersuchungen wurden in CD-1 nu/nu Mäusen und LNCaP-Tumor tragenden 

CB-17 SCID Mäusen durchgeführt. 

Die Anpassung des theranostischen Konzepts von (68Ga/177Lu/111In)PSMA-I&T an die 

Anforderungen der 99mTc-Markierungschemie, führte zur Entwicklung des kostengünstigeren 

und vielversprechenden Analogons 99mTc-PSMA-I&S (I & S for Imaging and Surgery). Eine 

etablierte 99mTc-Markierungsstrategie gewährleistete die schnelle und zuverlässige 

Radiosynthese für die klinische Anwendung. Das strukturell modifizierte 99mTc-PSMA-I&S 

zeigte vergleichbar gute in vitro und in vivo PSMA-gerichtete Eigenschaften im Vergleich zur 

Leitstruktur 111In-PSMA-I&T. In einer ersten Patientenstudie mit 99mTc-PSMA-I&S wurde 

gezeigt, dass die Kombination aus erhöhter Internalisierung, verlängerter Verfügbarkeit des 

intakten Tracers im Blut und die kontinuierliche Clearance von Hintergrundaktivität zu 

exzellenten Tumor-zu-Hintergrund Verhältnissen in der SPECT Bildgebung führte (bis zu 21h 

nach Injektion). Diese vorteilhaften Tracereigenschaften ermöglichten die erfolgreiche 

intraoperative Detektion und vollständige Resektion aller 68Ga-PSMA-11 PET positiven 

Metastasen während der Erstanwendung der 99mTc-PSMA-I&S-basierten Radioguided 

Surgery (RGS) am Patienten. Die Folgedaten von 31 konsekutiven Patienten mit 



 
 

nachgewiesenen PCa Rezidiv, die mittels 99mTc-PSMA-I&S RGS operiert wurden, 

demonstrierten das vielversprechende Potential dieser Operationstechnik für die Detektion 

selbst sehr kleiner Läsionen mit hoher Sensitivität, Spezifität und Genauigkeit. Die 

vorläufigen Ergebnisse deuten darauf hin, dass die 99mTc-PSMA-I&S-basierte RGS zum 

einen die Progression der Erkrankung als auch die Notwendigkeit einer weiteren Behandlung 

positiv beeinflussen könnte. Obwohl 99mTc-PSMA-I&S vorwiegend als Radioligand für die 

intraoperative Detektion von Lymphknotenmetastasen entwickelt wurde, weisen die 

vorläufigen Daten zudem auf ein unerwartetes Potential von 99mTc-PSMA-I&S als Tracer für 

die SPECT Bildgebung zur Primärdiagnose von metastasierten PCa hin. 

Aufgrund der steigenden klinischen Nachfrage nach 18F-markierten PSMA Liganden, wurden 

die zwei neuen EuE-basierten PSMA Inhibitoren, EuE-k-18F-FBAO und EuE-k-β-a18F-FPyl, 

für die Bildgebung des PCa entwickelt. Das KuE-Bindemotiv wurde gegen eine EuE-

Bindungseinheit ausgetauscht, die über optimierte Linkerstrukturen an verschiedene 18F-

markierte aromatische Gruppen, zur chemo-selektiven Markierung, konjugiert wurde. Die 

hydrophile Struktur der EuE-basierten PSMA Inhibitoren führte, im Vergleich zu den 

kürzlich veröffentlichten Tracern 18F-DCFPyl und 18F-PSMA-1007, zu verbesserten PSMA 

Affinitäten und einer deutlich höheren Internalisierungseffizienz in LNCaP Zellen. Zudem 

zeigten EuE-k-18F-FBAO und EuE-k-β-a18F-FPyl, verglichen mit den Referenzliganden, eine 

signifikant höhere Tumoranreicherung im Kleintier-PET und in Biodistributionsstudien in 

LNCaP-Tumor Xenografts (1h p.i.). Beide EuE-basierten Radioliganden zeigten neben 

einer vorteilhaften Pharmakokinetik in vivo, kaum Anreicherung in PSMA-negativen 

Organen, wodurch eine kontrastreiche PET-Bildgebung zu frühen Zeitpunkten ermöglicht 

wurde. Aufgrund der zuverlässigeren Radiosynthese, der schnelleren Ausscheidungskinetik 

mit vergleichbar hoher Tumoranreicherung, schien EuE-k-18F-FBAO im Vergleich zu           

EuE-k-β-a18F-FPyl vielversprechender für die weitere klinische Anwendung. Folglich wurde 

EuE-k-18F-FBAO in einer Machbarkeitsstudie (Prof-of-Concept) für die diagnostische 

Anwendung an einem Patienten mit metastasierten kastrationsresistenten PCa (mCRPC) 

untersucht. Aufgrund der hohen Anreicherung von EuE-k-18F-FBAO in Lymph- und 

Knochenmetastasen und der schnellen renalen Ausscheidung des Tracers, konnte bereits 

eine Stunde nach Injektion eine PET Bildgebung des PCa mit hohem Bildkontrast erzielt 

werden.  
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I. Introduction 

1. Prostate Cancer 

Prostate cancer (PCa) is estimated to be the most common type of cancer in man and the 

fifth leading cause of cancer death worldwide [1]. Early diagnosis and staging of PCa are of 

upmost importance for an effective treatment of the disease.  

At present, elevated prostate-specific antigen (PSA) levels and digital rectal exams (DRE) 

are established methods for the initial diagnosis of PCa with further confirmation by needle 

biopsy and histological analysis [2]. In spite of ongoing debate surrounding PSA screening, 

as a reliable indicator for PCa, early detection of the disease by measuring the amount of 

PSA in the blood has shown to substantially reduce PCa mortality [3-6]. However, the value 

of elevated PSA is controversial, since higher PSA levels also occur in non-cancerous 

prostate conditions, such as prostatitis and benign prostate hyperplasia (BPH) [7-9]. 

Therefore, PSA screening can lead to overdiagnosis and unnecessary treatments associated 

with side effects, such as urinary incontinence, bowl problems, and erectile dysfunction from 

radical prostectomy [10-12]. To complement PSA screening and to reduce the risk of 

overdiagnosis, new blood and urine biomarkers, like the prostate health index (PHI) and the 

noncoding mRNA sequence PCA3 have been investigated to improve primary diagnosis of 

PCa and to separate low-risk cancers from more aggressive forms [13-15].  

After PCa diagnosis and histological confirmation by transrectal sonography-guided needle 

biopsy, PCa patients are classified in risk groups according their DRE results, their Gleason 

score (GS), which is determined by stained sections of biopsy specimens, and their PSA 

level, in low-, intermediate-, or high risk patients [16]. The curative treatment options for low 

to intermediate risk patients with localized disease include radical prostatectomy, radiation 

therapy, and brachytherapy.  

The staging of metastasis (primarily located in lymph node and bones) in intermediate or 

high risk PCa patients is carried out by computed tomography (CT) or whole-body magnetic 

resonance imaging (MRI) of the lower abdomen, accompanied by 99mTc bone scintigraphy 

[16, 17]. Compared to local disease, the initial therapy for advanced PCa is the hormone 

treatment, consisting of androgen-deprivation, usually combined with radiotherapy to reduce 

or eliminate the tumor [16, 17]. However, tumor recurrence is very common following 

hormonal therapy and most patients develop metastatic castration resistant prostate 

carcinoma (mCRPC) with low survival rates [18-20].  
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2. Imaging Modalities for the Diagnosis of Prostate Cancer 

Modern functional imaging techniques have the potential to make significant contributions to 

the initial diagnosis and staging of PCa, measurement of response to treatment and early 

detection of recurrent disease [21, 22]. Most state-of-the-art imaging techniques are non-

invasive and provide dynamic real-time data. 

For the local detection of PCa, MRI has emerged as the imaging technique of choice after 

inconclusive or negative biopsy findings [23]. Dynamic-contrast-enhanced MRI (DCE-MRI) 

and diffusion-weighted MRI (DWI-MRI) often enable a more precise examination of the 

prostate than MRI alone [24-29]. For evaluation of spread to lymph nodes and visceral 

organs both CT and MRI are used. These techniques provide only anatomorphological 

information. Thus, metastatic lymph nodes are detected on the basis of increased size. 

However, in prostate cancer almost 80% of metastatic lymph nodes are too small for the 

detection using anatomorphological imaging [30, 31].  

To overcome the limitations of CT and MRI and to reliably identify lymphatic spread, the 

combination of anatomorphological with radionuclide-based imaging techniques, such as 

positron emission tomography (PET) or single-photon emission computed tomography 

(SPECT) has been extensively investigated in the context of functional imaging of PCa  

[32, 33]. 

 

2.1 Molecular Imaging - the Principle of PET and SPECT Imaging 

PET and SPECT imaging techniques are associated with radiolabeled tracers, which allow 

the in vivo visualization of tumor-specific metabolic processes or target-structures on a 

molecular level to provide functional information of biochemical processes [34]. For this 

purpose, a radiolabeled probe that exhibits high (low nM) affinity towards a biological target 

structure (receptors, enzymes, and transporters) overexpressed by the cells in a tissue of 

interest, can be exploited to visualize the density of the expressed targets after injection of 

such a probe by means of PET or SPECT (Figure 1) [35-43]. To provide both functional and 

anatomorphological information by scanning in one single device, hybrid scanners, such as 

PET/CT, SPECT/CT, and PET/MRI are used [44-51]. 
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Figure 1: Schematic representation of the molecular imaging concept using radiolabeled molecules, which bind to 

specific molecular targets overexpressed on target structures. 

 

SPECT and PET imaging is based on the detection of photons, which are emitted during the 

radioactive decay of radionuclides that have been used to radiolabel suitable 

radiopharmaceuticals (tracers).  

In PET imaging, photon pairs, which are emitted in opposite direction after positron-electron 

annihilation are visualized (Figure 2). The decay of a neutron-deficient isotope is 

characterized by positron release from the atomic nucleus by β+-decay, which loses its 

kinetic energy by interaction with atoms in the surrounding tissue (ionization, electronic 

excitation, bremsstrahlung). At this stage, it encounters its antiparticle (an electron) from the 

surrounding matters to form a positronium, which mutually annihilates whereby their masses 

are converted into two almost 511 keV γ-rays. The photons are emitted in approximate 

opposite direction (~180°) [52, 53]. When leaving the investigated body, these two γ-rays can 

be detected by two detectors or a circular array of multiple detector pairs (of scintillation 

crystals) placed around the patient. The output is only generated when the incident photon 

pairs from positron annihilation are detected in coincidence by opposite detector pairs and 

when detection occurs simultaneously, typically within a time window of 6-12 ns [54]. This 

coincidence event represents a line in space and allows the localization of the annihilation 

occurrence. Subsequently, due to the acquisition of a large number of coincidence events 

along all lines and many angles, a-three dimensional image is reconstructed from the two-

dimensional projections via mathematical algorithms [55, 56]. 
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Figure 2: Schematic representation of a radioisotope decay by β
+
-emission. The emitted positron combines with 

an electron to a positronium that annihilates into two 511 keV photons, which are detected by two opposite 

detector units, electronically connected via a coincident circuit – modified image from [57]. 

 

For quantification of the radiotracer uptake and tissue distribution, the projections are 

additionally corrected for random coincidences, scatter, attenuation, and dead time [53, 55, 

58]. The reconstructed PET data in a region of interest are expressed as Bq per mL (Bq/mL) 

or in standardized uptake values (SUV) [59]: 

 

SUV =  
activity concentration in image [

kBq
mL

]  x body weight [kg]

injected activity [kBq]
 

 

The ultimate spatial PET resolution of approximately 4-6 mm for clinical and 1-2 mm for 

preclinical PET scanners is determined by the emission energy of the positron and thus the 

positron range, the density of the surrounding tissue and by non-colinearity of annihilation 

photon pairs when the positronium has a residual kinetic energy at the moment of 

annihilation [54, 60-67]. In order to measure changes of the targeted (patho)biological 

processes over time, dynamic PET scans are performed. Thereafter, PET acquisition data 

are summed up in different time frames (e.g. 30 s to 10 min), reconstructed separately and 

thus allow to visualize the distribution kinetics continuously over the entire acquisition period 

or in dedicated time intervals as 3D dataset [55, 68]. 

  



5 
 

In contrast, SPECT measures single photons emitted by γ-emitting isotopes (Table 2), which 

are detected and recorded by a set of rotating γ-cameras (scintillation detectors, Anger 

cameras). To acquire a series of two-dimensional projection images, acquisition is performed 

at multiple angles by rotation of two or three camera heads around the longitudinal axis of 

the patient (Figure 3). The detectors contain NaI(TI)-crystals, which convert γ-energy by 

means of photo effect, compton scattering and, when the energy of the photon is >1022 keV, 

pair production, to a certain amount of light. The resulting light (3-4 eV scintillation photons) 

is absorbed by photocathodes, resulting in the formation of photoelectrons that are amplified. 

For the latter processes photomultiplier tubes (PMTs) are coupled optically to the back face 

of the crystal, and are finally converted into an electrical signal (mA) [69-71]. NaI(TI)-crystals 

show optimum performance for γ-rays in the range of 120-300 keV, therefore NaI(TI)-crystal 

containing detectors are ideal for the detection of 141 keV γ-rays emitted by the most widely 

used imaging isotope 99mTc [70, 72]. To define the direction of the detected γ-rays, the         

γ-camera is equipped with a collimator that absorbs most of the non-orthogonal gamma 

radiation that would otherwise be also detected (Figure 3) [69].  

 

 

Figure 3: SPECT measures -rays emitted by radioisotope decay, which were detected by a -camera consisting 

of a collimator, scintillation crystal, light guide, array of PMTs and related electronics for image acquisition – 

modified image from © 2014 Haralampieva DG, et al. Published in [73] under CC BY 3.0 license. Available from: 

http://dx.doi.org/10.5772/59356. 

 

The resolution of SPECT (8-10 mm for clinical and down to 0.4 mm for preclinical scanners) 

is determined by the thickness of the collimator walls (septa), the number of collimator holes, 

and the distance of the detector from the -source [67, 70, 74, 75]. After conversion to a 
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digital signal and image reconstruction by several algorithms a three-dimensional image of 

the radiotracer distribution in the patient is created [76, 77].  

In general, both modalities have become extremely important in the clinics. However, PET 

imaging possesses significant advantages, like higher spatial resolution and higher 

sensitivity. Moreover, PET allows for quantitative imaging and thus allows to quantify the 

absolute radioactivity uptake in a tissue of interest due to the development and validation of 

options to correct photon scatter, photon attenuation, and partial volume artefacts, owing to 

the technical advantages offered by positron decay and coincidence detection [78, 79]. 

Nevertheless, due to the lower prize and the broad availability of suitable                          

99mTc-radiopharmaceuticals, the overall number of worldwide installed devices is still 

approximately 10-times higher than the number of PET scanners, i.e. in countries with less 

developed nuclear medicine infrastructure [80]. A selection of important SPECT and PET 

radionuclides with their physical characteristics, production and common labeling modes is 

given in Table 1 and 2. 

 

Table 1: Selected SPECT-isotopes used for radiolabeling of biomolecules: physical characteristics, production mode and 

common labeling methods. Data presented in the table were obtained from [53, 81-83] and 

http://www.nndc.bnl.gov/nudat2/chartNuc.jsp. IT – Isomeric transition; EC – Electron capture.  

Nuclide half-life Decay mode (%) γ-Energy [keV]  Production mode Labeling methods 

99m
Tc 6.0 h IT (> 99 ) 141 Generator 

99
Mo/

99m
Tc Direct labeling or 

bifunctional chelators 

123
I 13.2 h EC (100) 159 

529 

Cyclotron  

124
Xe(p,2n)

123
Cs 

123
Xe

123
I 

124
Xe(p,pn)

123
I 

123
Te(p,n)

123
I 

Direct labeling or 

prosthetic group 

67
Ga 3.3 d EC (100) 93 

185 

300 

Cyclotron 

nat
Zn(p,x)

67
Ga 

68
Zn(p,2n)

67
Ga 

Bifunctional chelators 

111
In 2.8 d EC (100) 171 

245 

Cyclotron 

111
Cd(p,n)

111m,g
In 

112
Cd(p,2n)

 111m,g
In 

Bifunctional chelators 

 

  

http://www.nndc.bnl.gov/nudat2/chartNuc.jsp
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Table 2: Selected PET-isotopes used for radiolabeling of biomolecules: physical characteristics, production mode and common 

labeling methods. Data presented in the table were obtained from [53, 81-84] and http://www.nndc.bnl.gov/nudat2/chartNuc.jsp. 

E – Energy; EC – Electron capture.  

 

Nuclide half-life Decay mode (%) 

Maximum β+-

Energy (abundance) 

[MeV]  

Production mode Labeling methods 

 

18
F 

 

109.7 min EC + β
+
(100) 

β
+
(97) 

 

0.6 

 

Cyclotron 

18
O(p,n)

18
F 

20
Ne(d,α)

18
F 

Direct labeling, 

prosthetic groups 

68
Ga 67.8 min EC + β

+
(100) 

β
+
(89) 

1.9  

 

Generator  

68
Ge/

68
Ga 

Bifunctional chelator 

64
Cu 12.7 h EC + β

+
(62) 

β
+
(18) 

β
-
(39) 

0.7 Cyclotron  

64
Ni(p,n)

64
Cu 

66
Zn(d,α)

64
Cu 

Bifunctional chelator 

89
Zr 78.4 h EC + β

+
(100) 

β
+
(23) 

0.9  

 

Cyclotron  

89
Y(p,n)

89
Zr  

 

Bifunctional chelator 

 

124
I
 

 

4.2 d EC + β
+
(100) 

β
+
(23) 

 

2.1 Cyclotron  

124
Te(p,n)

124
I 

125
Te(p,2n)

124
I 

Direct labeling, 

prosthetic groups 

 

11
C 

 

20.4 min EC + β
+
(100) 

β
+
(99.8) 

 

1.0 

 

Cyclotron  

10
B(d,n)

11
C 

11
B(p,n)

11
C  

14
N(p,α)

11
C  

Prosthetic groups 

 

15
O

 

 

2.0 min EC + β
+
(100) 

β
+
(99,9) 

 

1.7 Cyclotron  

14
N(d,n)

15
O 

15
N(p,n)

15
O  

16
O(p,pn)

15
O  

Direct labeling, 

prosthetic groups 

 

44
Sc

 

 

4.0 h EC + β
+
(100) 

β
+
(94) 

 

1.5 Generator  

44
Ti/

44
Sc 

Bifunctional chelator 

 

  

http://www.nndc.bnl.gov/nudat2/chartNuc.jsp
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3. PSMA as a Target for Molecular Imaging of Prostate Cancer 

For the imaging of PCa several metabolic tracers, like 18F-FDG and radiolabeled cholines 

have been evaluated. These tracers showed limited sensitivity for initial staging, lymph node 

detection, as well as for restaging of biochemical recurrence in patients, especially at low 

PSA level and PSA-doubling rate [85-92]. Therefore, extensive research has been 

undertaken to develop PCa targeted agents, that bind with high affinity and selectivity to PCa 

cells, to fulfill the urgent need for the non-invasive detection of molecular and cellular 

processes, that are overexpressed in PCa and that reflect the overall kinetics of the disease 

[93-96]. Among these approaches, the prostate-specific membrane antigen (PSMA) is the 

most promising target for PCa diagnosis and therapy [95, 97-99].  

 

3.1  Enzymatic Activity and Expression Pattern of PSMA 

The human prostate-specific membrane antigen (PSMA), also termed glutamate 

carboxypeptidase II (GCPII), Folate Hydrolase 1 (FOLH 1) or N-Acetylated-Alpha-Linked 

Acidic Dipeptidase I (NAALADase I) is an enzyme from the family of zinc-metallopeptidases 

[100-106].  

PSMA is expressed in the normal prostate epithelium, the kidneys, the proximal tubuli of the 

kidneys, the salivary glands, the nervous system glia, and the small bowel [107-110]. 

The molecular functions of PSMA within the nervous system glia and the small bowel are still 

not fully elucidated. In the nervous system PSMA acts as “NAALADase” and hydrolyses the 

abundant neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG) in N-acetyl-L-aspartate 

and L-glutamate (Figure 4) [111-114].  

In contrast, PSMA in the small intestine acts as “folate hydrolase”. PSMA is responsible to 

hydrolyze the C-terminal glutamates of dietary folates, existing in the form of folyl-poly-γ-L-

glutamates (Figure 4) [104, 115-117]. The resulting folate is actively transported across the 

intestinal wall into the blood stream [118]. The enzymatic role of PSMA and the in the 

prostate and the renal proximal tubules is still unclear, but it may be related to folate 

metabolism in these tissues [103, 119].  
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Figure 4: Crystal structure of the homodimer of human GCPII (PSMA). One monomer is shown in 

semitransparent surface representation. The individual domains of the extracellular part include the protease 

domain (green), the apical domain (blue) and the C-terminal domain (yellow). The second monomer is colored 

gray. N-linked sugar moieties are colored cyan, and the active-site Zn
2+

 ions are shown as red spheres. Left 

panel: GCPII catabolizes NAAG (peptidic neurotransmitter) in the mammalian nervous system. Right panel: 

GCPII hydrolyzes the C-terminal γ-glutamate tail of dietary folates at the plasma membrane of enterocytes – 

Figure was originally published in [120].  

 

In contrast to the comparatively low expression levels of PSMA in nervous system glia and 

the small bowel, PSMA is up to 100 to 1000-fold overexpressed in PCa [121]. Expression 

levels of PSMA seem to be depended on malignancy, as PSMA upregulation increases from 

benign prostatic hyperplasmia to high-grade prostatic intraepithelial neoplasia to prostatic 

adenocarcinoma [122, 123]. It was found that PSMA expression correlates with increased 

aggressiveness of PCa and may have a functional role in the progression of higher-grade, 
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metastatic and castration-resistant PCa [98, 121, 124-126]. While the enzymatic function of 

PSMA in normal and diseased prostate is still unclear [127-129], the folate level seems to 

play an important role in tumor growth [130].  

Due to its high and consistent expression in PCa and the high accessibility as a surface 

membrane protein, PSMA represents an ideal target for molecular imaging and targeted 

therapy using highly specific radiolabeled PSMA ligands, i.e. inhibitors. 

 

3.2 PSMA Structure and Urea-based PSMA Inhibitor Design 

The homodimeric transmembrane protein PSMA consists of 750 amino acids (aa) [131, 132] 

and is divided in three structural domains, including the intracellular N-terminal domain  

(19 aa), a hydrophobic transmembrane domain (24 aa) and the extracellular domain (707 aa) 

[101, 133]. The extracellular catalytic site of PSMA contains three structurally distinct 

domains: the protease domain, the apical domain, and the C-terminal domain (Figure 4). 

Each domain contributes residues implicated in substrate binding [101, 134, 135].  

The PSMA internal ligand-binding cavity can be divided into three continuous parts: the 

dinuclear zinc active center, the S1´pharmacophore pocket, and an irregular shaped 

entrance funnel, connecting the active site to the external surface of PSMA (Figure 6) [136-

138]. 

The main strategy for the development of PSMA inhibitors was the linkage of a glutamate 

moiety to a zinc-binding functionality, containing a linker/effector part. Furthermore, these 

three semi-independent parts can be tailored to suit experimental or clinical needs [137, 

139]. By this time, small molecule PSMA inhibitors can be divided into three groups, 

distinguishable by their functionalities with affinity for zinc: 1) phosphonates, 

phosphoramidates [134, 140], 2) thiols [141, 142] and 3) urea-based glutamate 

heterodimers, which especially exhibit high substrate specificity to PSMA (Figure 5) [143-

145]. 
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Figure 5: Classification of small molecule PSMA inhibitors: (1) phosphoramidates, phoshonates, (2) thiols and (3) 

urea-based glutamate heterodimers. 

 

The active center of PSMA contains two zinc ions with an activated water molecule, which 

interact with the carbonyl oxygen of the ureido motif of the inhibitors. The active site is 

essential for hydrolytic function of PSMA, while urea-based inhibitors show resistance to 

hydrolysis of the enzyme and act as an amide-bioisostere (Figure 6) [143, 146, 147].  

The S1’ pharmacophore pocket (glutamate pocket) specifically binds L-glutamate or 

glutamate-like moieties at the C-terminal part of the inhibitor. SAR studies revealed low 

tolerance for substitutions at this position of the PSMA ligand (Figure 6) [145, 148-152].  
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Figure 6: Left: Scheme of the catalytic site of PSMA, indicating the NAAG hydrolysis in the active center.    

Right: Presentation of an overlap of four Glu-urea–based ligands within the binding cavity of PSMA. All ligands 

show a structural overlap of pharmacophore modules (cyan), connected to a flexible proximal linker (magenta), 

and a functional spacer (yellow) of different lengths to address the respective pockets in the entrance funnel of 

PSMA with an effector moiety (blue). Zinc ions are shown as orange spheres. Figure was originally published in 

JNM [153]. © SNMMI Kopka K et al. Available from: http://jnm.snmjournals.org/content/58/Supplement_2/17S. 

 

Compared to the S1´ site, the entrance funnel contains structural defined pockets e.g. the 

arginine patch, the S1 accessory pocket and the arene-binding site (Figure 6, 7). It has been 

shown, that modifications within the spacer/effector portion of Glu-urea-based inhibitors are 

well tolerated by PSMA because of the quite spacious entrance funnel, which can 

accommodate many diverse chemical groups and is therefore more flexible in terms of 

structural modifications of PSMA inhibitors [137, 143, 145, 149, 154-156].  

A central feature of the S1 pocket is the “arginine patch”, which can transit between two 

distinct confirmations, and define therefore the size of the S1 accessory pocket (Figure 7) 

[134, 143, 157, 158]. The P1 carboxylate of the urea-based ligands contributes prominently 

to PSMA-inhibitor binding in the S1 pocket [143, 150]. Therefore, this structural feature 

should be preserved in urea-based inhibitors to retain high-affinity to PSMA [151]. 

In contrast, the P1 side chain is placed into a “hydrophobic part” of the S1 pocket with no 

significant interactions [143, 156]. However, depended on the lengths of the side chain and 

the appendage of a hydrophobic functionality at the P1 position, the hydrophobic pockets 

within the entrance funnel can be addressed and therefore, affinity towards PSMA may be 

increased [143, 156].  

 

http://jnm.snmjournals.org/content/58/Supplement_2/17S
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Figure 7: Presentation of the internal exemplary inhibitor-binding cavity of PSMA, consisting of a S1′ glutamate 

recognition pocket, zinc(II) active site, and irregularly shaped entrance funnel. The structural features of the 

entrance funnel are the arginine patch, S1 accessory hydrophobic pocket (blue), and arene-binding site (red), 

which can accommodate functional groups of different sizes and physicochemical characteristics.                                    

Figure was originally published in JNM 2017 [153]. © SNMMI Kopka K et al.; Available from: 

http://jnm.snmjournals.org/content/58/Supplement_2/17S. 

 

3.3 PSMA – Internalization 

PSMA is constitutively internalized like many surface membrane proteins. The internalization 

of PSMA is mediated by five N-terminal amino acids in the cytoplasmic tail, which are 

essential for internalization [159]. After interaction of the cytoplasmic tail with several scaffold 

proteins, like clathrin and filamin-A, endocytosis occurs predominantly in a clathrin-

dependent manner [159-162].  

It has been described that internalization of PSMA can be significantly enhanced by binding 

of PSMA-specific antibodies or small molecule inhibitors at an increased rate and extent 

[163, 164]. The ability of PSMA to undergo constitutive internalization and the rate and extent 

of radioligand internalization are important requirements for the in vivo tumor accumulation 

and retention of the tracer in targeted tissue, resulting in high-contrast in vivo imaging and 

therapeutic efficiency [165, 166]. However, it is still unclear which structural features of 

PSMA-inhibitors influence the internalization efficiency and whether there is a correlation 

between PSMA-affinity and internalization. 
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3.4 Radiolabeled Probes for the Diagnosis of Prostate Cancer 

The dual nature of PSMA, acting as an receptor as well as an enzyme, has paved the way 

for the development of several approaches to target PSMA via radiolabeled molecules [139, 

167-170]. Based on the macromolecular protein structure of PSMA, specific monoclonal 

antibodies have been developed, showing selective and specific binding to either the 

extracellular or intracellular domain of PSMA [169, 171-178]. However, the use of antibodies 

for PCa diagnosis showed major disadvantages, including the long circulatory half-life, poor 

tumor penetration and low tumor-to-background ratios. In contrast, small molecule inhibitors 

exhibit favorable pharmacokinetics, rapid diffusion in the extravascular space and faster 

blood clearance, resulting in higher tumor-to-background ratios [170]. Therefore, due to the 

enzymatic nature of PSMA the development of low molecular weight anti-PSMA inhibitors 

has been triggered in recent years [139, 167, 168]. Especially urea-based PSMA inhibitors 

for SPECT and PET imaging show promising results in clinical assessment for PCa 

diagnosis [170, 179, 180].  

 

3.4.1 Clinical Assessment of Urea-based SPECT Tracers  

Highly promising radioiodinated urea-based inhibitors are 123I-MIP-1072 and 123I-MIP-1095 

(Figure 8). Due to the higher lipophilicity of 123I-MIP-1095, 123I-MIP-1072 exhibits significantly 

faster clearance from PSMA-negative tissues and is excreted over the kidneys/bladder [181]. 

However, 123I-MIP-1095 showed 5-fold higher affinity towards PSMA and enhanced tumor-

uptake in animal models, which might be explainable due to additional hydrophobic 

interactions of the tracer with sites outside of the PSMA binding pocket [182]. Initial clinical 

studies of both tracers revealed high-contrast imaging of both bone and lymph node 

metastasis and demonstrated the suitability of these agents for the diagnosis of PCa [181]. 

Due to the favorable nuclide characteristics, 99mTc remains the radionuclide of choice for 

SPECT imaging. Different 99mTc-labeled urea-based PSMA inhibitors have been developed 

and (pre)clinically evaluated [183-185]. Previous studies, investigating the influence of 

different chelators and linker lengths with respect to the overall performance of the derived 

99mTc-labeled Glu-urea-Lys-based PSMA ligands, revealed that the charge, polarity, and 

hydrophilicity contribute to efficient PSMA-targeting and pharmacokinetics of the respective 

inhibitors [139, 186, 187]. 
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Figure 8: Chemical structures of radioiodinated and 
99m

Tc-labeled PSMA inhibitors, which are currently under 

clinical investigation for SPECT imaging of PCa. 

 

Molecular Insight Pharmaceuticals developed two promising inhibitors, termed 99mTc-MIP-

1404 and 99mTc-MIP-1405, and implemented an exploratory investigational new drug 

application (IND) to transfer them to the clinic (Figure 8) [139]. The urea-based inhibitors 

MIP-1404 and MIP-1405 were conjugated to a single-amino-acid chelator (SAAC) and 

radiolabeled using 99mTc-based tricarbonyl chemistry [183, 188]. Both tracers revealed 

impressive results for diagnostic imaging of PCa in preclinical and clinical studies [183, 185]. 

These tracers cleared rapidly from the circulation and showed persistent uptake in PSMA-

expressing tissues, the lacrimal, and parotid glands and in bone-/lymph node metastasis as 

early as 1 h p.i.. Furthermore, more bone metastases were visualized using these agents in 

comparison to conventional bone scans (Figure 9) [183, 185]. Due to the shift towards 

hepatobiliary excretion and therefore lower activity in the urinary bladder, 99mTc-MIP-1404 

exhibited a clear advantage for the detection of PCa in the gland and pelvis at early stages of 

the disease compared to 99mTc-MIP-1405. 99mTc-MIP-1404 is currently under clinical 

investigation in a phase 2 trial (Figure 9) [185, 189]. 
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Figure 9: Comparative SPECT imaging of 
99m

Tc-MIP-1404 (A) or 
99m

Tc-MIP-1405 (B) in the same patient with 

metastatic PCa (4 h p.i.), in comparison to standard bone scan (C). Figure was originally published in JNM 2014 

[185] © SNMMI, Vallabhajosula S, et al. Available from: http://jnm.snmjournals.org/content/55/11/1791. 

 

3.4.2 Clinical Assessment of Urea-based PET Tracers  

So far, the most extensively studied PET Tracer for PCa imaging is 68Ga-HBED-CC-Ahx-KuE 

(68Ga-PSMA-11) (Figure 10). Several clinical studies demonstrated the potential of 68Ga-

PSMA-11 for the detection of primary tumors, as well as for metastatic PCa lesions with high 

sensitivity and specificity (Figure 12) [190-202]. A retrospective study demonstrated the 

positively association of PSA level and androgen deprivation therapy with tumor uptake of 

68Ga-PSMA-11 and has been proven that 68Ga-PSMA-11 PET/CT imaging is crucial for the 

restaging, planning and monitoring of therapy, as well as for the evaluation of recurrence 

[193, 203]. However, 68Ga-PSMA-11 shows high background uptake in the liver, kidneys, 

and the salivary and lacrimal glands. Hence, several pitfalls have been reported, like 

pathological uptake of 68Ga-PSMA-11 in coeliac ganglia [204], resulting in difficulties 

interpreting PET images.  

In preclinical studies, a novel inhibitor 68Ga-PSMA-617 showed superiority to 68Ga-PSMA-11 

concerning the in vitro and in vivo PSMA-targeting characteristics (Figure 10) [205]. An initial 

clinical assessment of the theranostic tracer, which could be either labeled with 177Lu or 68Ga, 

revealed high contrast imaging of PCa lesions. However, due to high plasma protein binding, 

only at late imaging time points (3-4 h p.i.) [206].  

Another promising tracer for PET imaging of PCa is 68Ga-PSMA-I&T (Figure 10, 11) [207]. 

The DOTAGA-conjugated ligand allows labeling with both 68Ga and 177Lu, and thus can be 
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used for diagnostic and therapeutic purposes. An initial study of 68Ga-PSMA-I&T PET/CT 

PCa imaging revealed high uptake in primary lesions, as well as lymph node, bone, and liver 

metastases (Figure 12). Subsequently, biodistribution and radiation data were evaluated in 

five patients, showing promising dosimetry and high imaging contrast at 1 h p.i [208].  

 

 

 

Figure 10: Chemical structures of 
68

Ga-labeled PSMA inhibitors, which are currently under clinical investigation. 

 

One of the first clinically investigated 18F-labeled PSMA ligand was 18F-DCFBC (Figure 11). 

18F-DCFBC PET/CT imaging demonstrated feasibility for the detection of high grade primary 

PCa and metastatic lesions [209] and may allow a more specific localization of high grade 

and clinically significant tumor lesions compared to MRI [210]. A major disadvantage of     

18F-DCFBC is the high plasma protein binding of the tracer, which results in slow clearance 

kinetics and high blood pool activity, which potentially interferes with the detection of lower 

avidity or smaller tumor lesions (Figure 12) [209, 211]. 
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To overcome these limitations a second generation radiofluorinated PSMA inhibitor, termed 

18F-DCFPyl, was developed by the same group (Figure 11) [212]. Initial studies revealed five 

times higher PSMA affinities, enhanced tumor uptake with rapid plasma clearance, resulting 

in higher tumor-to-background ratios and lower accumulation in the liver compared to        

18F-DCFBC. However, a considerable kidney and salivary gland uptake of 18F-DCFPyl was 

observed (Figure 12) [213]. An initial comparison of PSMA-based PCa imaging between   

18F-DCFPyl and 68Ga-PSMA-11 PET/CT demonstrated promising results in detection of 

primary and metastatic PCa [211, 213], regarding higher sensitivity, higher tumor-to-

background ratios and faster clearance of the 18F-labeled compound [214]. Overall, this study 

suggests that 18F-DCFPyl PET/CT imaging is superior to 68Ga-PSMA-11 PET/CT for the 

diagnosis of PCa.  

 

 

Figure 11: Chemical structures of 
18

F-labeled PSMA inhibitors, which are currently under clinical investigation. 

 

PSMA-1007, a novel 18F-labeled tracer based on the scaffold of PSMA-617, was developed 

[206, 215]. A first-in-man study of a patient with mCRPC revealed similar tumor and organ 

uptake for 18F-PSMA-1007 and 177Lu-PSMA-617 [216]. Further studies in patients 

demonstrated a comparable radiation dosimetry of 18F-PSMA-1007 to 18F-DCFPyl and high-

contrast imaging for both tracers with excellent sensitivity for the detection of small lymph 

node metastasis (Figure 12) [217, 218]. The predominant hepatobiliary excretion with 

reduced urinary uptake of 18F-PSMA-1007 might facilitate some advantages for local 

recurrence or pelvic lymph-node detection, whereas the fast renal excretion of 18F-DCFPyl 

with lower hepatic background might favor the detection of liver metastases in late stages of 

PCa [217, 218]. Overall, a major disadvantage is the slow delivery of 18F-PSMA-1007 

combined with slow clearance kinetics, resulting in favorable tumor-to-background ratios and 

an increased tumor uptake up to 50% at late imaging time points (3h p.i.) [217]. 
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Figure 12: MIP images of 
68

Ga- and 
18

F-labeled PSMA inhibitors most commonly used for PET imaging. Images 

were acquired at different centres. The specific tumor uptake in different numbers of lesions uptake is indicated by 

red arrows and depended on extent of disease in respective patients. Figure was originally published in JNM 

2014 [219] © SNMMI, Eiber M, et al. Available from: http://jnm.snmjournals.org/content/58/Supplement_2/67S. 

 

3.5 The Concept of Radio-guided Surgery  

Besides endoradiotherapy, other therapeutic strategies such as PSMA-targeted radio-guided 

surgery (RGS) have been developed [220]. To supplement the theranostic approach,  

PSMA-I&T (Figure 10) was labeled with 111In and successfully used as a gamma probe for 

the specific intraoperative detection of small metastatic lymph nodes and atypically located 

lesions [220, 221]. This therapeutic strategy offers the localization of small metastatic lymph 

nodes and micro metastases during surgery, which can potentially cause recurrence of the 

disease. After preoperative 68Ga-PSMA-11 PET/CT, 111In-PSMA-I&T was injected 24 h 

before surgery. All visible lesions on PET/CT were detected with intraoperative guidance, 

using a gamma probe with live acoustic feedback of the count rate. All resected specimen 

were further confirmed by ex vivo histopathology to bear PSMA-expressing metastatic 

disease (Figure 13). It has been shown that 111In-PSMA-I&T RGS enables the detection of 

even subcentimeter lesions, as well as tumor deposits, that could not be visualized on 

preoperative 68Ga-PSMA-11 PET scans, which clearly demonstrates the sensitivity of this 

method [219, 220]. A follow-up study, summarizing the data of 30 patients (after salvage 

PSMA RGS), was highly promising and indicated the beneficial influence of 111In-PSMA I&T 

RGS on further disease progression [219, 222]. 
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Figure 13: Representation of the clinical workflow of 
111

In-PSMA-I&T RGS. 
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II. Introduction to Selected Methods 

In this chapter, selected methods described in the publications, such as nuclide production 

and labeling methods are pinpointed.  

 

1. 18F-Radiochemistry 

1.1 18F-Production and Properties 

Due to the unique physical and nuclear properties, 18F is the most important radioisotope in 

PET imaging. The half-life of 109.7 min enables multi-step syntheses of 

radiopharmaceuticals and permits longer imaging protocols to investigate processes of 

slower tracer kinetics [223]. The low maximum positron energy of 0.63 MeV 

(Emean = 0.25 MeV) results in a short maximum positron range in tissue (2.2 mm), which gives 

the highest spatial resolution in comparison to other positron emitters [84, 224].                   

18F predominantly decays by positron emission (97%) and did not accompany gamma rays, 

resulting in lower radiation dose of the patient and making the reconstruction of PET images 

easier [84].  

The most commonly used production of nucleophilic n.c.a. 18F-Faq
- is the bombardment of 

18O-enriched water (> 98%) with high energy protons (typically ~15 MeV) [225, 226]. The 

production can be performed either in a cyclotron or a linear particle accelerator. The target 

for the 18O(p,n)18F reaction consists of resistant silver or niobium material, which is 

chemically stable under extreme conditions during the irradiation process [227, 228]. The 

yield of 18F production is dependent on the target volume, the proton energy, the 

bombardment time, and the beam current. 120 min of bombardment with a beam current of 

about 60 µA usually yield about 120 GBq of 18F with high specific activity (SA) (6.3 x  

1019 Bq/mol) [53]. The produced 18F-HF in the target water can easily be trapped on a anion 

exchange cartridge and can be separated from the target water and traces of 13N [223]. Due 

to high production yields, multiple doses of 18F-labeled tracers can be produced in one 

synthesis, enabling centralized production and commercial distribution in greater areas. 
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1.2  18F-Radiolabeling 

The most common method to prepare radiofluorinated compounds is the aliphatic and 

aromatic nucleophilic substitution of halides and sulfonates (e.g. tosylates, triflates, nosylates 

and mesylates) by n.c.a 18F- [57]. The nucleophilicity and solubility of 18F- in aqueous solution 

is increased by the use of phase-transfer catalysts (e.g Kryptofix 2.2.2® (K2.2.2) or quaternary 

ammonium derivatives), forming bulky counter cation 18F- anion complexes. To remove 

water, the chemically inert hydrated 18F- anions have to be dried azeotropically under 

reduced pressure with acetonitrile (MeCN). For radiolabeling reaction polar aprotic solvents 

like DMF, MeCN and DMSO were used to improve the ionic dissociation of 18F- with the bulky 

counter cation [229-232]. Direct 18F-labeling of organic molecules work only well without 

acidic protons (or NH2, OH, SH - groups) within the precursor. In this case the introduction of 

18F- by nucleophilic substitution is only possible by using protecting group strategy, resulting 

in time-consuming more-step reactions [233]. Finally, purification and formulation steps are 

necessary.  

More complex molecules, like peptides, contain several reactive nucleophilic moieties or 

acidic protons, which makes direct 18F-labeling by nucleophilic substitution nearly impossible. 

The labeling of peptides via small 18F-labeled prosthetic groups overcome these limitations 

[234-239]. For this purpose several 18F-fluoroalkylation/-acylation agents have been 

developed [234, 235, 238, 240-244]. These 18F-labeled prosthetic groups have to be 

synthesized in advance and afterwards, reaction with –NH2, -OH or other nucleophilic group 

of the targeted biomolecule is carried out. To separate the labeled prosthetic groups from the 

precursor, purification is indispensable before conjugation to the biomolecule. To avoid 

multiple reaction sites in the biomolecule, other reactive groups (where radiolabeling is 

undesired) have to be chemically protected.  

To circumvent the complicated syntheses of fully protected labeling precursors and to avoid 

additional time-consuming deprotection steps after 18F-labeling with prosthetic groups, more 

site-specific labeling strategies have been developed [245-247]. A promising approach is the 

chemo-selective ligation of 18F-labeled aldehydes, such as 4-18F-fluorobenzaldehyde  

(18F-FBA), which selectively forms an oxime bond with aminooxy-derivated peptides under 

mild and aqueous reaction conditions [245, 248, 249]. This 18F-labeling synthon reacts site-

specifically and in high RCYs in the presence of a whole spectrum of functional groups within 

the peptide precursor [246, 247]. The use of aniline as a nucleophilic catalyst, significantly 

accelerate oxime ligation [249, 250].  
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Another promising approach for selective peptide radiolabeling is the use of preactivated  

,6-18F-fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester (18F-FPyl-TFP) as prosthetic group 

[212, 245, 251, 252]. After one-step radiosynthesis of 18F-FPyl-TFP and subsequent SPE 

cartridge purification, peptide conjugation can be carried out under mild basic conditions in 

good conjugation yields without addition of coupling reagents [213, 251]. 

Recently, a new approach for efficient, time-saving and reliable 18F-labeling of aliphatic and 

aromatic prosthetic groups via nucleophilic substitution, such as 18F-FPyl-TFP and 18F-FBA, 

was described [253, 254]. Thereby, 18F- is directly eluted with a quaternary 

trimethylammonium precursor salt, dissolved in an alcoholic solution. After evaporation and 

addition of a dipolar aprotic solvent, the 18F-labeling is carried out under heating. Via SPE 

cartridge purification the 18F-labeled compound can be easily separated from the precursor 

salt. High chemical yields up to 80-90% can be achieved in short synthesis time (app. 5-

10 min). This highly promising “minimalist” approach needs neither azeotropic drying steps, 

nor base or any other additives, like cryptands or crown ethers, which may facilitate 

automatization of 18F-radiolabeling for clinical routine. 

 

2. 99mTc-Radiochemistry 

2.1 99mTc-Production and Properties 

More than 80% of all nuclear medicine investigations apply radiopharmaceuticals labeled 

with 99mTc. Among other radionuclides for SPECT imaging, 99mTc holds a prominent position 

due to its optimal gamma energy, its availability from 99Mo/99mTc generators, the relatively 

low costs, and the reliable labeling procedures based on kit preparations. Other advantages 

are: 99mTc emits only photons, rather than positrons or negative ß-particles, and the primarily 

short half-life results in low radiation burden of the patients [255-257].  

The elution of 99mTc-pertechnetate (99mTcO4
-) from the 99Mo/99mTc generator (molybdate 

(MoO4
2−) is absorbed on an Al2O3 matrix) is carried out using isotonic saline. The parent 

radionuclide 99Mo spontaneously decays through several ß-particle transitions to metastable 

99mTc (87 %) and to long-lived 99Tc (t1/2 = 212000 years). Subsequently, the metastable 99mTc 

decays to 99Tc (t1/2 = 6.02 h), under emission of gamma radiation (140.5 keV) [255-259].  

99mTcO4
- shows neglible chemical reactivity and cannot bind directly to any ligand. Therefore, 

reduction to lower oxidation states in the presence of suitable ligands is necessary for 

molecule labeling; otherwise colloidal 99mTcO2 is formed in aqueous media. For the reduction 
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of 99mTcO4
- the stannous ion (SnCl2), is usually used as reductant. After reduction of 99mTcO4

- 

to a lower oxidation state in the presence of ligands, coordination complexes of 99mTc (acting 

as Lewis acid) and functional groups (act as Lewis bases) are formed [255]. Depending on 

the ligand, 99mTc is stabilized in different oxidation states, predominantly, penta- or 

hexacoordinated complexes containing a 99mTcO2
+ or a 99mTcO+ core. In the presence of 

other suitable ligands the formation of other cores and complexes of lower oxidation states 

(IV, III, I) are possible. Ligands for 99mTc-complexation containing one donor group, such as 

an amine, thiol, phosphine, oxime or isonitrile, form monodentate complexes with the 99mTc-

core. Moreover, ligands with two or even more donor groups from a single molecule (chelate) 

can bind to one 99mTc-core [255, 257, 260]   

 

2.2 99mTc-Labeling of Peptides  

For the design of target-specific 99mTc-labeled peptides, 99mTc is usually attached to the 

peptide via different chelating units. The quest for the optimal chelator should be in 

accordance with the target-specific biomolecule. Important therefore is, that the chelating 

unit should not affect the potency nor alter the in vivo properties of the peptide and the 

chelate 99mTc-complex should preferably be an integral part of the biomolecule [184, 186, 

257, 261-263].  

Different amino- and/or amido NxS(4-x)-based tetradentate chelators (e.g. DADT, MAMA) for 

complexation of a 99mTc(V)-oxo core ([99mTcO]3+) have been extensively investigated for the 

99mTc-labeling of biomolecules (Figure 14). However, many of these systems show upon 

complex formation multiple isomers, differing in their pharmacokinetic properties [255, 257, 

260, 264-268]. Expansion of this functionalized peptide approach resulted in the 

development of peptide-bound chelators, such as N3S-adipate (mercaptoacetamido-

adipoylglycylglycine), MAG3 (mercaptoacetyltriglycine) and its more hydrophilic counterpart 

MAS3 (mercaptoacetylserine), which belong to the mostly used chelators for peptide labeling 

(Figure 14) [260, 269-272]. The use of these chelators for peptide labeling requires heating 

to 80-100°C for 10–20 min, due to their relatively slow complexation kinetics.  

Another widely applied 99mTc-labeling strategy is the use of HYNIK (2-hydrazinonicotinamid)-

peptide complexes (Figure 14) [255, 273-275]. HYNIK may coordinate the 99mTc-core via a 

monodentate diazenido- or bidentate-mode, involving the hydrazine and heterocyclic 

nitrogens [276, 277]. To saturate the hexacoordination sphere of the 99mTc(V)-core with 

donor groups, co-ligands like EDDA (ethylenediamine diacetic acid) and tricine (N-

(Tri(hydroxymethyl)methyl)glycine) are used to increase 99mTc-complex formation [260, 278, 
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279]. The choice of the appropriate co-ligand, as well as combinations thereof have an 

influence on the in vivo stability of the 99mTc-complex, as well as on the tracer kinetics [260, 

262, 264, 278, 280]. 

 

 

Figure 14: Peptide labeling via the [
99m

TcO]
3+

, the 
99m

Tc-HYNIC, and [
99m

Tc(CO)3]
+
 core, using different chelating 

systems (the site of peptide attachment is indicated). 

 

In addition, several suitable tridentate and bidentate chelators, such as picolylamine diacetic 

acid (PADA) and histidine have been developed for the complexation of an 99mTc(CO)3 core 

(Figure 14) [281, 282]. The preparation is carried out in two steps: firstly, the formation of an 

[99mTc(CO)3(H2O)3]
+ aquaion, using sodium boranocarbonate (Na2BH3CO2) and secondly, by 

replacement of the labile water molecules by tri-/bidentate ligands [283]. These complexes 

exhibit high in vivo stability, however bidentate chelates can be further stabilized by addition 

of a monodentate ligand (phosphines, isocyanides, or aromatic amines), forming the fully 

coordinated “2+1” mixed ligand system [255, 260, 284-287]. 
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 2.3 99mTc-Kit Labeling 

Kit preparations have been greatly simplified the 99mTc-labeling procedures. Generally, the 

99mTc-eluate (99mTcO4
- in saline) is added to a sterile kit, initiating the direct labeling of the 

precursor [258]. The commercially available kits given the need to provide easy labeling 

procedures for clinical routine production and contain all chemical compounds that are 

necessary for the labeling in lyophilized form.  

The standard reducing agent used for kit preparations is SnCl2. The reducing agent is 

usually in high excess compared to other kit components, due to the oxidation sensitivity by 

air or radiolysis [288].  

The formation of colloidal 99mTcO2 is avoided by coordination of the reduced 99mTc species in 

the presence of the functionalized precursor. To provide a suitable pH for the labeling 

procedure, buffers are important components [257]. 

Further additives in kit formulations are antioxidants, catalysts, accelerators, and fillers [289, 

290]. Antioxidants, such as ascorbic acid, prevent reoxidation to increase the stability of 

99mTc-radiopharmaceuticals [291]. Intermediary coordination ligands such as citrate or 

tartrate can act as catalysts and stabilize reduced 99mTc, if complex formation with the 

precursor is slow [292]. Accelerators increase the rate of complex formation [292] and inert 

fillers (e.g. lactose) achieve rapid solubilization of the vial content [290]. For kit-based 

synthesis of new 99mTc-labeled tracers many variables, such as optimized composition of all 

kit ingredients, the reaction time, temperature, and pH have to be explored during the 

developmental phase to obtain high RCYs and only the desired product [257].  
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III. Objectives 

Due to the high and consistent expression of PSMA and the high accessibility as a cell-

surface membrane protein, it represents an excellent target for molecular imaging of PCa. 

Therefore, targeting of PSMA using highly specific radiolabeled inhibitors is of upmost clinical 

relevance for the diagnosis and (re)staging of PCa, as well as for the selection of PCa 

treatment.  

Driven by the clinical interest for the intraoperative detection of small and atypically localized 

PCa lymph node metastases and based on the introduction of 111In-PSMA-I&T for PSMA-

targeted radioguided surgery (RGS) and SPECT imaging, this theranostic tracer concept 

should be adapted to the requirement of 99mTc-chemistry [220, 221]. Decisive factors for the 

development of a corresponding 99mTc-labeled analog are the suboptimal nuclear properties 

of 111In, its high costs, and its limited availability, which restricts the application of 111In-

PSMA-I&T for clinical routine. Besides the selection of an optimal 99mTc-labeling strategy, to 

ensure fast and robust radiolabeling, the major focus should be directed towards the 

enhancement of the lead structure of PSMA-I&T to design a novel gamma probe with 

improved PSMA-targeting characteristics. 

To investigate the clinical impact of 99mTc-PSMA-based RGS for removal of recurrent PCa 

lesions and on further disease progression, the feasibility and short-term outcomes of    

99mTc-PSMA-based RGS should be analyzed in a small cohort of patients, with recurrent PCa 

after radical prostectomy, in collaboration with the Department of Nuclear Medicine and the 

Department of Urology of the TUM. 

In addition, the severe limitations of 68Ga for PET imaging result in a continuously growing 

clinical demand for 18F-labeled PSMA ligands. Thus, the second aim of this thesis was the 

development of novel 18F-labeled PSMA tracers, exploiting optimized 18F-labeling strategies, 

as well as the enhanced experience concerning the structural requirements for ligand design 

for optimal PSMA binding. To ensure a valid comparative assessment of the new tracers, 

18F-DCFPyl and 18F-PSMA-1007 should be used as reference and should be preclinically co-

evaluated, using the same assays and preclinical test systems [212, 215]. 

All radiolabeled ligands investigated in this thesis should be preclinically evaluated, using 

comparative and robust systems to determine the in vitro, as well as the in vivo PSMA-

targeting characteristics (affinity (IC50), internalization efficiency, lipophilicity, metabolic 

stability, in vivo biodistribution, and µPET imaging). Initial first proof-of-concept studies in 

humans should be conducted to assess the potential of the novel PSMA inhibitors in a 

clinical setting. 
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IV. Results 

In this chapter the reported projects of the development of PSMA-targeting 

radiopharmaceuticals for PET-, SPECT imaging, and RGS are outlined. The scientific details 

are available in the attached original peer-reviewed publications (Appendix VIII). 

 

1. Novel and Established Radiopharmaceuticals for Diagnosis and Therapy of 

Prostate Carcinoma  

Weineisen M, Robu S, Schottelius M, Wester H-J. Nuk. 2015; 38(02): 89-98.  

DOI: 10.1055/s-0035-1549863 

 

 

Figure 15: Various classes of radiopharmaceuticals for molecular imaging and therapy of PCa. Figure was 

originally published in [293] © Georg Thieme Verlag KG. 

In this review recent developments of radiopharmaceuticals for the diagnosis and therapy of 

PCa were summarized, evaluated and assessed with respect to clinical applications. Due to 

the limited sensitivity of conventional imaging techniques, combination of PET/CT, 

SPECT/CT, and PET/MRI is developing a remarkable change on the clinical management of 

PCa [294]. For the enhanced detection of locally recurrent or metastatic PCa, metabolic 

processes and various targets have been addressed by molecular imaging.  
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The potential of metabolic 18F-FDG PET imaging is limited by the low glycolytic rate of most 

PCas [295, 296]. Further advances for the detection of recurrent PCa have been achieved by 

investigation of PET tracers targeting the lipid metabolism, like 18F/11C-choline derivatives 

and 11C-acetate [85, 297-299]. However, especially in patients with low PSA levels a poor 

sensitivity and specificity for initial staging and lymph node detection of biochemical PCa 

recurrence have been reported [86-88]. 18F-FACBC, an amino acid transport imaging agent, 

was approved by the FDA, showing comparable detection rates in recurrent PCa to those of 

the choline derivatives [219, 300, 301]. 

Receptor specific ligands labeled with a broad range of radionuclides for PET and SPECT 

imaging have been developed for the diagnosis of PCa. The detection of primary tumors 

using Gastrin-releasing peptide receptor (GRPR)-targeted tracers exhibited promising 

results, demonstrating the clinical potential of these tracer class for initial staging of PCa 

[302].  

Due to the overexpression of the prostate-specific membrane antigen (PSMA) it represents a 

promising target for both imaging and therapeutic interventions of PCa, using radiolabeled 

antibodies, as well as highly specific small molecule inhibitors [28, 303-306]. Small molecules 

have a clear advantage over much larger constructs, such as antibodies, due to their faster 

clearance from the blood and increased tumor permeability, resulting in rapid and persistent 

uptake in tumor lesions with minimal retention in non-targeted tissue [137]. Several studies 

demonstrated the remarkable potential of radiolabeled small molecule PSMA inhibitors in 

early diagnosis, staging of high-risk patients, anatomic localization of metastases and 

therapy planning [137, 219]. Treatment options for PCa patients with metastatic disease 

were for some time restricted to androgen-deprivation therapy and chemotherapy, which 

causes potentially serious adverse effects [219, 307, 308]. For the additional treatment of 

bone metastasis 223Ra-dichloride (Xofigo) was approved by the FDA and EMA [309]. Due to 

the urgent need for additional therapy options for patients with soft-tissue metastasizing 

disease, methods have been developed to label PSMA inhibitors, either with 68Ga or 177Lu, 

enabling their use as theranostics, which offers promising perspectives for PSMA-targeted 

therapy [139]. Initial data of endoradiotherapeutic applications of these novel ligands in 

patients with metastatic PCa demonstrated highly promising molecular and morphological 

treatment responses [137, 139, 219]. 
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2. Preclinical Evaluation and First Patient Application of 99mTc-PSMA-I&S for 

SPECT Imaging and Radioguided Surgery in Prostate Cancer 

Robu S*, Schottelius M*, Eiber M, Maurer M, Gschwend J, Schwaiger M, Wester H-J. J Nucl 

Med. 2017; 58:235-242. DOI: 10.2967/jnumed.116.178939 

 

Figure 16: Adaption of the theranostic tracer concept of 
111

In-PSMA-I&T towards the requirements of 
99m

Tc-

chemistry: Ligand design of the gamma probe 
99m

Tc-PSMA-I&S for PSMA-targeted RGS and SPECT imaging.  

Initial studies demonstrated the suitability of 111In-PSMA-I&T for preoperative PCa SPECT 

imaging and radio-guided surgery (RGS), however, the inherent limitations associated with 

the use of 111In as radionuclide restricted the broader clinical use [220, 221]. To meet the 

clinical need for a more cost-effective alternative with favorable nuclide characteristics, the 

aim of this study was to adapt the PSMA-I&T-based theranostic concept towards 99mTc-

labeling chemistry. This publication describes the synthesis and (pre)clinical evaluation of a 

novel PSMA inhibitor for SPECT imaging and RGS, termed 99mTc-PSMA-I&S (for Imaging 

and Surgery). 
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Due to the ease and efficiency of MAG3-based 99mTc-labeling, the DOTAGA-chelator in 

PSMA-I&T was replaced by a MAG3-derived more hydrophilic all-D-serine chelating moiety 

(MAS3), leading to high in vivo stability of 99mTc-PSMA-I&S. The peptidic linker of 111In-

PSMA-I&T was replaced by an optimized more lipophilic linker unit, resulting in nearly 

identical PSMA affinities and internalization kinetics for both tracers. In comparison to 111In-

PSMA-I&T, the chelator and linker-unit exchange leads to higher lipophilicity and therefore 

considerable higher plasma protein binding of 99mTc-PSMA-I&S (94%). This was mirrored in 

the biodistribution data, where 99mTc-PSMA-I&S showed delayed clearance kinetics but 

identical high uptake in PSMA-positive tissues and tumors in LNCaP-xenografts (1 h p.i.).  

The pronounced plasma protein binding also led to a relatively slow whole body clearance in 

an exemplary PCa patient, which resulted in steadily increased tracer accumulation in PCa 

lesions over time, as a result of the prolonged availability of intact 99mTc-PSMA-I&S in the 

blood and its enhanced internalization efficiency in PSMA-expressing tumor lesions. This 

synergistic effect of persistent tracer uptake in tumor tissue and continuing clearance of 

background activity resulted in excellent lesion-to-background ratios at late imaging times 

points (≥ 5 h p.i.). These combined effects represent a major prerequisite for RGS in a 

clinical setting, because the success of RGS relies on high lesion-to-background contrast at 

time of surgery, which is performed on the day after injection for practical reasons [220].  

A preoperative SPECT/CT scan showed high 99mTc-PSMA-I&S uptake in all suspect lesions, 

previously identified with 68Ga-HBED-CC-PSMA PET/CT, allowing for exact intraoperative 

identification and resection during RGS. The first-in-human studies suggested improved 

performance of 99mTc-PSMA-I&S in comparison to 111In-PSMA-I&T, based on the enhanced 

tracer uptake in tumor tissue and consequently higher imaging contrast in preoperative 

SPECT. Although, 99mTc-PSMA-I&S was mainly developed for the adaptation on the 

requirements for RGS, the quality of SPECT images obtained with 99mTc-PSMA-I&S are well 

comparable to those of promising PSMA inhibitors, such as 99mTc-MIP-1404 [183, 185].  

Moreover, to facilitate the distribution and one-site production for clinical applications, a 

robust and reliable synthesis procedure was developed, which is highly compatible with the 

daily clinical workflow, allowing the synthesis of 99mTc-PSMA-I&S in consistently high 

radiochemical yield and purity (≥ 98%, > n=200). 
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3. 99mTechnetium-based Prostate-specific Membrane Antigen-radioguided 

Surgery in Recurrent Prostate Cancer 

Maurer T*, Robu S*, Schottelius M, Schwamborn K, Rauscher I, van den Berg N, van 

Leeuwen F W B, Haller B, Horn T, Heck M M, Gschwend J E, Schwaiger M, Wester H-J, 

Eiber M. Eur Urol. 2019;75(4):659-666. DOI: 10.1016/j.eururo.2018.03.013 

 

 

Figure 17: Overview of the procedure for 
99m

Tc-PSMA-I&S based RGS: After selection of patients based on 
68

Ga-

PSMA-11-PET/CT scan, subsequent 
99m

Tc-PSMA-I&S SPECT/CT is performed to confirm tracer uptake in the 

same lesions. 
99m

Tc-PSMA-I&S based RGS is carried out on the next day, performing in vivo/ex vivo gamma 

probe measurements to reliable identify metastatic PCa lesions during surgery. Image is originally published in 

[310]. 

The use of radiolabeled inhibitors for PSMA-targeted PET allows the improved visualization 

of metastatic lesions in patients with early biochemical recurrence. In addition, the salvage 

surgery has gained increasing interest to delay further disease progression, especially in 

patients with locoregional oligometastatic disease [311-313]. The reliable identification of 

small or atypical located lesions during salvage surgery is still challenging. The theranostic 

concept of radiolabeled PSMA ligands was expanded beyond endoradiotherapy towards 

radio-guided surgery (RGS), using 99mTc-PSMA-I&S for preoperative SPECT imaging and 

primary as a gamma probe for the intraoperative detection of lymph node metastasis. 

This publication describes the feasibility and short-term outcomes of 99mTc-PSMA-I&S based 

RGS for intraoperative detection and surgical removal of recurrent PCa lesions. The 

retrospective study summarizes the data of 31 consecutive patients with evidence of 
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recurrent PCa on 68Ga-PSMA-11-PET after radical prostatectomy, undergoing salvage 

surgery using 99mTc-PSMA-I&S as a gamma probe for intraoperative guidance.  

In every patient, all lesions detected on preoperative 68Ga-PSMA-11 PET could be identified 

and removed by 99mTc-PSMA-I&S based RGS. To investigate the radioactive rating (positive 

vs. negative) of all resected tissue specimens, the findings were compared with ex vivo 

histopathological analysis. In total, 58 of 132 (46 positive and 86 negative by ex vivo gamma 

probe measurement) removed surgical specimens were confirmed to bear PSMA-expressing 

metastatic disease by ex vivo histopathology, resulting therefore in 12 false negative findings 

for gamma probe measurement. These 12 low-volume small sized lymph node metastases, 

confirmed by histopathology, could neither be detected on preoperative 68Ga-PSMA-11-PET 

nor during surgery. Thus, it seems to be advisable to dissect surrounding tissue to remove 

possible adjacent micrometastases. The radioactive rating of 99mTc-PSMA-I&S based RGS 

showed in correlation to ex vivo histopathology therefore, a specificity of 100%, and a 

sensitivity of 83.6% and an accuracy of 93.0%. 

No adverse effects, related to the administration of 99mTc-PSMA-I&S, were observed. The 

short-term outcome for 30 patients after salvage PSMA-RGS revealed a PSA decline of 

greater than 50% and greater than 90% in 24 (80%) and 17 (57%) of 30 patients, 

respectively. A reduction in the PSA-level below 0.2 ng/ml was observed in 20 patients. After 

a median follow-up of 13.8 month, 10 patients (33.3%) remained biochemical recurrence-free 

and 20 patients (65%) continued to be treatment-free at a median follow-up of 12.2 month. In 

the remaining 11 of 31 patients (35%) further PCa-specific treatment was given after a 

median of 3.7 months.  

In summary, it has been proven that 99mTc-PSMA-targeted RGS is a feasible surgical 

technique to reliable identify metastatic lymph nodes in PCa patients with biochemical 

recurrence and facilitates the surgical removel of metastatic lesions. RGS might positively 

influence the disease progression and delay the need for further systemic treatment. 

However, its long-term impact on outcome has to be further evaluated and the identification 

of suitable patients on the basis of 68Ga-PSMA-PET, as well as the consideration of clinical 

variables are essential for satisfactory results [219, 220].  
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4. Synthesis and Preclinical Evaluation of novel 18F-labeled Glu-urea-Glu-based 

PSMA inhibitors for Prostate Cancer Imaging: a comparison with 18F-DCFPyl 

and 18F-PSMA-1007 

 

Robu S*, Schmidt A, Eiber M, Schottelius M, Günther T, Yousefi B H, Schwaiger M, Wester 

H-J. EJNMMI Res. 2018; 8(1):30-40. DOI: 10.1186/s13550-018-0382-8 

 

Figure 18: Comparative µPET scans of (a) 
18

F-DCFPyl; (b) 
18

F-PSMA-1007 (c) left: EuE-k-
18

F-FBOA, right: + 

blocking with 8 mg/kg PMPA; (d) left: EuE-k-β-a-
18

F-FPyl, right: + blocking with 8 mg/kg (PMPA) (60-90 min p.i.; 

0-20 % ID/mL; 0.9-1 MBq). Image modified from [314]. 

In this study two novel 18F-labeled PSMA inhibitors based on a Glu-urea-Glu (EuE) binding 

motif were synthesized and preclinically evaluated, to address the continuously growing 

clinical demand for 18F-labeled PSMA ligands. Both tracers, termed EuE-k-18F-FBOA and 

EuE-k-ß-a-18F-FPyl, were suitable for the chemo-selective labeling with either oxime ligation 

using 18F-FBA or established acylation chemistry with 18F-FPyl-TFP. To allow for a direct 

comparison, the recently introduced tracers 18F-DCFPyl and 18F-PSMA-1007 were included 

in the preclinical evaluation [212, 215].  

Radiolabeling of the prosthetic groups was performed according to a previously published 

“minimalist approach”, without the need of time-consuming azeotropic drying steps or any 

other additives or base [253, 254]. Radiolabeling of 18F-FPyl-TFP revealed lower RCYs and 

RCP compared to 18F-FBA, due to the hydrolysis of the labeled synthon and precursor salt, 

resulting therefore in decreased overall RCYs after conjugation to the peptidic precursor.  
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Both metabolic stable EuE-based ligands showed commensurable or even higher PSMA 

affinities combined with enhanced internalization rates in PSMA-expressing cells in 

comparison to 18F-DCFPyl and 18F-PSMA-1007. 

Due to the high hydrophilicity and low plasma protein binding (app. 13%) of both 18F-labeled 

EuE-based tracers, almost no unspecific uptake in non-target tissue was observed in µPET 

imaging. The markedly higher uptake in tumor lesions (up to 50%), compared to the 

reference ligands, resulted in higher contrast µPET imaging using EuE-k-18F-FBOA and EuE-

k-ß-a-18F-FPyl. These data were confirmed in a comparative in vivo biodistribution study of all 

four radioligands (1h and 2h p.i.). The comparable high hydrophilicity and low blood pool 

retention of the 18F-labeled EuE-based tracers and 18F-DCFPyl leads to similar tracer 

pharmacokinetics with fast renal clearance and low activity levels in the blood and non-target 

tissue. In comparison to EuE-k-ß-a-18F-FPyl, EuE-k-18F-FBOA showed significantly 

decreased kidney accumulation and additionally faster clearance kinetics, resulting in better 

tumor-to-organ, especially tumor-to-kidney ratios as early as 1 h p.i.. In contrast, due to the 

less hydrophilic character (logP= -1.6) and its high plasma protein binding (98%), 18F-PSMA-

1007 showed predominantly hepatobiliary excretion and higher uptake in non-target tissue, 

caused by higher activity levels in the blood.       

  
 

 

 

Figure 19: First in-man study of a 79 

year old patient with mCPRC using 

EuE-k-
18

F-FBOA.  

Although, both 18F-labeled EuE-based inhibitors 

exhibited excellent in vivo and in vitro PSMA-targeting 

characteristics, EuE-k-18F-FBOA seems to be more 

promising for further investigation, due to the faster 

clearance kinetics with comparable high tumor 

uptake, resulting therefore in better high-contrast 

µPET imaging as early as 1 h p.i..  

A proof-of-concept study of a 79 year old patient with 

mCPRC (PSA 392 ng/ml) using EuE-k-18F-FBOA 

showed minimal blood pool retention and high 

contrast PET imaging at 1 h p.i.. Even tiny 

subcentimeter lymph node metastases were 

detectable, due to the intense uptake of EuE-k-18F-

FBOA. 



37 
 

V. Summary and Outlook 

Initial proof-of-concept studies using 111In-PSMA-I&T for preoperative SPECT imaging and 

primary as a gamma probe for the intraoperative detection of lymph node metastasis 

demonstrated the feasibility of this theranostic approach [220, 221]. However, the suboptimal 

nuclear properties and high costs of 111In restricted the use of 111In-PSMA-I&T in clinical 

routine. One main objective of the presented theses was therefore, the development of a 

corresponding 99mTc-labeled analog for SPECT and radio-guided surgery (RGS), termed 

99mTc-PSMA-I&S (I&S for Imaging and Surgery).  

The modified peptidic structure of 99mTc-PSMA-I&S resulted in comparable in vitro and in vivo 

PSMA-targeting characteristics to 111In-PSMA-I&T. Initial patient studies revealed, that the 

combination of prolonged availability of intact tracer in the blood and high internalization 

efficiency of 99mTc-PSMA-I&S promoted efficient tracer accumulation in tumor lesions over 

time and led to steadily increasing lesion-to-background ratios up to 21 h after injection. 

These tracer characteristics fulfill perfectly the requirements for RGS, which is performed on 

the day after injection. In addition, preoperative SPECT/CT imaging with 99mTc-PSMA-I&S 

showed high specific uptake in all metastatic lesions, identified in a previous 68Ga-PSMA-11 

PET scan, allowing for the successful intraoperative detection and complete dissection of all 

PET-positive lesions during first-in-human RGS. Initial patient data also hint towards the 

unexpected potential of 99mTc-PSMA-I&S as a SPECT imaging agent. 

Based on the promising data obtained in this study, 99mTc-PSMA-I&S is a cost-effective and 

superior substitute for 111In-PSMA-I&T for SPECT imaging, as well as PSMA-targeted RGS. 

In addition, a clear advantage of 99mTc-PSMA-I&S includes its fast and efficient radiolabeling 

for convenient implementation in the clinical workflow.  

The retrospective study, summarizing the data of 31 consecutive patients with evidence of 

recurrent PCa after radical prostatectomy, has demonstrated that the use of 99mTc-PSMA-I&S 

as a gamma probe facilitates targeted molecular surgery, as it allows the specific 

intraoperative detection and dissection of all lesions detected on preoperative 68Ga-PSMA-11 

PET. In addition, the correlation with histopathology demonstrated a high specificity, 

sensitivity, as well as accuracy for the intraoperative identification of even small tumor 

deposits in PCa patients using 99mTc-PSMA-I&S. The short-term follow-up data indicate a 

high potential of 99mTc-PSMA-I&S RGS, to positively influence disease progression, which 

might delay the need of further systemic treatment. However, this has to be further proven in 

prospective clinical trials.  

The high potential clinical value of 99mTc-PSMA-I&S RGS is supported by currently ongoing 

proof-of-concept studies in up to now more than 200 patients, which help to support the 
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integration of PSMA-targeted RGS into the clinics. In addition, further evaluations with 

emphasis on the suitability of 99mTc-PSMA-I&S as SPECT probe are currently under 

assessment, to support the notion of first-line diagnosis of metastasized PCa by SPECT 

imaging in centers where PET is not available. 

 

The second aim of this thesis was the development of novel 18F-labeled PSMA inhibitors for 

the diagnostic imaging of PCa. We designed two 18F-labeled PSMA inhibitors based on a 

novel EuE (Glu-urea-Glu) binding core, named EuE-k-18F-FBOA and EuE-k-ß-a-18F-FPyl. 

Both tracers contain an optimized hydrophilic linker structure and an 18F-labeled aromatic 

moiety, suitable for the labeling with either chemo-selective oxime ligation using 18F-FBA or 

established acylation chemistry with 18F-FPyl-TFP as prosthetic group. To ensure a valid 

assessment of the novel EuE-based inhibitors, they were evaluated in a comparative 

preclinical study with the recently introduced tracers 18F-DCFPyl and 18F-PSMA-1007 [212, 

215].  

The two step radiolabeling of the 18F-labeled EuE-based ligands allowed preparation with 

moderate RCYs and high RCP. In contrast to the acylation approach using 18F-FPyl-TFP, the 

oxime ligation for the synthesis of EuE-k-18F-FBOA resulted in enhanced RCYs with less 

precursor peptide needed.  

Regarding the ligand design, we focused on the improvement of the structural requirements 

for favorable in vivo and in vitro PSMA-targeting characteristics. In comparison to the 

reference ligands 18F-DCFPyl and 18F-PSMA-1007, both 18F-labeled EuE-based PSMA 

inhibitors revealed enhanced PSMA affinities combined with higher internalization efficiency, 

which leads to approximately 50% higher tumor accumulation in µPET and biodistribution 

studies in LNCaP-tumor xenografts. Since hydrophilicity and extend of plasma protein 

binding significantly contributes to the in vivo performance of a given radiopharmaceutical, 

18F-PSMA-1007 showed high tracer uptake in non-target tissue and predominantly 

hepatobiliary excretion, due to the less hydrophilic character and its high plasma protein 

binding (98%). In contrast, 18F-DCFPyl exhibited pharmacokinetics quite similar to those 

obtained for the highly hydrophilic 18F-labeled EuE-based PSMA inhibitors, which revealed 

straightforward clearance kinetics and almost no uptake in non-target tissue. Though, in 

contrast to EuE-k-ß-a-18F-FPyl, EuE-k-18F-FBOA showed significantly lower uptake in the 

kidneys with additionally faster clearance kinetics combined with similar high tumor uptake, 

resulting therefore in improved high-contrast µPET imaging as early as 1 h p.i.. 

Based on the more promising preclinical results, a first-in-human study using                     

EuE-k-18F-FBOA has been conducted. This proof-of-concept study revealed potential for high 

contrast imaging of metastatic PCa and clearly underlines successful translation to a clinical 

setting. 
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However, the time-consuming multistep radiosynthesis of EuE-k-18F-FBOA, with only 

moderate overall RCYs, restricted the use of this tracer in the daily clinical practice. The 

optimization of the radiolabeling procedure, to facilitate the automatization for synthesis in 

clinical routine, was not further pursued after this thesis. Instead, the findings of this study, 

concerning the structure of the EuE-based ligands for enhanced PSMA-targeting, provided 

the basis for the synthesis of novel 18F-labeled EuE-based compounds, combining more 

innovative 18F-labeling strategies, to ensure fast and efficient radiolabeling and convenient 

implementation into the clinics.  
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