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Abstract 

Prostate cancer (PCa) continues to be a major global health problem and the second most frequent cancer 

in men worldwide. In advanced stages of the disease, like metastatic castration-resistant prostate cancer 

(mCRPC), acquired resistance against conventional therapeutic interventions like chemotherapy or 

androgen deprivation therapy (ADT) represents a serious clinical challenge and demands for alternative 

treatment options for PCa patients. Its consistently high expression in PCa lesions has rendered the 

prostate-specific membrane antigen (PSMA) an attractive molecular target and object of intense 

research throughout the past three decades. As a result, several highly specific inhibitors of PSMA, 

based on the urea-glutamate binding motive, were developed. After first-generation PSMA-targeted 

radiopharmaceuticals for diagnostic and therapeutic purposes have been established in clinical 

application and, in part, received regulatory approval, optimized next-generation radiopharmaceuticals 

are needed to further improve response and survival of PCa patients beyond the current scope. Therefore, 

the aim of this work was the development of PSMA-targeted radioligands with optimized 

pharmacokinetics (PK) for therapeutic applications such as radioligand therapy (RLT) and radioguided 

surgery (RGS). 177Lu-labeled PSMA ligands for RLT were based on the recently developed radiohybrid 

concept (rhPSMA), while a lead structure derived from these rhPSMA ligands was combined with a 

tetraamine (N4) chelator to create 99mTc-labeled compounds suitable for RGS ([99mTc]Tc-N4-PSMA). 

Furthermore, as a major challenge in radioligand development lies in the accurate preclinical assessment 

of pharmacokinetic parameters, the development of a methodology was envisioned that might allow to 

estimate the blood clearance kinetics of various PSMA radioligands in vitro. 

Chelator-based PSMA ligands were synthesized using a mixed solution phase / solid phase synthetic 

approach and ligands were radiolabeled with lutetium-177 or technetium-99m. Lipophilicity of the 

radioligands was assessed via the shake flask method in octanol and phosphate buffered saline. PSMA 

affinity and PSMA-mediated internalization were determined in in vitro cell assays using 

PSMA-positive LNCaP cells and [125I/natI]IBA-KuE as reference compound. Binding to fresh human 

plasma or human serum albumin (HSA) was analyzed in ultrafiltration experiments or with the newly 

developed method ‘albumin-mediated size exclusion chromatography’ (AMSEC), respectively. The 

latter was developed applying size exclusion chromatography with HSA dissolved in the mobile phase 

and injections of PSMA radioligands. Biodistribution experiments and µSPECT/CT-imaging were 

executed in LNCaP tumor-bearing CB17-SCID mice. 

Isomers of the radiohybrid ligands rhPSMA-7 and rhPSMA-10 were obtained in high chemical purities 

of > 97% and labeling with lutetium-177 resulted in radiochemical purities (RCP) of > 95%. All ligands 

showed low lipophilicity comparable to the references [177Lu]Lu-PSMA-617 and 

[177Lu]Lu-PSMA-I&T. 177Lu-labeled rhPSMA ligands exhibited potent PSMA affinity in the nanomolar 

range and high but slightly varying internalization. Pronounced differences even among stereoisomers 

were observed for the apparent molecular weight (MWapp) determined in AMSEC experiments. 
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Biodistribution studies revealed high tumor uptake, varying kidney retention and efficient clearance 

from blood and background organs. After initial application in the evaluation of rhPSMA ligands, 

AMSEC was developed further by means of a normalization procedure that accounts for unspecific 

interactions of PSMA radioligands with the column matrix. Data acquisition was extended to additional 

rhPSMA ligands with diverse chemical structures and obtained normalized MWapp,norm. ranged from 

1.9 – 39.9 kDa resulting in calculated glomerular sieving coefficients (GSCcalc) of 0.992 – 0.003. 

N4-PSMA ligands for RGS application were synthesized with high chemical purities > 98% and RCP 

of > 95% were obtained for the 99mTc-labeled compounds. Comparative in vitro characterization 

revealed varying internalization, comparable PSMA affinity and significantly decreased lipophilicity 

and plasma protein binding for the [99mTc]Tc-N4-PSMA ligands as compared to [99mTc]Tc-PSMA-I&S. 

Comparable tumor uptake but accelerated clearance from most background organs was observed for the 

novel N4-PSMA ligands and [99mTc]Tc-N4-PSMA-12 showed higher tumor-to-background ratios than 

[99mTc]Tc-PSMA-I&S in blood and every evaluated organ. 

Regarding the 177Lu-labeled rhPSMA isomers, remarkable differences in preclinical tracer performance 

were found. In summary, [177Lu]Lu-rhPSMA-10.1 was identified as most promising therapeutic 

candidate owing to its moderate MWapp, as determined by the newly developed AMSEC method, its 

high tumor uptake and low kidney retention. A clinical trial (NCT05413850) currently investigates the 

therapeutic efficacy of [177Lu]Lu-rhPSMA-10.1 for RLT of mCRPC patients. It is expected that the 

study will shed light on whether this novel therapeutic drug could outperform currently established 

radiotherapeutics for RLT of mCRPC. Furthermore, the newly developed AMSEC method represents 

an intriguing tool that might allow for the preclinical comparison of human blood clearance kinetics of 

PSMA-radioligands. If clinical data confirm the expected significance of MWapp,norm. and GSCcalc, a 

broader application of AMSEC might facilitate the development of next-generation 

radiopharmaceuticals with improved therapeutic efficacy. Regarding novel tracers for RGS, promising 

99mTc-labeled N4-PSMA ligands were developed and the superior pharmacokinetic profile of 

[99mTc]Tc-N4-PSMA-12 renders this novel radioligand an attractive candidate for PSMA-targeted RGS. 

Clinical studies will be needed to elucidate whether [99mTc]Tc-N4-PSMA-12 has the potential to 

overcome current limitations of RGS with [99mTc]Tc-PSMA-I&S. 
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Kurzzusammenfassung 

Prostatakrebs (PCa) stellt weltweit ein großes Gesundheitsproblem dar und ist die zweithäufigste 

Krebserkrankung bei Männern. In fortgeschrittenen Krankheitsstadien wie dem metastasierten 

kastrationsresistenten Prostatakrebs (mCRPC) stellt die erworbene Resistenz gegen konventionelle 

therapeutische Maßnahmen wie Chemotherapie oder Androgendeprivationstherapie (ADT) eine 

ernsthafte klinische Herausforderung dar und erfordert alternative Behandlungsmöglichkeiten für 

PCa-Patienten. Aufgrund seiner konstant hohen Expression in PCa-Läsionen entwickelte sich das 

prostataspezifische Membranantigen (PSMA) in den letzten drei Jahrzehnten zu einer attraktiven 

molekularen Zielstruktur und zum Gegenstand intensiver Forschung. Infolgedessen wurden mehrere 

hochspezifische, auf dem Urea-Glutamat-Bindemotiv basierende PSMA-Inhibitoren entwickelt. 

Nachdem sich PSMA-gerichtete Radiopharmaka der ersten Generation für diagnostische und 

therapeutische Zwecke in der klinischen Anwendung etabliert und zum Teil die Zulassung erhalten 

haben, bedarf es optimierter Radiopharmaka der nächsten Generation, um das Ansprechen und die 

Überlebenschancen von PCa-Patienten über den derzeitigen Rahmen hinaus weiter zu verbessern. Ziel 

dieser Arbeit war daher die Entwicklung von PSMA-gerichteten Radioliganden mit optimierter 

Pharmakokinetik für therapeutische Anwendungen wie die Radioligandentherapie (RLT) und 

‚radioguided surgery‘ (RGS). Hierbei basierten 177Lu-markierte PSMA-Liganden für RLT auf dem vor 

Kurzem entwickelten Radiohybrid-Konzept (rhPSMA), während eine von rhPSMA-Liganden 

abgeleitete Leitstruktur mit einem Tetraamin (N4)-Chelator kombiniert wurde, um 99mTc-markierte 

Verbindungen für RGS zu kreieren ([99mTc]Tc-N4-PSMA). Da eine der größten Herausforderungen bei 

der Entwicklung von Radioliganden in der genauen präklinischen Bewertung pharmakokinetischer 

Eigenschaften liegt, wurde die Entwicklung einer Methode zur in vitro Einschätzung der relativen 

Blut-Clearance-Kinetik diverser PSMA-Radioliganden ins Auge gefasst. 

Chelator-basierte PSMA-Liganden wurden in einem Lösungs-/Festphasen-Syntheseverfahren 

synthetisiert und mit Lutetium-177 bzw. Technetium-99m markiert. Die Lipophilie der Radioliganden 

wurde mit der Schüttelmethode in Octanol und phosphatgepufferter Kochsalzlösung untersucht. Die 

PSMA-Affinität und die PSMA-vermittelte Internalisierung wurden in in vitro Zelltests mit 

PSMA-positiven LNCaP-Zellen und [125I/natI]IBA-KuE als Referenzverbindung bestimmt. Die Bindung 

an frisches humanes Plasma oder Humanalbumin (HSA) wurde in Ultrafiltrationsexperimenten bzw. 

mit der neu entwickelten Methode ‚albumin-mediated size exclusion chromatography‘ (AMSEC) 

analysiert. Letztere wurde basierend auf Größenausschlusschromatographie mit in der mobilen Phase 

gelöstem HSA und Injektionen von PSMA-Radioliganden entwickelt. Biodistributionsexperimente und 

µSPECT/CT-Bildgebung wurden in LNCaP Tumor-tragenden CB17-SCID-Mäusen durchgeführt. 

Die Isomere der radiohybriden Liganden rhPSMA-7 und rhPSMA-10 wurden in hoher chemischer 

Reinheit (> 97%) erhalten und die Markierung mit Lutetium-177 führte zu radiochemischen Reinheiten 

(RCP) von > 95%. Alle Liganden wiesen eine geringe, mit den Referenzen [177Lu]Lu-PSMA-617 und 
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[177Lu]Lu-PSMA-I&T vergleichbare Lipophilie auf. 177Lu-markierte rhPSMA-Liganden zeigten eine 

hohe PSMA-Affinität im nanomolaren Bereich und eine ausgeprägte, leicht variierende Internalisierung. 

Hinsichtlich des mittels AMSEC-Experimenten bestimmten apparenten Molekulargewichts (MWapp) 

wurden selbst zwischen Stereoisomeren deutliche Unterschiede festgestellt. Biodistributionsstudien 

zeigten hohe Tumoraufnahme, unterschiedliche Nierenretention und effiziente Clearance aus Blut und 

Hintergrundorganen. Die AMSEC-Methode wurde nach anfänglicher Anwendung zur Evaluierung von 

rhPSMA-Liganden mit Hilfe eines Normalisierungsverfahrens weiterentwickelt, das unspezifische 

Wechselwirkungen von PSMA-Radioliganden mit der Säulenmatrix berücksichtigt. Die Datenerfassung 

wurde auf zusätzliche rhPSMA-Liganden mit unterschiedlichen chemischen Strukturen ausgeweitet 

wobei die erhaltenen normalisierten MWapp,norm. von 1.9 – 39.9 kDa reichten, was zu berechneten 

glomerulären Siebkoeffizienten (GSCcalc) von 0.992 – 0.003 führte. N4-PSMA-Liganden für die 

RGS-Anwendung wurden mit hoher chemischer Reinheit (> 98%) synthetisiert. Für die 

99mTc-markierten Verbindungen wurden radiochemische Reinheiten (RCP) von > 95% erzielt. Eine 

vergleichende in vitro Charakterisierung ergab unterschiedliche Internalisierung, vergleichbare PSMA-

Affinität sowie deutlich reduzierte Lipophilie und Plasmaproteinbindung der [99mTc]Tc-N4-PSMA-

Liganden im Vergleich zu [99mTc]Tc-PSMA-I&S. Neben vergleichbarer Tumoraufnahme wurde für die 

neuartigen N4-PSMA-Liganden eine beschleunigte Clearance beobachtet und [99mTc]Tc-N4-PSMA-12 

wies im Blut sowie in jedem untersuchten Organ ein höheres Tumor-zu-Hintergrund-Verhältnis auf als 

[99mTc]Tc-PSMA-I&S. 

Bezüglich 177Lu-markierter rhPSMA-Isomere konnten bemerkenswerte Unterschiede der präklinischen 

Eigenschaften festgestellt werden, wobei [177Lu]Lu-rhPSMA-10.1 aufgrund des moderaten, mittels 

AMSEC ermittelten MWapp, der hohen Tumoraufnahme und der geringen Nierenretention als 

vielversprechendster therapeutischer Kandidat identifiziert wurde. Klinische Studien (NCT05413850) 

untersuchen gegenwärtig die therapeutische Effizienz von [177Lu]Lu-rhPSMA-10.1 für RLT von 

mCRPC-Patienten und die Studienergebnisse werden Aufschluss darüber geben, ob dieses neuartige 

Verbindung den derzeit etablierten Radiotherapeutika für RLT von mCRPC überlegen ist. Darüber 

hinaus stellt die neu entwickelte Methode AMSEC ein interessantes Instrument dar, welches einen 

präklinischen Vergleich der humanen Blut-Clearance-Kinetik ermöglichen könnte. Falls klinische 

Daten die erwartete Signifikanz von MWapp,norm. und GSCcalc bestätigen, könnte eine breitere Anwendung 

von AMSEC die Entwicklung von Radiopharmaka der nächsten Generation mit verbesserter 

therapeutischer Wirksamkeit erleichtern. Hinsichtlich neuer Tracer für RGS wurden vielversprechende 

99mTc-markierte N4-PSMA-Liganden entwickelt und das überlegene pharmakokinetische Profil von 

[99mTc]Tc-N4-PSMA-12 macht diesen neuartigen Radioliganden zu einem attraktiven Kandidaten für 

PSMA-gerichtete RGS. Klinische Studien werden erforderlich sein, um zu evaluieren, ob 

[99mTc]Tc-N4-PSMA-12 das Potenzial birgt, die derzeitigen Limitationen von RGS mit 

[99mTc]Tc-PSMA-I&S zu überwinden.  
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1. Introduction 

1.1. Prostate Cancer 

Epidemiology of Prostate Cancer 

With an estimate of over 19 million new cases and nearly 10 million deaths in 2020 cancer continues to 

be one of the greatest medicinal challenges worldwide [1]. Among men, prostate cancer (PCa) is the 

second most frequent cancer with an estimate of over 1.4 million new cases in 2020 and, since 

2008, constantly increasing numbers of both incidence and deaths have been reported throughout the 

latest four GLOBOCAN studies by the International Agency for Research on Cancer [1-4]. Besides the 

common risk factor of aging, several endogenous factors have been described to increase the risk to 

develop PCa, among them family history [5-7], hormone-related processes [8-10] and genetic 

predispositions in certain populations like American males of African ancestry [11-13]. Furthermore, 

factors such as environmental or occupational exposure to carcinogens [14-15], high-fat diets [16-17] and 

obesity [18-20], as well as prostatic inflammations [21-23]  constitute exogenous factors presumably 

increasing the risk for carcinogenesis and progression of PCa. However, the interplay between different 

risk factors, lifestyle and socioeconomic aspects is complex and thus complicates the unambiguous 

identification of pathological correlations [24-27]. 

Diagnosis and Treatment of Prostate Cancer 

In the diagnosis of PCa, digital rectal examination of the lower rectum and pelvis or screening of serum 

levels of prostate-specific antigen (PSA) are established procedures for the early detection of PCa [28-29]. 

Furthermore, multi-parametric magnetic resonance imaging (mpMRI) [30-31] may be applied to ascertain 

the suspicion of PCa before sonography-guided needle biopsy and histopathology are used to verify the 

presence of PCa [31-33]. The treatment options of PCa are manifold, depend on the stage of the disease 

and are oftentimes applied as a combination of different approaches. For patients presenting with 

non-metastasized, localized PCa, the most established therapeutic interventions are brachytherapy 

(BT) [34-35], radical prostatectomy (RP) [36-37] or radiation therapy (RT) [38-39]. Kupelian et al. reported 

comparable outcomes in terms of biochemical relapse-free survival for patients with localized PCa 

regardless of whether BT, RP or RT was applied, as long as the latter was conducted with sufficiently 

high doses (≥ 72 Gy) [40]. Nevertheless, treatment-related side effects like urinary dysfunction, 

impotence or impaired bowel function vary among treatment options and need to be considered 

thoroughly in clinical decision-making [36, 41-42]. Alternatively, a strategy of active surveillance involving 

regular digital rectal examination and PSA-testing for disease control may be pursued in low-risk 

patients instead of an immediate treatment [43-44]. However, this approach seems to come with an 

increased risk of disease progression with metastatic spread [36, 44]. Thus, especially for patients with 
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higher baseline life expectancy, the short-term benefit of spared treatment should be carefully weighed 

against possible future complications. 

In advanced stages of the disease, the pelvic lymph nodes are among the first sites of metastasis 

formation. If lymph node-positive PCa is assessed, a pelvic lymph node dissection (PLND) might be 

performed in addition to RP, aiming for the resection of cancer-infested tissue [45]. However, the extent 

of PLND and the therapeutic benefit of this surgical procedure are object of controversial debate and no 

evidence for a direct therapeutic effect based on prospective studies is given to date [45-47]. A combination 

of RT and androgen deprivation therapy (ADT) represents an alternative to the aforementioned surgical 

interventions and especially for high-risk patients prolonged adjuvant ADT of up to three years after RT 

has shown reduction in disease progression and increased overall survival [48-49]. In ADT, the 

physiological testosterone production is significantly reduced to serum levels below 20 ng/mL via 

different approaches, e.g. surgical orchiectomy, chemical castration or antiandrogen therapy, thus 

reducing androgen-promoted growth of PCa lesions [50-51]. ADT constitutes an important backbone of 

systemic treatment in advanced PCa and combinations with various complementary therapeutic options 

have been explored. As an example, combination of ADT with hormonal therapy using the synthetic 

steroid abiraterone plus prednisone or the nonsteroidal antiandrogen enzalutamide achieved increased 

overall survival or increased radiographic progression-free survival, respectively, as compared to ADT 

alone in patients with metastatic hormone-sensitive prostate cancer (mHSPC) [52-53]. However, despite 

the advances in patient care applying ADT and hormonal therapy, further disease progression in spite 

of castrate levels of testosterone is observed in a significant number of patients with advanced PCa 

leading to the manifestation of metastatic castration-resistant prostate cancer (mCRPC), the most 

advanced form of PCa. Treatment regimens against mCRPC are palliative in character, highly 

personalized depending on the treatment history of the individual patient and usually consist of hormonal 

therapy with abiraterone/prednisone or enzalutamide [54-55], chemotherapy with docetaxel or 

cabazitaxel [56-57] and optionally [223Ra]radium dichloride against symptomatic bone metastases [58-59], 

among others. However, resistances against hormonal and chemotherapeutic agents are commonly 

observed throughout the course of the treatment [60-62] and mCRPC is currently considered incurable [63]. 

Thus, despite the diverse repertoire of available treatment options, novel and complementary therapeutic 

concepts are urgently needed to further prolong or even save patients’ lives in the fight against mCRPC. 
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1.2. PSMA 

Besides the disciplines of urology, oncology and radiology as established key players in the clinical 

management of PCa, modern nuclear medicine has joined the fight against the disease and progressively 

enriched both the diagnostic and therapeutic arsenal against PCa for more than a decade. After early 

applications of radio immunoconjugates [64-65] and diagnostic procedures applying e.g. [11C]acetate or 

11C- and 18F-labeled choline analogs for positron emission tomography (PET) imaging [66-68], the rise of 

nuclear medicine’s impact on the management of PCa can be mainly attributed to radiolabeled 

small-molecule inhibitors of the molecular target prostate-specific membrane antigen (PSMA). 

Structure and Physiological Function of PSMA 

PSMA, also called glutamate carboxypeptidase II (GCPII), is a type II transmembrane metallopeptidase 

and its amino acid (AA) sequence was first revealed by Israeli et al. who successfully cloned the protein 

in 1993 [69-72]. Full-length PSMA comprises 750 AAs and consists of a short N-terminal intracellular tail 

(AA 1-19), a helical transmembrane part (AA 20-43) and a large C-terminal extracellular domain 

(AA 44-750) [69, 73]. The extracellular domain of PSMA is further divided into three subdomains: a 

protease domain (AA 56-116 and 352-591), an apical domain (AA 117-351) and a helical domain 

(AA 592-750) [72, 74]. A large cavity of ~ 1100 Å2 is formed at the interface of the three subdomains and 

contains a binuclear active site with two zinc ions (figure 1) [72, 74]. The helical domain is furthermore 

responsible for extracellular dimerization of PSMA and, even though each monomer contains a 

structurally independent active site, hydrolytic activity is apparently lost in membrane-bound 

monomeric PSMA indicating allosteric involvement of dimerization on the integrity of the active site [72, 

75]. Furthermore, N-glycosylation at nine AA residues on the extracellular domain of PSMA were shown 

to be essential for secretion of the recombinant extracellular domain, proper folding and hydrolytic 

activity [76-77]. 

The peptidase activity of PSMA is selective for C-terminal glutamate residues and serves different 

physiological functions depending on its site of expression [72-73, 78]. According to its role in the nervous 

system PSMA is also termed N-acetyl-α-linked acidic dipeptidase (NAALADAse) and it accounts for 

the hydrolysis of N-acetyl-aspartyl-glutamate (NAAG) to N-acetyl-L-aspartate (NAA) and 

L-glutamate [78]. NAAG represents the most abundant mammalian peptide neurotransmitter and activates 

metabotropic glutamate receptor 3 at presynaptic neurons and astrocytes which modulates neuronal 

excitability and synaptic transmission by inhibition of glutamate release [79-80]. Thus, NAALADAse 

activity plays an important role in the regulation of the neurotransmitter function of NAAG in the 

nervous system. However, pathologically dysregulated peptidase activity might lead to increased 

amounts of glutamate in the synaptic cleft and cause glutamate excitotoxicity which is associated with 

neuronal disorders [81-82]. In accordance with this suggestion, inhibition of NAALADAse showed 

neuroprotective effects in preclinical models of amyotrophic lateral sclerosis [82], epilepsy [83] and 
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schizophrenia [84] underlining the potential of PSMA/NAALADAse as therapeutic target in the treatment 

of these neuronal diseases. 

Another physiological function of PSMA is related to folate uptake in the small intestine. Folate 

constitutes an essential vitamin and dietary folate is consumed in form of folyl-poly-γ-glutamate 

(FPG) [85]. The proton-coupled folate transporter in the small intestine mediates the uptake of folates 

into the vascular system by selectively transporting folyl-mono-glutamate (folic acid) [85-86]. The 

necessary hydrolytic cleavage of C-terminal glutamates from FPG yielding mono-glutamylated folic 

acid is provided by folate hydrolase 1 (FOLH1), which is expressed in the membrane brush border of 

the proximal small intestine and was found to be identical with PSMA [73, 87]. 
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Figure 1: Crystal structure of the membrane-bound homo-dimer of prostate-specific membrane antigen (PSMA, 

left monomer depicted in grey, right monomer depicted in color). The extracellular domain consists of three 

subdomains: helical domain (yellow), apical domain (blue) and protease domain (green). The binuclear active site 

of PSMA is located at the interface of the three subdomains and bears two zinc ions (red spheres). N-glycosylations 

are depicted in cyan. Left side: in the nervous system PSMA catabolizes the neurotransmitter 

N-acetyl-aspartyl-glutamate (NAAG) and the hydrolysis products N-acetyl-aspartate (NAA) and glutamate (Glu) 

are transported into neuronal glial cells. Right side: in the membrane brush border of the small intestine 

mono-glutamylated folate (folic acid) is provided via iterative cleavage of C-terminal glutamates from 

folyl-poly-γ-glutamate (FPGn) by PSMA. Folic acid can subsequently be selectively transported into the 

enterocytes (figure adapted from Barinka et al. Glutamate Carboxypeptidase II in Diagnosis and Treatment of 

Neurologic Disorders and Prostate Cancer. Curr Med Chem. 2012;19(6):856-870. Copyright © 2012, with 

permission from Bentham Science Publishers). 
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Physiological and Pathological Expression of PSMA 

Apart from its presence in the nervous and intestinal system, physiological expression of PSMA was 

also found in the prostatic epithelium, the proximal tubuli of the kidney and in salivary glands [88-90]. 

Low levels of PSMA expression have furthermore been reported for a variety of other healthy tissues, 

among them heart, liver, testis and pancreatic islets [90-91], however the function of PSMA in these organs 

is not understood yet nor has physiological expression in these organs gained relevance in clinical 

PSMA-targeting to date. 

Compared to benign prostatic tissue significantly increased expression of PSMA in a staggering majority 

of PCa-samples of both primary tumors and metastases was reported by several studies [92-94]. On an 

mRNA expression level, different splice variants of PSMA were identified, among them two variants 

encoding for either full-length, membrane-bound PSMA or a cytosolic form lacking the transmembrane 

domain (PSM’) [95-96]. Su et al. reported PSMA/PSM’-ratios in PCa to exceed ratios in normal prostate 

by more than 100-fold [95]. Thus, in contrast to healthy prostatic tissue, PSMA is not only overexpressed 

in PCa cells but is furthermore predominantly presented on the cell surface where it is accessible for 

diagnostic and therapeutic agents rendering PSMA a superb molecular target. In addition, PSMA 

expression was shown to correlate with tumor grade [89, 93] and recent studies described PSMA 

expression as an independent predictor of biochemical recurrence after radical prostatectomy [94, 97-98] 

thus allowing for early prognosis of disease outcome and facilitating clinical decision making. 

The biological function of PSMA in PCa cells is not yet fully unveiled and different suggestions have 

been made concerning the role of PSMA towards the aggressiveness of PCa. Gosh et al. described 

increased invasion of PSMA-negative or PSMA-inhibited cells compared to PSMA-positive cells 

in vitro suggesting PSMA as possible suppressor of PCa invasiveness [99]. In contrast, Yao et al. found 

increased proliferation of PSMA-positive cells in the presence of physiological levels of folate and 

consequently suggested that folate hydrolase activity of PSMA might confer a growth advantage to 

PSMA-positive PCa cells over PSMA-negative ones [100-101]. While these findings apparently seem 

contradicting, they also emphasize that further research is needed to gain a more accurate understanding 

of how PSMA-related factors (e.g. invasive behaviour, proliferation, availability of substrates) influence 

the aggressiveness of PCa. 

Besides its involvement in PCa, presence of PSMA has been confirmed in the endothelial cells of the 

neovasculature of various solid tumors such as e.g. renal cell carcinoma [102], gastric and colorectal 

cancers [103], breast cancer [104] and thyroid tumors [105]. PSMA-targeted molecular imaging was 

successfully performed for a variety of these malignancies and first experiences with PSMA-targeted 

therapy foreshadow future applications in non-prostate cancers, thus adding to the already outstanding 

value of PSMA as a target in PCa [106-108].  
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Structural Design of PSMA-Targeted Ligands 

The discovery of PSMA is closely interwoven with the first PSMA-targeted ligand, the murine 

monoclonal antibody (mAb) 7E11-C5.3, which was generated by Horoszewicz et al. via immunization 

of Balb/c mice with the human PCa cell line LNCaP [109]. Several years later, identification and sequence 

elucidation of this antibody’s target, PSMA, was achieved [69]. In the following, the 111In-labeled murine 

IgG1 mAb 7E11-C5.3 (111In-Capromab Pendetide, ProstaCint®) was developed and approved as first 

diagnostic radio-immunoconjugate for imaging of PCa [64, 110]. A restricting property of 7E11-C5.3, 

namely targeting an intracellular epitope of PSMA exposed only upon cell death [109, 111], prompted the 

subsequent development of de-immunized mAbs such as J591 [111] that bind to the extracellular domain 

of PSMA and numerous studies emphasize this mAb’s persisting clinical significance [65, 112-113]. 

Development of small-molecule inhibitors of PSMA was initially driven by the aim to inhibit 

NAALADAse activity in the brain to potentially treat neuronal disorders. Based on the known structure 

of NAAG, the endogenous substrate of NAALADAse, first inhibitor generations mimicked the 

A B 
S1 site S1‘ site S1 site S1‘ site 

Figure 2: Schematic representation of the natural substrate NAAG and urea-based inhibitors within the active site 

of PSMA. The S1’ pharmacophore pocket and S1 pocket are indicated in pale blue and pale orange, respectively. 

Zinc ions are depicted as red spheres, the P1’ side and P1 side of substrate and inhibitors are colored green and 

blue, respectively. A) Orientation of NAAG within the active site of PSMA. Glutamate is coordinated by the 

glutarate sensor, the amide bond oxygen coordinates to zinc-ion A and a water molecule (polarized by Zn-ions A 

and B and the catalytic base E424) acts as hydrolytic nucleophile (mechanism indicated by grey arrows). The 

aspartyl carboxylate is coordinated by guanidinium groups of the arginine patch (interactions between substrate 

and binding pocket according to crystal structures reported by Klusak et al. Reaction mechanism of glutamate 

carboxypeptidase II revealed by mutagenesis, X-ray crystallography, and computational methods. Biochemistry 

2009;48(19):4126–38). B) Orientation of a urea-based PSMA-inhibitors within the active site of PSMA. 

Glutamate recognition resembles NAAG, the hydrolysis-resistant urea group coordinates to zinc-ion A and H553, 

and the P1 carboxylate interacts with guanidinium groups of the arginine patch (interactions between substrate 

and binding pocket according to Barinka et al. Interactions between Human Glutamate Carboxypeptidase II and 

Urea-Based Inhibitors: Structural Characterization. J Med Chem. 2008;51(24):7737–7743). 
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acetylated dipeptide but affinities didn’t exceed the micromolar range [114-115] until in 1996 Jackson et al. 

reported the development of 2-PMPA, an α-methylene glutarate-substituted phosphonate with 

sub-nanomolar affinity and still one of the most potent inhibitors of PSMA to date [116]. Since then, a 

plethora of PSMA-targeted small-molecule inhibitors has been developed in mostly ligand- and 

structure-based rational drug design approaches. In the following, the rational structural design of 

PSMA-targeted small-molecule inhibitors will be discussed in the context of the active site and several 

secondary binding sites in PSMA. 

The active site of PSMA is divided into the S1’ pharmacophore pocket that accepts the C-terminal part 

of substrates/inhibitors (figure 2, highlighted in blue) and the adjacent S1 pocket located towards the 

entrance funnel (highlighted in orange). Structural subunits of substrates/inhibitors are correspondingly 

termed P1’ and P1 (green and blue structures, respectively, in figure 2). Both natural substrates of 

PSMA, NAAG and FPG, bear a C-terminal L-glutamate that is coordinated by a ‘glutarate sensor’ 

consisting of residues K699 and Y700 in the S1’ pharmacophore pocket [70, 74, 117]. Glutamate position is 

highly conserved in crystal structures of a variety of glutamate-containing inhibitors complexed to 

PSMA (figure 3A) [118-119] and substitution of the glutarate moiety generally lead to significantly 

decreased affinity [114, 116, 120]. Therefore, a P1’ glutarate moiety is generally considered crucial for high 

PSMA affinity. Within the binuclear active site of PSMA, two zinc-ions are stably complexed by 

residues H377, D453, D387, H553 and E425 [72]. A highly polarized water molecule serves as 

nucleophile in the hydrolysis of natural substrate NAAG and the carboxylate residue of E424 functions 

as catalytic base [117]. Potent inhibitors either mimic the planar peptide bond in NAAG via a urea 

functionality (an amide-bioisostere resistant against hydrolysis) [121] or the sp3-hybridized transition state 

via phosphonates (e.g. in 2-PMPA) [116, 120] or phosphoramidates [119]. Both urea and phosphonates 

coordinate to one or two zinc-ions, respectively [118, 122], thus further strengthening the interaction 

between inhibitor and PSMA. Due to their broad synthetic accessibility, high affinity and stability 

urea-based inhibitors comprising a XuE-motive (E: L-glutamate; u: bridging urea function; 

X: L-α-amino acid, mostly L-glutamate (EuE) or L-lysine (KuE)) are the most relevant and widespread 

inhibitors of PSMA in today’s clinical practice and research [123]. Another common and 

affinity-enhancing structural signature in these urea-based inhibitors is a P1 carboxylate that was shown 

to interact with the guanidinium groups of arginines R436, R534 and R536 [118]. This so-called ‘arginine 

patch’ constitutes a characterizing feature of the S1 pocket and is associated with a preference for 

negatively charged substrates [70, 74, 122]. In contrast to the S1’ pocket, however, the S1 pocket is more 

flexible and accommodates substrates/inhibitors with versatile structural features [118, 120, 123]. In that 

context, Barinka et al. discovered a unique interplay between the arginine patch and the accessibility of 

a secondary binding site, the ‘S1 accessory pocket’ (figure 3B-D) [118]. While the position of R534 is 

essentially invariant, R536 can adopt a ‘stacking’ (R536s) or a ‘binding’ (R536b) conformation. The 

latter, induced by interaction with a suitable inhibitor, facilitates the shift of R463 from a ‘down’ position 

(R463d) to an ‘up’ position (R463u) which opens up the S1 accessory pocket, a hydrophobic cavity with 
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approximate dimensions of 8.5 Å x 7 Å x 9 Å [118]. Inhibitors like IBA-KuE [124] or DCFBC [125] bearing 

a P1 aromatic moiety in a defined intramolecular distance to the urea-motive can access the 

S1 accessory pocket and thereby benefit from enhanced affinity. Ultimately, a further secondary binding 

site was characterized by Zhang et al. in 2010 [126]. KuE-based inhibitors functionalized with 

dinitroarenes via polyethylene glycol (PEG) chains of varying length had shown staggering 

PSMA-affinities in the picomolar range and lead to the assumption of a bidentate interaction with 

PSMA. Indeed, a remote arene binding site was identified within the entrance funnel of the binding 

pocket where aromatic structures can interact with the indole residue of W541 and the guanidinium 

group of R511 via π-stacking and π-cationic interactions, respectively (figure 3E+F) [126]. Interestingly, 
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Figure 3: A) PSMA binding pocket with superimposed structures of different PSMA-inhibitors. Active site and 

secondary binding sites are indicated with arrows. B) Arginine patch in uncomplexed PSMA. Residue R536 is 

flexible and adopts either ‘stacking’ (R536s) or ‘binding’ (R536b) position. Residue R463 adopts ‘up’ (R463u) 

position. The S1 accessory pocket is not accessible. C) In NAAG-complexed PSMA the conformation R536b and 

R463d (‘down’ position) occlude the S1 accessory pocket. D) Upon complexation with IBA-KuE, R536b and 

R463u conformation of the arginine patch opens the S1 accessory pocket for interaction with the 4-iodobenzyl 

moiety of the inhibitor. E) Complexation of PSMA with inhibitor ARM-P4 promotes an open conformation of the 

entrance lid (blue) and residues forming the arene binding site (red) can interact with the dinitroarene in ARM-P4. 

F) When complexed with IBA-KuE the entrance lid of PSMA (blue) remains in a closed conformation and 

residues forming the arene binding site are relatively dislocated. Ligand structures of ARM-P4 and IBA-KuE are 

superimposed in panels E and F (figure A modified from Kopka et al. Glu-Ureido–Based Inhibitors of Prostate-

Specific Membrane Antigen: Lessons Learned During the Development of a Novel Class of Low-Molecular-

Weight Theranostic Radiotracers. J Nucl Med. 2017;58(S2):17S-26S. Copyright © 2017 SNMMI; figures B-D 

reproduced from Barinka et al.  Interactions between Human Glutamate Carboxypeptidase II and Urea-Based 

Inhibitors: Structural Characterization. J Med Chem. 2008;51(24):7737–7743. Copyright © 2008 

American Chemical Society; figures E and F reproduced from Zhang et al. A Remote Arene-Binding Site on 

Prostate Specific Membrane Antigen Revealed by Antibody-Recruiting Small Molecules. 

J Am Chem Soc. 2010;132(36):12711–12716. Copyright © 2010 American Chemical Society). 
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the length of the linker between the urea binding motive and the aryl group proved decisive for optimal 

affinity and the arene binding site is only accessible for an open entrance lid conformation of PSMA. 

The latter seems to be prevalent for ligands with an extended linker region which might be exploited in 

the structural design of extended ligand constructs with tailored effector-moieties distal to the actual 

glutamate-bearing pharmacophore. 

A B C 

MIP-1095 
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PSMA-1007 PSMA-617 
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PSMA-11 PSMA-I&T 

C D 
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Figure 4: Structures of some important small-molecule, urea-based PSMA-inhibitors. A) Schematic structure of 

PSMA-targeted ligands consisting of a urea-based targeting vector (A, blue), an optional linker moiety (B, green) 

and a site for either covalent radiolabeling or radiometal complexation (C, yellow). In panels B-F, urea binding 

motives are indicated with blue dotted squares, linker regions displayed by green dotted ellipsoids and sites of 

radiolabeling are highlighted by yellow dotted edging. B) MIP-1095 comprises the common KuE binding motive, 

a 4-iodo-phenyl group enhances affinity via interaction with the S1 accessory pocket and furthermore serves for 

radiolabeling with isotopes of iodine. C) PSMA-11 comprises a HBED-CC chelator for labeling with gallium-68. 

A linear linker provides optimal distance between the KuE binding motive and the chelator. D) PSMA-I&T 

comprises a DOTAGA chelator for labeling with diagnostic and therapeutic radionuclides. The linker region is 

composed of D-amino acids for enhanced metabolic stability and lipophilic interactions with the arene binding site 

in PSMA. E) The linker region in PSMA-617 was specifically optimized for enhanced internalization. A DOTA 

chelator allows for use in theranostic applications. F) PSMA-1007 was developed for 18F-based PET-imaging. 

The linker moiety is derived from PSMA-617 and comprises two glutamates to counteract the compound’s high 

lipophilicity. Labeling with fluorine-18 is facilitated by a nicotinic acid prosthetic group. 
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Apart from the target-binding aspects discussed so far, the structural design of PSMA-targeted ligands 

is fundamentally characterized by the intended field of application. In some radioligands such as 

MIP-1095 [127], BAY 1075553 [128] or DCFPyL [129], the radiohalogen was introduced as an integral part 

of the PSMA-targeting scaffold. However, a broad variety of diagnostic or therapeutic approaches 

involve the attachment of sterically demanding effector-moieties such as radiometal complexes [123], 

IR-dyes [130], cytotoxic drugs [131] or photosensitizers [132]. Therefore, to prevent steric clashes of these 

bulky substituents with relevant binding sites, PSMA-targeted ligands oftentimes show a 

three-compartmented structure (figure 4) consisting of A) a urea-based binding motive (e.g. EuE or 

KuE), B) a variable linker region and C) an effector-moiety (e.g. a radiometal complex). After potent 

targeting-scaffolds had been established and reliable metal chelators such as DOTA 

(1,4,7,10-tetraazacyclododecan-N,N’,N’’,N’’’-tetraacetic acid) are commercially available building 

blocks, a large portion of structural development in novel PSMA-targeted radioligands in recent years 

focused on the optimal design of the linker region and modifications directed towards modulated 

pharmacokinetics (PK), optimized target binding or enhanced internalization have been explored in an 

extensive manner. Several of the most established PSMA-targeted radioligands are depicted in figure 4. 
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1.3. Therapeutic Applications of PSMA-Targeted Radiopharmaceuticals 

The progression of PCa to a castration-resistant state is a common course of development for the disease 

and is observed in 10 – 20% of patients within 5 years after initial diagnosis [133]. Among patients with 

castration-resistance, over 84% present with osseous metastases already at the time of diagnosis [134-135]. 

In a significant fraction of the remaining patient population, metastatic spread was reported within only 

two years [136]. As mCRPC is correlated with poor survival and regularly challenges clinicians with 

acquired resistance against conventional therapeutic interventions like chemotherapy, steroids and 

antiandrogens, the complementary use of radioligand therapy (RLT) with PSMA-targeted 

radiopharmaceuticals represents a promising systemic treatment approach and an important enrichment 

of the previously available therapeutic armamentarium. First experiences with therapeutic applications 

of PSMA-targeted radioligands in mCRPC were made with 90Y- and 177Lu-labeled mAbs at the 

beginning of the millennium [65, 137-138]. However, the slow clearance kinetics and limited tumor 

penetration of these radio-immunoconjugates hamper both their diagnostic performance and therapeutic 

efficacy [139-140]. As discussed in the preceding chapter, urea-based small molecule inhibitors of PSMA 

have attracted widespread attention for the use as diagnostic and therapeutic radioligands because of 

their broad synthetic accessibility, excellent target-affinity and favorable clearance kinetics. In this 

section, the current state of therapeutic interventions in mCRPC using radio-labeled, urea-based small 

molecule inhibitors of PSMA will be discussed. 

The Theranostic Principle 

After early encouraging results with PSMA-targeted radioligands for single photon emission computed 

tomography- (SPECT) and PET-imaging, the concept of theranostics has entered the spotlight of PSMA 

tracer development. The term theranostics (a portmanteau derived from therapy and diagnostics) 

describes the inseparability of diagnostics and therapy in modern precision oncology [141]. In the context 

of nuclear medicine, the theranostic principle implies that patient management is built upon a theranostic 

pair of radioligands: a diagnostic companion for molecular imaging serves the purpose of diagnosis, 

dosimetry calculation and therapy response control; a therapeutic companion is used as 

endoradiotherapeutic drug to systemically irradiate primary tumors and metastases [142-144]. These 

theranostic companions are radioligands sharing highly similar (or in cases even identical) targeting and 

pharmacokinetic properties that allow for the unique possibility to “see what you treat and treat what 

you see”. Herein, pre- and post-therapeutic imaging is used to determine optimal dosage, to rapidly 

assess response to RLT and to continuously adjust the therapy protocol on behalf of the individual 

patient (figure 5) [142-144]. Clinical practice oftentimes employs different radiochelates 

(e.g. [68Ga]Ga-complex and [177Lu]Lu-complex) of the same ligand or even two different ligands with 

matching targeting and pharmacokinetic properties as theranostic companions. Technically, however, 

chemically identical companions varying only in the diagnostic/therapeutic radioisotope would 

optimally exploit the potential of the theranostic principle. 
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Consequently, chemical elements with multiple radioisotopes eligible for both diagnostic and 

therapeutic purposes are predestined for theranostic applications. As an example, 123I- and 131I-based 

SPECT-imaging [145-147] is executed to select thyroid cancer patients for endoradiotherapy with 

radioiodine ([131I]I−, β−-emitter, 606 keV) [148-149]. The latter has been used since the 1940s for the therapy 

of thyroid carcinoma metastases and emphasizes the long history of theranostics with radioactive 

compounds in oncologic disease [150-151]. In the context of PCa, 123I-labeled compounds MIP-1072 and 

MIP-1095 were among the first PSMA-targeted radioligands evaluated in patients [140] and opened up 

the way for a first theranostic application of MIP-1095 comprising 124I-based PET-imaging and RLT 

with the 131I-labeled compound in 2014 [152]. Apart from iodine, the copper isotope copper-64 has gained 

increased attention in the development of theranostic radioligands [153-155]. The isotope itself combines 

theranostic properties, namely partial β+-decay (Eβ+ = 655 keV positron energy, 18%) [156] qualifying 

64Cu-labeled ligands for PET-imaging and β−-emissions (Eβ− = 573 keV, 38%) [156] that can be exploited 

for RLT. Especially its comparatively long half-life of 12.7 h makes 64Cu-labeled ligands attractive tools 

for PET-studies at late imaging time points aiming for superior contrast due to enhanced clearance of 

the tracer from non-target tissue [153]. Furthermore, the existence of the purely therapeutic isotope 

copper-67 (β−-emitter, t1/2 = 61.8 h, Eβ− = 141 keV) [157] has rendered theranostic pairs of 

64Cu/67Cu-labeled radiopharmaceuticals subjects of intensive research [158-160]. A potential for an even 

wider theranostic utility is found in the lanthanide terbium. A unique quadruplet of terbium radioisotopes 

with clinically suitable decay properties technically allows for the execution of PET (with terbium-152), 

SPECT (with terbium-155), β−-therapy (with terbium-161) and α-therapy (with terbium-149) using 

Imaging for diagnosis 
and dosimetry 

Imaging for  
response control  

RLT (single or 
several cycles) 

Further RLT cycles 
or watchful waiting 
or other treatment options 

Further imaging for 
ongoing therapeutic 
decision-making 

Diagnostic 
companion 

Therapeutic 
companion 

Theranostic 
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Figure 5: Schematic overview of clinical patient management using theranostic radioligands. The diagnostic 

companion of the theranostic pair (related procedures are indicated in blue) is used for initial diagnosis via 

molecular imaging. Dosage of subsequent radioligand therapy (RLT) with the therapeutic companion (indicated 

in red) is based on dosimetry calculations derived from quantitative imaging with the diagnostic companion. 

Response to RLT can be controlled via post-therapeutic imaging which contributes to subsequent decision-making 

towards further RLT cycles or alternative treatment options. 
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Tb-labeled radioligands [161-162]. Besides extensive basic and preclinical research [161, 163-165] a first-in-man 

study by Baum et al. using 152Tb-labeled DOTATOC for PET-imaging in a patient with metastatic 

neuroendocrine neoplasms revealed high imaging contrast at late time points and visualization of even 

small metastases was found to be feasible [166]. Subsequently, PET-imaging was also reported in a patient 

with mCRPC using 152Tb-labeled PSMA-617 [167] before the feasibility of 161Tb-based RLT was 

exemplified in patients with metastatic paraganglioma and metastatic neuroendocrine neoplasms for the 

first time [168]. To date, however, a broader application of Tb-labeled radioligands is still impeded by 

scarce availability due to technological aspects in the production and purification of these 

radionuclides [162]. 

Thus, from a practical perspective, β−-RLT procedures are predominantly executed with 177Lu-labeled 

compounds, mainly because of the favorable dosimetric and radiation properties, excellent availability 

and established chelating systems for this radiometal [169-171], while targeted alpha therapy (TAT) 

procedures increasingly make use of actinium-225 [172-174]. At least in the case of lutetium-177, its 

γ-emissions may be exploited for SPECT-imaging, however, due to the lack of suitable isotopes for high 

resolution pre-therapeutic PET-imaging, 68Ga-labeled PET-tracers are conventionally applied to 

accompany 177Lu- or 225Ac-based RLT. Two successful examples from clinical practice are the 

radioligand pairs of [68Ga]Ga-/[177Lu]Lu-DOTATATE against neuroendocrine tumors [175-176] and 

[68Ga]Ga-PSMA-11 in combination with [177Lu]Lu- or [225Ac]Ac-PSMA-617 for the treatment of 

mCRPC [172, 177]. However, the intrinsic advantage of the theranostic principle is not fully exploited with 

these pairs of radioligands, as diagnostic and therapeutic compounds differ in their chemical and/or 

radio-chelate structure which can result in diverging targeting properties and pharmacokinetic 

behaviour [178-179]. Furthermore, the conservative structural concept of interchanging a given 

radionuclide to generate the respective theranostic companion of a radioligand holds the drawback that 

the lighthouse diagnostic nuclide fluorine-18 cannot be integrated into a true theranostic pair of 

radioligands. 

The Concept of Theranostic Radiohybrid Ligands 

A recent development, however, successfully faced the latter limitations and made the combined 

introduction of the established radionuclides lutetium-177 and fluorine-18 to the true theranostic world 

possible. So-called radiohybrid ligands contain two independent structural motives for radiolabeling: a 

silicon-fluoride acceptor (SiFA) for the optional 18F-labeling by isotopic exchange with fluorine-19 and 

a chelating unit for the complexation of a (radio)metal [180-182]. Based on this structural concept true 

theranostic companions, also referred to as theranostic twins due to their identity in chemical structure, 

are either 18F-labeled for diagnostic use while complexed with a non-radioactive metal or they contain 

non-radioactive fluorine-19 combined with the therapeutic radiometal complex for therapy (figure 6). 

In 2020, the radiohybrid concept was described by Wurzer et al. [182] exemplified by radiohybrid PSMA 

(rhPSMA) ligands for solely imaging purposes that combined the [18F/19F]SiFA moiety with a 
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natGa/68Ga-complex. This innovation bridges the gap between 18F- and 68Ga-based PSMA PET-imaging 

in PCa by offering chemically identical PET-tracers to clinics and nuclear medicine centers irrespective 

of whether the local infrastructure allows radiosynthesis with either cyclotron-generated fluorine-18 or 

generator-based gallium-68. The racemic tracer [18F]Ga-rhPSMA-7 and its single isomer 

[18F]Ga-rhPSMA-7.3 [183] have since been investigated for PET-imaging of both primary and recurrent 

PCa and high detection rates comparable to the FDA-approved ligand [68Ga]Ga-PSMA-11 as well as 

superior sensitivity, specificity and accuracy compared to conventional morphological imaging were 

reported [184-187]. The current evaluation of the diagnostic lead compound [18F]Ga-rhPSMA-7.3 in the 

prospective phase 3 clinical trials ‘LIGHTHOUSE’ (ClinicalTrials.gov identifier NCT04186819) for 

imaging of newly diagnosed PCa and ‘SPOTLIGHT’ (NCT04186845) in recurrent disease may possibly 

lead to the regulatory approval of this innovative diagnostic radiopharmaceutical in the near future. 

The paramount clinical potential of rhPSMA ligands, however, more than anything lies in their 

theranostic application. The advantages of 18F-labeled radiopharmaceuticals over their 68Ga-labeled 

counterparts, namely large-scale cyclotron-based production for high numbers of patients, a longer 

physical half-life (110 min vs 68 min, respectively) allowing shipment to nuclear medicine centers 

without own production facility [188], and improved spatial resolution owing to reduced positron energy 

nat
M 

18
F 

targeting 
vector *M 

19
F 

targeting 
vector 

Diagnostic twin Therapeutic twin 

Lu-rhPSMA-7 

Radiohybrid 
theranostics 

Figure 6: Radiohybrid theranostic ligands contain a chelating unit (square in schematic depiction, red in chemical 

structure) for the complexation of either the natural isotope (natM) or the therapeutic radionuclide (*M) of a metal 

such as lutetium and a silicon-fluoride acceptor (SiFA) moiety (small circle in schematic depiction, blue in 

chemical structure) that can be labeled with fluorine-18 for PET-imaging. The diagnostic twin is labeled with 

fluorine-18 (blue) and complexed with a non-radioactive metal ion (e.g. natLu3+), while the therapeutic twin 

contains non-radioactive fluorine-19 and a therapeutic radiometal (red, e.g. 177Lu3+) complexed to the chelating 

unit. Examples for diagnostic and therapeutic twins are [18F][natLu]Lu-rhPSMA-7 and [19F][177Lu]Lu-rhPSMA-7, 

respectively. 



Introduction 

 
15 

(0.65 MeV vs 1.90 MeV, respectively) [189], render 18F-labeled, Lu-complexed rhPSMA ligands highly 

promising and broadly available diagnostic tools for pre-therapeutic imaging. Dosimetry calculations 

would be quantitatively transferable to the corresponding therapeutic twin [177Lu]Lu-rhPSMA due to 

chemically identical structures enabling the execution of accurate personalized RLT in mCRPC patients. 

The radiohybrid concept therefore constitutes a remarkable approach to harness the full potential of the 

theranostic principle while simultaneously exploiting the specific advantages of fluorine-18 for 

diagnostics and lutetium-177 for RLT in the treatment of oncological diseases.  

Endoradiotherapy of PCa 

The first clinical application of endoradiotherapy in mCRPC based on small-molecule PSMA inhibitors 

was executed in 2014 by Zechmann and colleagues using MIP-1095 labeled with the β−-emitter 

iodine-131 [152]. High uptake and impressive retention in metastatic lesions was observed and the 

dosimetry of the small-molecule radioligand was found to be superior to 90Y-labeled mAb J591 and 

comparable to [177Lu]Lu-J591. A decline in serum PSA levels of ≥ 50% in 61% of the patients, 

radiographic reduction in disease burden and reported pain relieve from bone metastases represented 

encouraging results. At the same time, however, significant doses to salivary glands 

(4.62 ± 3.10 Sv/GBq, mean value) caused xerostomia in several patients and raised concerns about 

long-term salivary gland toxicity for repeated RLT cycles [152]. Currently, there are two active clinical 

phase 2 trials evaluating [131I]MIP-1095 alone or in combination with enzalutamide in mCRPC patients 

(NCT04085991 and NCT03939689, respectively, as of 08.03.2023). 

Since this radioiodinated compound had opened up the therapeutic stage for small-molecule 

PSMA-inhibitors, two chelator-based ligands have established themselves as the mainstay of RLT in 

mCRPC: PSMA-617 [190] and PSMA-I&T [191]. Both theranostic radioligands represent prime examples 

for the iterative molecular structure development in preclinical radiopharmaceutical research. 

PSMA-617 was developed with the aim to create a DOTA-based PSMA-targeted radioligand that could 

possibly be used for theranostic purposes, after [68Ga]Ga-PSMA-11 had shown promising results as a 

PET-imaging agent [192-193]. In contrast to the HBED-CC chelator incorporated in PSMA-11, DOTA not 

only allows for the radiolabeling of gallium-68 for PET-imaging but also affords stable complexes with 

therapeutic isotopes like yttrium-90, lutetium-177 or actinium-225. Mere substitution of HBED-CC by 

DOTA, however, resulted in reduced PSMA-affinity of DOTA-Ahx-KuE and, correspondingly, low 

tumor uptake in LNCaP-bearing xenografts [192]. Therefore, in a second step, PSMA-617 was developed 

by means of linker modifications aiming to increase the lipophilic interactions of the radioligand with 

the PSMA binding pocket to promote high PSMA affinity and PSMA-mediated internalization 

(figure 7) [190, 194]. In a similar fashion, PSMA-I&T was developed by iterative structure modifications 

based on DOTA-FFK-Sub-KuE, one of the first DOTA-based PSMA ligands reported by Banerjee at al. 

in 2010 [195]. In a first step, the substitution of DOTA by the DOTAGA chelator (1,4,7,10-

tetraazacyclodocecane-N-(glutaric acid)-N’,N’’,N’’’-triacetic acid) resulted in PSMA-TUM1, the first  
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DOTA-FFK-Sub-KuE DOTAGA-FFK-Sub-KuE DOTAGA-ifk-Sub-KuE 
(PSMA-I&T) 

HBED-CC-Ahx-KuE 
(PSMA-11) 

DOTA-Ahx-KuE DOTA-Thx-2-Nal-KuE 
(PSMA-617) 

KuE 
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Figure 7: The molecular structure of PSMA-617 (upper row) was developed by introduction of a DOTA chelator 

into a PSMA-11-derived compound (DOTA-Ahx-KuE) and subsequent optimization of the linker unit focusing 

on lipophilic interaction with the PSMA binding pocket. The structure of DOTA-FFK-Sub-KuE (bottom row) was 

in a first step optimized by replacement of DOTA by DOTAGA. Subsequent introduction of D-configured amino 

acids in the linker for enhanced metabolic stability and substitution of N-terminal phenylalanine by 3-iodo-tyrosine 

for ameliorated interaction with the arene binding site led to the development of PSMA-I&T. Iterative chemical 

modifications are indicated in red. 
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177Lu-labeled urea-based PSMA-ligand clinically applied in RLT of mCRPC [196-197]. Subsequent 

optimizations, namely a D-configured linker for increased metabolic stability and the introduction of 

lipophilic 3-iodo-tyrosine for enhanced interaction with the remote arene binding site [126], resulted in 

the molecular structure of PSMA-I&T (figure 7) [191].  

To date, PSMA-617 has been labeled with several different β−-emitting radioisotopes. While 

[161Tb]Tb-PSMA-617 and its 47Sc- and 67Cu-labeled analogs have currently not proceeded beyond the 

preclinical setting [198-200], 64Cu- and 90Y-labeled PSMA-617 have found their way into initial clinical 

evaluation besides the established [177Lu]Lu-PSMA-617 [201-202]. The high energy of β−-particles emitted 

by yttrium-90 (2.28 MeV [202]) results in high tissue penetration of up to 11 mm and metastatic lesions 

of 28 – 42 mm in diameter should benefit most from this increased cross-fire effect [203-204]. Accordingly, 

[90Y]Y-PSMA-617 has only been suggested in carefully selected patients with oligometastatic PCa and 

bulky lesions [202]. In contrast, optimal therapeutic efficacy of lutetium-177 (497 keV [202]) was proposed 

for rather small metastases of 1.2 – 3.0 mm [203] rendering 177Lu-labeled PSMA inhibitors optimally 

suited radioligands for RLT of mCRPC, an oftentimes disseminated disease including bone and visceral 

metastases. Promising first patient applications of [177Lu]Lu-PSMA-617 revealed high and persistent 

tumor uptake while fast and efficient renal clearance occurred from off-target tissue. Kratochwil et al. 

reported biochemical response in terms of decline in serum PSA levels for 21 (70%) of 30 patients and 

PSA decline was ≥ 50% in 13 patients (43%). Out of 11 patients that received three RLT cycles even 

73% (8 patients) presented with ≥ 50% decline in serum PSA at 24 weeks after initial treatment. After 

these encouraging results clinical trials were rapidly prompted and reported similar or even higher 

response rates (defined as ≥ 50% decline in serum PSA) of 45% [205] and 57% [206], although differences 

might in part be due to variations in treatment protocols. Furthermore, significant pain relief was 

reported by symptomatic patients and clinically meaningful improvements in quality of life were 

assessed [206-207]. Besides high mean tumor absorbed doses (2.80 – 4.80 Gy/GBq) [177Lu]Lu-PSMA-617 

showed a favorable safety profile with highest absorbed doses to salivary glands followed by kidneys 

and lacrimal glands [208-211]. As a consequence of salivary gland uptake, xerostomia was among the most 

common adverse events, however, mild and reversible in most cases [205-206, 208]. While the kidneys as 

excretory organs generally represent organs at risk in RLT procedures, no acute nephrotoxicity grade 3 

or higher was observed for [177Lu]Lu-PSMA-617 [205-206, 212-213]. Dosimetry studies determined mean 

absorbed doses of 0.39 – 0.61 Gy/GBq [209-210, 213] for the kidneys, which would, in a scenario of 4 cycles 

á 7.4 GBq [177Lu]Lu-PSMA-617, result in a cumulative dose between 11.5 – 18.1 Gy which is still 

below the generally accepted renal dose limit of 23 Gy derived from external beam radiation 

therapy [214]. Although clinical experience suggests that cumulative renal doses of up to 37 Gy might be 

tolerated in PSMA RLT [152], large inter-individual variations in kidney uptake need to be considered 

and underline the necessity for personalized dosimetry. In addition, as ongoing efforts in the treatment 

and care of PCa patients will hopefully result in prolonged survival, possible long-term side effects need 

to be considered and reduction of renal absorbed doses should remain a priority in clinical application 
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and preclinical development of PSMA radiotherapeutics. Besides salivary glands and kidneys, the red 

bone marrow represents an organ at risk in PSMA-targeted RLT and varying hematologic toxicity was 

repeatedly reported by several studies with [177Lu]Lu-PSMA-617 [205-206, 208, 215]. Besides 

perfusion-induced self-dose, spill-in radiation from the remainder of the body and especially nearby 

bone metastases can contribute with up to 50% to the effective bone marrow dose [208]. Consequently, 

the red bone marrow might be dose-limiting for RLT in patients with diffuse bone marrow infiltration. 

[177Lu]Lu-PSMA-I&T constitutes the most important therapeutic PSMA ligand besides 

[177Lu]Lu-PSMA-617 and is currently evaluated in two phase 3 clinical studies (‘SPLASH’-study: 

NCT04647526; ‘ECLIPSE’-study: NCT05204927). Clinical dosimetry studies revealed widely similar 

tissue distribution and absorbed doses compared to [177Lu]Lu-PSMA-617 [197, 216] and Baum et al. 

reported a high biochemical response rate of 59% (defined as ≥ 50% decline in serum PSA) in a cohort 

of 56 patients resulting in a long progression-free survival of 13.7 months and overall survival of 79% 

after 28 months, indicating a potential survival benefit of RLT with [177Lu]Lu-PSMA-I&T [217]. In a 

recent study by Karimzadeh and colleagues including 301 patients, a median overall survival of 

13.8 months was assessed while serum PSA levels decreased by ≥ 50% in only 34% of the patients [218]. 

Considering prior chemotherapy in two thirds of the patient population this apparently lower response 

rate is, however, well in line with previous results for [177Lu]Lu-PSMA-617 in a comparable cohort 

(response rate of 33%, 13 months median overall survival) which underlines the similar therapeutic 

efficacy of both radioligands [219]. 

In early 2022, a milestone in modern nuclear medicine was achieved by the regulatory approval of 

[177Lu]Lu-PSMA-617 (PluvictoTM) for RLT of mCRPC [220]. The approval by the Food and Drug 

Administration (FDA) was based on the positive results of VISION, a large international, randomized, 

open-label phase 3 clinical trial (NCT03511664) enrolled in 2018 [221-222]. Patients with mCRPC and 

PSMA-positive [68Ga]Ga-PSMA-11 PET/CT scan that had been treated with at least one 

androgen-receptor-pathway inhibitor and one or two taxane regimens received four to six cycles of 

[177Lu]Lu-PSMA-617 in addition to the best standard of care (BSOC) or BSOC alone. Image-based 

progression-free survival and overall survival were significantly prolonged by RLT with 

[177Lu]Lu-PSMA-617 (8.7 and 15.3 months, respectively) compared to the BSOC control group (3.4 and 

11.3 months, respectively), thus meeting both primary endpoints of the study [221]. While the approval 

of [177Lu]Lu-PSMA-617 will not only lead to a broader application and improved availability of RLT 

for PCa patients, it might also pave the way for PSMA-targeted RLT in earlier stages of the disease and 

respective clinical trials are already underway (e.g. NCT04430192, NCT04343885, NCT04443062). 
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Despite these groundbreaking advancements in the treatment of mCRPC, 177Lu-based endoradiotherapy 

in PCa faces the severe limitation that approximately 30% of patients do not respond to the treatment [205, 

208]. In that regard, targeted α-therapy (TAT) has been suggested as a promising alternative. The emission 

energy (5 – 9 MeV) as well as the linear energy transfer (LET, ~80 – 100 keV/µm) of α-particles is very 

high which results in a dramatically increased ionization density compared to β−-particles [223]. Thus, the 

higher number of DNA double-strand breaks induced by α-particles offer the opportunity to damage 

much more cancer cells irreversibly already at low activity levels and mostly independent of the cell 

cycle state and hypoxic conditions [223-225]. Another distinct advantage constitutes the limited tissue 

penetration of α-particles (50 – 100 µm, 2 – 3 cell diameters), which might be a decisive factor in 

sparing the red bone marrow in patients with severe bone marrow infiltration [172, 226]. In line with these 

theoretic foundations, dramatic radiographic response in a patient that had progressed under 177Lu-based 

PSMA-targeted RLT was reported in an early clinical study with 225Ac-labeled PSMA-617 (figure 8) 

while another patient with severe bone marrow infiltration showed complete radiographic and 

biochemical response with remarkably low hematologic toxicity [172]. Further studies have since drawn 

a similar promising picture for PSMA-TAT in mCRPC [174, 227-230] and, besides [225Ac]Ac-PSMA-617 

that entered a clinical phase 1 study in PSMA-positive PCa patients (NCT04597411), also 225Ac-labeled 

PSMA-I&T is currently evaluated for TAT of mCRPC in a phase 2 clinical trial (NCT05219500). In 

terms of toxicity, however, in contrast to efficiently spared bone marrow, a drawback of PSMA-TAT is 

constituted in severe xerostomia that arises from salivary gland uptake of α-labeled PSMA-ligands. 
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Figure 8: Pre-, intra- and post-therapeutic [68Ga]Ga-PSMA-11 PET scans of a mCRPC patient presenting with 

peritoneal carcinomatosis and liver metastases (A). After disease progression under RLT with 

[177Lu]Lu-PSMA-617 (B), complete biochemical and radiographic response to targeted α-therapy was achieved 

using [225Ac]Ac-PSMA-617 (C, D). Severe radiotoxicity to the salivary glands was reported and is reflected by 

reduced uptake of the diagnostic tracer in the respective organs observed in scans C and D (figure adapted from 

Kratochwil et al. 225Ac-PSMA-617 for PSMA-Targeted α-Radiation Therapy of Metastatic Castration-Resistant 

Prostate Cancer. J Nucl Med. 2016;57(12):1941-44. Copyright © 2016 SNMMI). 



Introduction 

 
20 

While only mild and reversible in 177Lu-based RLT [205-206, 208], severe and persistent xerostomia was 

reported in several studies with [225Ac]Ac-PSMA-617 [172, 227, 231]. Furthermore, Kratochwil et al. and 

Feuerecker et al. reported 10% and even 23% of patients, respectively, that discontinued treatment due 

to xerostomia-related impairment in quality of life like dry mouth, loss of taste or problems with sleep 

and mastication [227, 231-232]. Several approaches to reduce salivary gland uptake have only shown 

moderate clinical efficacy to date [232] which emphasizes that intense preclinical and clinical research is 

mandatory to solve this eminent drawback of current PSMA radioligands. Although the exact uptake 

mechanism of PSMA radioligands into the salivary glands is currently unknown, the presence of 

L-glutamate in the urea-based PSMA binding motive seems to be a pivotal structural feature. While most 

efforts to circumvent salivary gland uptake by modification of the PSMA inhibitor motive were 

unsuccessful so far [233-235], a recent study by Kuo et al. showed the preclinical feasibility to efficiently 

target PSMA-positive tumors with thoroughly designed ligands based on L-2-aminoadipic acid instead 

of L-glutamate [236]. Clinical data still need to confirm these findings, however, the successful 

development of high affinity PSMA-ligands without L-glutamate might play an important future role in 

sparing the salivary glands in PSMA-TAT. 

Fueled by the clinical success of PSMA-617 and PSMA-I&T, a plethora of novel urea-based 

small-molecule inhibitors of PSMA has been developed for therapeutic purposes throughout the last 

years. Preclinically, research has covered a wide range of approaches reaching from the introduction of 

novel chelating moieties [237-239] and innovative radionuclides [198, 240-241] to alternative binding 

motives [233-234, 242-243] and structural modifications altering the radioligands’ pharmacokinetic profile [244-

247]. The latter has mainly focused on exploiting enhanced plasma protein binding for increased 

therapeutic efficacy and three 177Lu-labeled representatives of this class of albumin-binding PSMA 

ligands, namely CTT1403 (NCT03822871), EB-PSMA-617 [248] and PSMA-ALB-56 [211], have been 

evaluated in the clinical setting. Furthermore, [177Lu]Lu-PSMA-R2 [249] was developed aiming for 

minimal kidney dose and a first clinical trial has recently been terminated (NCT03490838). Among the 

novel class of radiohybrid PSMA ligands, [177Lu]Lu-rhPSMA-7.3 was the first candidate to be clinically 

evaluated in an intra-patient comparative dosimetry study in 2021 by Feuerecker et al. and revealed 

similar therapeutic efficacy as established [177Lu]Lu-PSMA-I&T [250]. Finally, as a result of ongoing 

preclinical development, clinical studies with the optimized radiohybrid lead candidate 

[177Lu]Lu-rhPSMA-10.1 have recently been initiated (NCT05413850) which represents an important 

next step to realize the theranostic potential of the radiohybrid concept within the clinical setting. 

In conclusion, within only a few years PSMA-targeted RLT has developed into a forerunner of clinically 

impactful developments in modern radiopharmacy and has certainly not come to an end yet. Not least, 

the huge dynamics in the development of PSMA-targeted radiopharmaceuticals is an impressive 

example on how medicinal demand and economic potential can promote collaborations between 

(radio)pharmaceutical companies and academia and finally foster innovation to make new therapeutic 

options available to PCa patients in unprecedented speed. 
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Radioguided Surgery 

Radioguided surgery (RGS) constitutes another therapeutic intervention in oncologic malignancies and 

its origins date back to the late 1940s, when Selverstone et al. where the first to make use of a radioactive 

probe ([32P]phosphate) and a Geiger-Müller counter to detect and resect brain tumors during surgery [251]. 

This concept of radioactivity guiding the surgeon towards the precise excision of cancer-infested tissue 

has since been developed further and was adopted to intratumorally and systemically injected 

radiopharmaceuticals for various tumor entities [252-256]. With surgery still being among the most 

established procedures to treat localized tumors, radioguidance can provide significant benefits for 

surgeons and patients, such as real-time information regarding the localization of the disease, assistance 

in the assessment of surgical resection margins and minimized invasiveness during surgery [257]. In PCa, 

the concept of RGS has been experimentally introduced only a few years ago and is used at a 

locoregional stage of the disease in patients with primary PCa or biochemical recurrence with a few 

metastases limited to the pelvic lymph nodes [258-259]. After patient selection based on PSMA-PET, a 

γ-ray emitting PSMA ligand for RGS is injected, SPECT-imaging is executed to validate uptake of the 

tracer in PSMA-positive lesions, and surgery is performed approximately 20 – 24 h after injection [258-

259]. With the help of a hand-held γ-probe, the surgeon can locate radioactive lesions intraoperatively 

within the surgical field and resect respective metastases and surrounding tissue. Successful removal 

can instantly be validated by ex vivo radioactivity measurements outside the surgical field, before 

immunohistochemistry is applied to cross-validate the presence of metastases in the resected specimens 

(figure 9). The first PSMA-targeted small-molecule inhibitor applied in RGS was 111In-labeled 

PSMA-I&T [258, 260]. Promising results were obtained in a small cohort of patients, however, 111In-labeled 

tracers suffer from logistical drawbacks for routine clinical application such as restricted availability of 

[111In]InCl3 and considerable radiation exposure [259]. In contrast, techentium-99m represents an optimal 

radionuclide for RGS because of superior physical properties (t1/2 = 6.01 h; Eγ = 141 keV), ease of 

accessibility by 99Mo/99mTc-generators and the long history of established 99mTc-based procedures in 

nuclear medicine [261-262]. Therefore, the development of a 99mTc-labeled probe for PSMA-targeted RGS 

was envisioned by the radiopharmaceutical research group at the Technical University of Munich and 

resulted in the introduction of [99mTc]Tc-PSMA-I&S (figure 10) to clinical application in 2015 [263]. 

Positive results in terms of high sensitivity (84%), accuracy (93%) and specificity (100%) were 

presented by Maurer et al. for a cohort of 31 patients with biochemical recurrence after primary RP and 

the authors reported promising short-term outcomes like complete biochemical response in 67% of the 

study population which was persisting in 43% after a median follow- up of 13.8 months [259]. 

Interestingly, even additional metastases as small as 3 mm that had not been observed on prior PET 

scans were successfully removed in RGS with [99mTc]Tc-PSMA-I&S [259]. This observation is in line 

with earlier experiences with [111In]In-PSMA-I&T and highlights the potential of PSMA-targeted RGS 

for the treatment of locoregional PCa [258]. In a similar fashion, Horn et al. reported the successful 

removal of lesions in 120 of 121 patients using [99mTc]Tc-PSMA-I&S and a complete biochemical 
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response was observed in 66% of the study population [264]. The authors concluded that RGS delays 

disease progression in patients with recurrent PCa after RP and best response was observed for patients 

that presented with low preoperative PSA levels and a single lesion on PSMA-PET. Furthermore, a first 

prospective clinical study reported by Knipper et al. compared conventional sentinel lymph node 

dissection (sLND) with PSMA radioguided sLND in a small cohort of 42 PCa patients with limited 

lymph node only recurrence [265]. The study assessed significantly improved metastases-yield and 

biochemical response six weeks after surgery for the radioguided approach, however larger studies such 

as TRACE (NCT03857113) are needed to reliably determine the added value of PSMA-targeted 

radioguidance to sLND in recurrent PCa. 

The main limitation of PSMA-targeted RGS currently lies in the insufficient sensitivity for 

micrometastatic disease as small subcentimeter lesions that are missed during surgery can lead to early 

disease progression and further metastatic spread. Several technological advancements in the field of 

(radioguided) surgery such as robot-assisted laparoscopic procedures [266-267] as well as 

laparoscopy-compatible drop-in or click-on γ-probes [268-270] can certainly help to ameliorate lesion 

detection with minimal surgical invasiveness. However, the detection of micrometastatic lesions 
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Figure 9: Principle of radioguided surgery (RGS). A) Patients are initially stratified by PET/CT-imaging using 

[68Ga]Ga-PSMA-11. Patients eligible for RGS receive an injection of [99mTc]Tc-PSMA-I&S approximately 

20-24h prior to RGS and uptake in metastatic lesions is verified using SPECT/CT-imaging. B) A handheld γ-probe 

is applied to localize metastatic lesions intraoperatively. C) Outside the surgical field, PSMA-positivity in resected 

tissue samples can instantly be verified by ex vivo activity measurements. D) Histopathology of resected tissue 

specimens is used for final identification of metastatic lesions (figure A adapted from Maurer et al. 
99mTechnetium-based Prostate-specific Membrane Antigen–radioguided Surgery in Recurrent Prostate Cancer. 

Eur Urol. 2019;75(4):659-666. Copyright © 2018 European Association of Urology. Figures B and C reproduced 

from Eiber et al. Prostate-Specific Membrane Antigen Ligands for Imaging and Therapy. J Nucl Med. 

2017;58(S2):67S-76S. Copyright © 2017 SNMMI. Figure D reproduced from Maurer et al. Prostate-specific 

Membrane Antigen–radioguided Surgery for Metastatic Lymph Nodes in Prostate Cancer. Eur Urol. 

2015;68(3):530-534. Copyright © 2015 European Association of Urology). 
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primarily requires sufficient signal-to-background contrast which, in term, is fundamentally governed 

by the PK of the applied radioligand. Generally applied [99mTc]Tc-PSMA-I&S shows relatively slow 

whole body clearance with a significant hepatobiliary contribution, thus, incomplete clearance from 

background tissue at the time of surgery might be a highly relevant factor possibly concealing small 

metastatic lesions. As a potential alternative [99mTc]Tc-MIP-1404, a tracer originally developed for 

SPECT-imaging, has recently been successfully applied for PSMA-targeted RGS in nine patients [271]. 

Valid comparison with [99mTc]Tc-PSMA-I&S requires larger patient cohorts and well-defined study 

criteria, however, based on the reported results and data from literature it is highly questionable if 

[99mTc]Tc-MIP-1404 can overcome the limited sensitivity of [99mTc]Tc-PSMA-I&S  in micrometastatic 

disease due to its similar dosimetry and likewise slow clearance kinetics [263, 272-273]. Next-generation 

99mTc-labeled PSMA ligands with a pharmacokinetic profile optimized for RGS application thus 

represent a meaningful task for radiopharmaceutical development, especially as no dedicated 

optimization of a 99mTc-labeled PSMA ligand tailored specifically for RGS application has been reported 

since the introduction of [99mTc]Tc-PSMA-I&S. Instead, research within the field of PSMA-guided 

surgery of PCa has lately concentrated on the development of hybrid tracers. Beyond radioactivity 

detection with a γ-probe, these radioligands enable fluorescence imaging as an additional intraoperative 

imaging method by means of a fluorescent dye incorporated into the molecular structure of the ligand. 

Fluorescence-guidance during open-field or robot-assisted surgery bears the distinct advantage that an 

instant visual feedback helps the surgeon to ensure negative surgical margins during the resection of 

malignant tissue. Fluorescence-guidance alone, however, comes with the inherent drawback of limited 

[
99m

Tc]Tc-PSMA-I&S 

[
99m

Tc]Tc-EuK-(SO
3
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Figure 10: Structure of [99mTc]Tc-PSMA-I&S (upper row) for RGS and hybrid tracer 

[99mTc]Tc-EuK-(SO3)Cy5-mas3 (bottom row) for radio- and fluorescence-guidance. Both tracers share the 

common glutamate-urea-based PSMA binding motive (blue) and a mas3-chelator (red). The linker of PSMA-I&S 

contains lipophilic amino acids (green) for optimal target interaction while a SO3-substituted Cy5 fluorescent dye 

(purple) is incorporated in EuK-(SO3)Cy5-mas3 to facilitate fluorescence-guidance. 
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tissue penetration which hampers the detection of obscure or atypically localized lesions [274-275]. In that 

regard, the combined advantages of hybrid radioligands providing γ-radiation with deep tissue 

penetration for sensitive lesion detection and fluorescence-based real-time visual information for 

thorough resection renders hybrid tracers a concept of great potential for the evolution of 

imaging-guided surgery [276]. Several hybrid PSMA-targeted tracers have been reported to date and 

combine fluorescent dyes like IRDye800CW, Cy5-derivatives or FITC with the radioisotopes 

fluorine-18, gallium-68 or technetium-99m [130, 277-280]. While most hybrid tracers have been only 

explored in the preclinical setting, first clinical experience was made with 18F-labeled BF3-Cy3-ACUPA 

and 68Ga-labeled PSMA-914 [279, 281]. Due to their radionuclides’ short half-life, however, surgery of PCa 

patients was executed only supported by fluorescence-guidance and in case of PSMA-914 preoperative 

PET-imaging and intraoperative fluorescence-guidance required two separate tracer injections. 

Therefore, the theoretical potential to enable radio- and fluorescence-guidance by a single injection of a 

hybrid radioligand is currently still an unachieved goal. Another promising hybrid PSMA-ligand is 

99mTc-labeled EuK-(SO3)Cy5-mas3 (figure 10) [278]. Preclinical studies revealed favorable targeting 

characteristics and biodistribution in mice and Dell’Oglio et al. recently reported the feasibility of 

fluorescence-guidance with the unlabeled compound in a porcine model using a microdosing 

regimen [282]. Due to the suitable radioactive half-life of [99mTc]Tc-EuK-(SO3)Cy5-mas3 this tracer might 

possibly meet the criteria for simultaneous radio- and fluorescence-guidance in a surgical setting, 

however, future clinical studies in PCa patients are needed to corroborate this assumption and explore 

whether the promising preclinical results can be transferred to the human situation. 

While RGS has already exerted remarkable impact on the clinical management of PCa patients, the 

application of hybrid tracers for PSMA-targeted surgery is currently still in its infancy. Nonetheless, 

from a radiopharmaceutical perspective both approaches share the same fate in terms of their future 

impact on patient care, namely that exploiting the whole potential of these surgical procedures for the 

benefit of PCa patients will depend to a great extent on the successful development of next-generation 

radiopharmaceuticals with thoroughly optimized PK. 
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1.4. Optimization of Pharmacokinetics of PSMA Radioligands 

Pharmacokinetic Considerations for Therapeutic Applications 

Besides efficient target interaction and the therapeutic mode of action, the pharmacokinetic behavior 

represents a pivotal aspect for the therapeutic performance of systemically applied drugs such as 

radiopharmaceuticals. The PK of a drug is often described within the ADME concept which focusses 

on the pharmaceutical’s absorption, distribution, metabolism and excretion [283-284]. Small-molecule 

peptidic radioligands are generally applied by intravenous injection, thus, instant absorption to the 

vascular system is inherently realized by this route of drug administration. In contrast, the distribution 

of radiopharmaceuticals can vary greatly, for example due to structure-specific plasma protein binding 

properties. Furthermore, the lipophilicity of a radioligand shapes its distribution profile (e.g. via the 

extent of hepatic uptake) and significantly influences whether excretion occurs via the preferred renal 

pathway or (in part) via the hepatobiliary route. Metabolism represents a critical aspect for both target 

binding and excretion of radiopharmaceuticals [285-286]. In contrast to linear polypeptidic ligands 

(targeting e.g. gastrin-releasing peptide receptor or cholecystokinin-2 receptor) that can be prone to 

endogenous peptidases [287-289], state-of-the-art PSMA-ligands are usually composed of a stable 

glutamate-urea binding motive, common radiometal complexes with established chelators and a linker 

region that oftentimes contains unnatural building blocks or D-configured amino acids. These structural 

features usually confer high metabolic stability to the entire ligand. Therefore, the main focus in 

optimizing the PK of PSMA-radioligands lies in structure-related fine-tuning of their distribution- and 

excretion-driven clearance kinetics as the latter substantially shapes the absorbed dose ratios between 

tumor and healthy tissue. 

In that regard, specific requirements towards a radioligand are closely tied to the intended clinical 

application. PET- and SPECT-imaging rely on high contrast at early time points realized by preferably 

high initial lesion uptake followed by rapid systemic clearance via the renal pathway. Also in RLT 

efficient renal clearance from healthy tissue is paramount to ensure low radiotoxic side effects [213, 217, 

290]. Simultaneously however, a slightly decelerated clearance as compared to diagnostic tracers is 

envisioned to prolong the tracer’s availability for target binding and thus to maximize the therapeutic 

dose to cancerous lesions. Requirements for RGS application basically resemble those for diagnostic 

tracers, however, maximal contrast is to be achieved at a later time point suitable for the half-life of the 

applied radionuclide and complying with logistic considerations of the surgical procedure. While 

seeming only marginally different on a theoretical level, the aforementioned pharmacokinetic 

requirements need to be optimally met for each specific application to open up the full clinical potential 

of PSMA-targeted radiopharmaceuticals for PCa patients. 
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PK-related Structural Developments in PSMA Radioligands 

On the level of radiopharmaceutical structure development, different approaches have been explored to 

shape the PK of PSMA radioligands aiming for a distribution profile optimally tailored for the intended 

clinical application (selected structural examples are depicted in figure 11). For instance, a potentially 

nephroprotective approach was pursued by several groups by insertion of a peptidic sequence such as 

glycyl-lysine (GK) [291], glycyl-tyrosine (GY) [292] or methionyl-valyl-lysine (MVK) [293] which can be 

cleaved by brush border enzymes found on the membrane of proximal tubules in the kidney [294-295]. The 

cleavable sequence is either located in proximity to the PSMA-binding motive to create radiometabolites 

without PSMA affinity to lower PSMA-mediated kidney-uptake or adjacent to the radiochelate to create 

hydrophilic, fast-clearing radiometabolites. Preclinical studies of these kidney-cleavable PSMA ligands 

could in part show reduced kidney uptake, however, superiority over conventional ligands was not 

SiOH-PSMA-7.3 

IBA-G-Y-KuE 

EuK-Ahx-HBED-CC-(EH)
3
 

Figure 11: Examples of PSMA ligands incorporating distinct structural modifications to alter their 

pharmacokinetic profile. A repeat of glutamyl-histidine (blue) in EuK-Ahx-HBED-CC-(EH)3 leads to reduced 

renal and hepatic uptake of the 68Ga-labeled radioligand in mice. An enzyme-cleavable glycyl-tyrosine sequence 

(green) in IBA-G-Y-KuE aims for reduced kidney uptake by metabolic cleavage in the proximal tubule. The 

hydroxyl functionality (red) in SiOH-PSMA-7.3 replacing the corresponding fluoride in the analog radiohybrid 

compound leads to accelerated clearance and an increased tumor-to-kidney ratio of the 177Lu-labeled radioligand 

in mice. 
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achieved due to simultaneously reduced tumor uptake [292-293, 296] thus preventing this approach from 

clinical translation. 

Besides this rather sophisticated concept of targeted metabolic instability, various ways of conventional 

structure modifications have been examined and exhibited similarly complex and delicate effects on the 

PK of PSMA-targeted radioligands. For instance, Eder et al. inserted a glutamyl-histidine repeat (EH3) 

into the structure of the imaging agent PSMA-11 and found unaltered high tumor uptake but 

significantly reduced renal and hepatic uptake in a murine xenograft model [297]. Such effects sparing 

excretory organs from excessive radiation exposure might be of particular interest for the design of 

therapeutic radioligands. Further studies on this amino acid based pharmacokinetic modifier led to the 

development of PSMA-914, a hybrid tracer that has recently entered the stage of early clinical 

evaluation [280-281, 298]. More subtle but likewise impactful structure modifications can be implemented 

by insertion or substitution of functional groups within the scaffold of a lead compound, as demonstrated 

with a series of Cy5-containing PSMA ligands by Hensbergen et al. Decoration of the linker-embedded 

fluorophore with either an aryl or sulphonate functionality lead to markedly altered blood clearance and 

excretion profiles depending on the type and localization of the functional group [278]. An even smaller 

functional modification implemented by Wurzer et al., namely the substitution of fluoride in therapeutic 

rhPSMA ligands by a hydroxyl functionality (SiOH-PSMA), was reported to accelerate renal clearance 

by means of reduced plasma protein binding and increase tumor-to-kidney ratios of SiOH-PSMA 

ligands in preclinical studies [299]. As the kidney is still considered a major organ at risk in RLT of PCa 

these SiOH-PSMA ligands might represent valuable options for reducing the cumulative renal absorbed 

dose for multiple RLT cycles. A final example impressively depicting the immense influence of 

structural modifications on the PK of PSMA radioligands is the differential uptake analysis of 

[18F]Ga-rhPSMA-7 executed at the Technical University of Munich [183]. The radioligand, composed of 

four diastereomers differing in only two stereocenters, was injected in LNCaP tumor-bearing mice and 

a radio-HPLC-based organ analysis revealed significant differences in tracer uptake and excretion 

patterns between the single isomers. As compared to the isomers’ abundance in the injected solution, 

uptake of D-Dap containing isomers [18F]Ga-rhPSMA-7.1 and [18F]Ga-rhPSMA-7.3 in blood, kidneys, 

liver and tumor were found to be consistently elevated by around 5-13%, while the remaining isomers 

showed correspondingly reduced differential uptake [183]. These reproducible differences originating 

only from an altered stereochemistry impressively underline how delicate and subtle the response of a 

radioligand’s PK is even towards minuscule structure modifications. In consequence, a dedicated and 

meticulous structure optimization of PSMA radioligands for every therapeutic application is mandatory 

to ensure optimal clinical performance and benefit for PCa patients. 
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Figure 12: A) Crystal structure of human serum albumin (HSA) complexed with myristic acid and R-(+)-warfarin 

(Protein Data Base (PDB) ID: 1H9Z; doi: 10.2210/pdb1H9Z/pdb). Subdomains are indicated by color code: 

subdomain IA: dark blue; subdomain IB: pale blue; subdomain IIA: yellow; subdomain IIB: orange; subdomain 

IIIA: rose; subdomain IIIB: red. Green stars indicate the location of six myristic acid molecules in fatty acid 

binding sites (FA) 1-6 of HSA. The pink star indicates Sudlow’s site I occupied by R-(+)-warfarin (pink stick 

representation) with the latter impeding the binding of another myristic acid molecule to FA7. Sudlow’s site II is 

indicated with an arrow and overlaps with FA3 and FA4. B) Chemical structures of some HSA-binding 

compounds. Their site of binding is represented in panels A and C-E. C) Orientation of R-(+)-warfarin (pink stick 

representation) in Sudlow’s site I (PDB ID: 1H9Z). Major interactions are H-bonds (blue dotted lines) of 

oxo-groups with arginine (R222) and histidine (H242) residues and a water molecule as well as π-interactions 

(green dotted lines) with a tryptophan (W214) residue. D) Orientation of S-(+)-ibuprofen (pink stick 

representation) in Sudlow’s site II (PDB ID: 2BXG; doi: 10.2210/pdb2BXG/pdb). The aromatic portion is located 

in an apolar pocket and the carboxylate is oriented towards a polar patch formed by residues of arginine (R410), 

tyrosine (Y411) and lysine (K414). E) Orientation of 4-phenylbutanoic acid (pink stick representation) in 

Sudlow’s site II (PDB ID: 5YOQ; doi: 10.2210/pdb5YOQ/pdb). In analogy to ibuprofen the molecule’s aromatic 

portion covers a hydrophobic pocket while amino acid residues of the polar patch (predominantly Y411 and K414) 

coordinate the carboxylate. 
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Albumin Binding of PSMA Radioligands 

Besides the aforementioned concepts, binding to human serum albumin (HSA) represents another 

approach to modify the PK of therapeutic PSMA radioligands and has gained tremendous influence 

within the last decade. HSA is a non-glycosylated, 66.5 kDa monomeric, allosteric plasma protein 

composed of 585 AA [300-302]. With a concentration of about 700 µM HSA represents the most abundant 

human plasma protein and accounts for approximately 60% of the total plasma protein amount [300-301]. 

Apart from its key role in regulating colloidal osmotic pressure and the plasma’s antioxidant capacity, 

HSA acts as the most important carrier protein and depot for a wide variety of endogenous compounds 

such as fatty acids, heme or thyroxine and xenobiotics like drugs and contaminants [300-302]. Structure 

analysis revealed HSA to be composed of three homologous domains (I, II and III), each of them divided 

into two helical subdomains (A and B, see figure 12A) [303]. Apart from seven binding sites for fatty 

acids (FA1-7), two primary high-affinity binding sites that play a crucial role in the transport of a variety 

of drugs have been identified: Sudlow’s site I in subdomain IIA overlaps with FA7 and binds bulky 

heterocyclic anions with warfarin as a stereotypical representative [300, 304-305]. Sudlow’s site II that 

overlaps with FA3 and FA4 is located in subdomain IIIA and binds aromatic anionic structures such as 

ibuprofen or benzodiazepines like diazepam [300, 303]. It is of particular interest and of pharmacologic 

relevance that both binding sites show sufficient flexibility to bind a scope of structurally different small 

molecule drugs yet binding remains specific and of high affinity (exemplified for Sudlow’s site II in 

figure 12 D+E) [303]. With the aim of enhancing the circulatory half-life and thus the availability of 

otherwise rapidly excreted drugs, many efforts have been made to structurally understand and exploit 

the binding capacity of the various binding sites of HSA [303, 305-307]. Recently, Dumelin at al. reported a 

series of 4-phenylbutanoic acid derivatives that potently bind HSA in Sudlow’s site II [308]. After the 

utility of the most potent derivative p-iodo-4-phenylbutanoic acid (IPA) was initially explored in long-

acting magnetic resonance imaging contrast agents, fluorescin derivatives and antibody fragments [308-

309], it was later on also applied in radiopharmaceuticals against manifold targets to alter their 

pharmacokinetic profile towards enhanced tumor uptake or increased tumor-to-kidney ratios [310-313].  

Regarding PSMA-targeted radiotherapeutics, multiple efforts have been made to raise the therapeutic 

efficacy of novel albumin-binding ligands above clinically established PSMA-617 and PSMA-I&T 

(selected ligands are depicted in figure 13). Benesova et al. were among the first to develop 

IPA-modified derivatives of PSMA-617 and reported reasonable hydrophilicity and promising targeting 

characteristics showing the feasibility to incorporate small albumin-binding moieties into the scaffold 

of theranostic PSMA ligands [314]. Impressive tumor uptake of the 177Lu-labeled compounds of up to 

80% iD/g confirmed the hypothesized beneficial effect of enhanced albumin binding in a PC3-Pip 

xenograft model. However, simultaneously increased kidney retention and dramatically prolonged 

blood retention of the novel radioligands lead to an overall inferior estimated dose ratio between tumor 

and blood, kidneys and liver, respectively [314]. Especially in mCRPC patients with severe bone marrow 

infiltration, prolonged blood circulation can eventually render the radiation exposure of the red bone 



Introduction 

 
30 

marrow dose-limiting. Therefore, in a next development step, the apparently excessive albumin-binding 

capacity of IPA was accounted for by the introduction of the less potent 4-(p-tolyl)butanoic acid moiety 

and the resulting compound [177Lu]Lu-PSMA-ALB-56 exhibited a superior pharmacokinetic profile 

with less pronounced blood retention compared to its IPA-derived analog [247]. Encouraged by 

extraordinary tumor uptake even exceeding 100% iD/g after 24 h and promising results of a preclinical 

R 

Evans Blue 
in EB-PSMA-617 

tolylbutyric acid 
in PSMA-ALB-56 

diaminobutyryl-ibuprofen 
in Ibu-DAB-PSMA 

SiFA 
in rhPSMA-7.3 

naphtyl group 
in PSMA-617 

Figure 13: Chemical structures of selected HSA-binding PSMA-ligands with moieties conferring plasma protein 

binding properties highlighted in blue. Multiple compounds were derived from PSMA-617 by insertion of an 

albumin-binding motive between EuK-2-Nal-Thx (abbreviated as R) and the chelating moiety. EB-PSMA-617 

and PSMA-ALB-56 contain the strong albumin-binding motives Evans Blue and 4-(p-tolyl)butanoic acid, 

respectively. Ibu-DAB-PSMA contains an altered linker structure (depicted in green) to modulate the effective 

albumin binding capacity of ibuprofen. The SiFA-group in rhPSMA-7.3 serves labeling with fluorine-18 and 

enhances PSMA affinity. Its lipophilic character, however, also endows significant plasma protein binding to the 

entire ligand. In a similar fashion, the naphtyl-group in PSMA-617 primarily serves enhanced target interactions 

but also confers moderate plasma protein binding to this rather fast clearing compound. 
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therapy study, [177Lu]Lu-PSMA-ALB-56 was evaluated in a clinical study in mCRPC patients [211]. 

Despite approximately 2-fold increased tumor dose and similar uptake in salivary glands as compared 

to [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T [210, 213, 217], the therapeutic efficacy of  

[177Lu]Lu-PSMA-ALB-56 was hampered by unfavorably slow clearance kinetics and increased kidney 

retention. The latter was increased around 3- to 6-fold [209, 217] and an up to 8-fold increased dose to the 

red bone marrow was determined (comparison with Delker at al. [210] and Baum et al. [217] based on a red 

marrow-to-blood activity concentration ratio (RMBLR) of 1.0). Consequently, the authors identified the 

red bone marrow as dose limiting organ and the tumor dose at maximum injectable activity was 

calculated to be significantly lower than for [177Lu]Lu-PSMA-617 or [177Lu]Lu-PSMA-I&T [211]. In a 

similar fashion, hopes arisen upon promising preclinical data were also disappointed in the case of 

[177Lu]Lu-EB-PSMA-617, a PSMA ligand decorated with the strong albumin-binding motive Evans 

Blue [246]. A clinical study in mCRPC patients revealed even 3.0-fold increased tumor dose as compared 

to [177Lu]Lu-PSMA-617, however, the radiation dose to critical organs such as kidneys, liver, red 

marrow and salivary glands were elevated by a factor of 6.0, 5.7, 6.5 and 5.1, respectively [248]. In 

conclusion of the aforementioned clinical data and taken together with the fact that even state-of-the-art 

PSMA ligands without dedicated HSA-binding motives in part show considerable amount of plasma 

protein binding that shapes their overall PK [314-316], it can be questioned if the incorporation of a strong 

albumin-binding entity such as IPA or Evans Blue is actually beneficial at all. The current state of 

preclinical and clinical research rather indicates that it is not an explicitly high but a well-balanced sweet 

spot of albumin binding that might confer the desired PK to a PSMA ligand to improve its therapeutic 

efficacy. Accordingly, the approach of albumin binding shares a common fate with the diverse chemical 

modifications described earlier, namely that detailed and thorough structure optimizations are necessary 

to yield a therapeutic PSMA ligand with a pharmacokinetic profile optimally tailored for RLT 

application. Appropriately, several groups are already experimenting with albumin-binders of 

differential potency or modifications in structural vicinity of the albumin binding motive [317-321].  

In conclusion, the optimization of the PK of PSMA radioligands is of great significance due to the 

increasing clinical demand and potential benefit for PCa patients. Future development will need to 

combine current knowledge and expertise together with diligence, novel (radio)chemical approaches 

and innovative methodologies to dig deeper into structure optimization hopefully yielding ever 

improved diagnostic, therapeutic and theranostic PSMA-targeted radiopharmaceuticals against PCa. 
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2. Objectives 

The work presented in this thesis aimed to develop and evaluate novel and improved PSMA-binding 

radiopharmaceuticals with optimized PK for various therapeutic purposes in PCa by means of dedicated 

chemical structure optimization, thorough preclinical evaluation and development of methodological 

tools. 

Within the discipline of nuclear medicine, PSMA-targeted RLT with 177Lu-labeled peptidic radioligands 

constitutes the most established therapeutic intervention in mCRPC [217, 221, 322]. Recently, Wurzer et al. 

introduced a novel class of radiolabeled PSMA-inhibitors, named radiohybrid PSMAs or rhPSMA [182, 

184]. While the diagnostic radioligand [18F]Ga-rhPSMA-7.3 is currently evaluated in phase 3 clinical 

trials for the PET-imaging of PCa (NCT04186819 and NCT04186845), the radiohybrid concept bears 

the potential to use the 177Lu-complexed tracers as radiotherapeutics. Therefore, one major objective of 

this thesis was the thorough preclinical evaluation of novel, 177Lu-labeled therapeutic rhPSMA 

compounds and the selection of a lead candidate for further clinical development. 

Within the preclinical development process, assessment of plasma protein binding and, in particular, 

binding to HSA has recently gained increased attention as it constitutes a crucial molecular property that 

shapes the PK and therefore the therapeutic efficacy of PSMA radioligands. The preclinical selection of 

a therapeutic PSMA ligand that should bear optimal pharmacokinetic properties in humans, however, 

does not only require the knowledge of the quantitative extent of plasma protein binding (e.g. percent 

plasma bound ligand/free ligand) as conventionally determined via ultrafiltration experiments or 

chromatography-based studies [323-325]. A more effective way to preclinically select an optimal candidate 

should include the comparison of the expected blood clearance kinetics of tracers based on the ligands’ 

HSA-binding. Such an approach could effectively bridge the gap between the current preclinical 

selection process and the corresponding PK subsequently assessed in clinical studies. The development 

of a novel methodology that might allow a more accurate selection of a promising next generation 

candidate already at the preclinical stage constituted another core objective of this thesis. 

Furthermore, RGS represents a promising therapeutic intervention already at an early stage of primary 

or recurrent PCa that can significantly delay disease progression and metastatic spread [264]. However, 

despite promising results obtained in several studies [259, 264-265], increasing the sensitivity towards 

micrometastatic lesions remains a challenge in the execution of RGS with 99mTc-labeled PSMA-I&S, a 

radioligand with rather slow whole-body clearance. Increased tumor-to-background ratios by means of 

optimized PK of the applied radioligand might help to detect even small metastatic lesions with higher 

sensitivity. Therefore next-generation 99mTc-labeled PSMA ligands where developed in the course of 

this thesis with the goal to provide optimized radiolabeled probes for RGS of PCa. 
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3. Results - Publications 

In this chapter the published work incorporated into this thesis is briefly summarized. The original 

articles and reprint permissions are attached in chapter 6. Appendix. 

 

3.1. Synthesis and Preclinical Evaluation of 177Lu-labeled Radiohybrid 

PSMA Ligands for Endoradiotherapy of Prostate Cancer 
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Figure 14: In a comparative preclinical selection process including thorough in vitro evaluation and in vivo 

biodistribution studies at 24 h p.i. among a group of six theranostic 177Lu-labeled rhPSMA ligands, 

[177Lu]Lu-rhPSMA-10.1 was identified as therapeutic lead compound. [177Lu]Lu-rhPSMA-10.1 exhibits an 

improved pharmacokinetic profile compared to [177Lu]Lu-rhPSMA-7.3, e.g. low blood retention and increased 

tumor-to-kidney ratio. Figure reproduced with the permission of the publisher. © 2022 by the Society of Nuclear 

Medicine and Molecular Imaging, Inc. 

https://jnm.snmjournals.org/content/63/10/1489
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In a recent preclinical study the diagnostic radioligand [18F]Ga-rhPSMA-7.3, an isomer of racemic 

[18F]Ga-rhPSMA-7, has been identified as the isomer with most favorable pharmacokinetics for 

PET-imaging [183]. In addition, when compared to racemic [18F]Ga-rhPSMA-7, a superior biodistribution 

profile in PET-imaging of mCRPC patients was reported for [18F]Ga-rhPSMA-7.3 [326]. In a 

pretherapeutic comparative dosimetry study, its therapeutic equivalent, [177Lu]Lu-rhPSMA-7.3, has 

shown comparable therapeutic efficacy as the established radioligand [177Lu]Lu-PSMA-I&T [250]. As 

opposed to diagnostic radioligands, distinct pharmacokinetic characteristics, like slightly decelerated 

clearance kinetics and low kidney retention are required for therapeutic radioligands. Thus, rhPSMA-7.3 

might not necessarily be the most favorable rhPSMA compound for RLT. The aim of the present study 

was to identify the most promising compound for therapeutic application among the four isomers of 

[177Lu]Lu-rhPSMA-7 (-7.1, -7.2, -7.3 and -7.4) and the two isomers of [177Lu]Lu-rhPSMA-10 (-10.1 and 

-10.2). 

The six therapeutic radioligands were preclinically evaluated along with the established reference 

compounds [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T. The radiohybrid ligands commonly 

exhibited potent PSMA-affinity in the low nM range, high internalization and low lipophilicity. 

Significant differences were observed in the apparent molecular weights (MWapp) of rhPSMA 

radioligands that were persistently higher than for the references but differed considerably among the 

radiohybrid isomers indicating differential albumin-binding properties. In vivo biodistribution studies in 

LNCaP xenograft-bearing mice at 24 h p.i. revealed similar distribution patterns of rhPSMA compounds 

with high tumor uptake (12.7 – 9.8 %iD/g), efficient clearance from background tissue and variable 

kidney uptake ranging from 19.7 ± 4.5 %iD/g for [177Lu]Lu-rhPSMA-7.2 to only 2.0 ± 0.8 %iD/g for 

[177Lu]Lu-rhPSMA-10.1. The latter showed a similar tumor-to-kidney ratio (5.7 ± 2.0 vs 5.9 ± 3.0) and 

even higher tumor uptake (9.8 ± 0.3 vs 7.5 ± 0.9 %iD/g) as compared to state-of-the-art therapeutic 

radioligand [177Lu]Lu-PSMA-617. Furthermore, [177Lu]Lu-rhPSMA-10.1 exhibited a favorably low 

retention in blood (0.0009 ± 0.0001 %iD/g) resulting in the highest tumor-to-blood ratio (11498 ± 1953) 

among all evaluated radioligands. 

These superior pharmacokinetic properties render [177Lu]Lu-rhPSMA-10.1 a promising candidate for 

therapeutic application and it was therefore selected as novel lead compound for further clinical studies 

(clinical phase I and II started, NCT05413850). 

Author contribution 

The author of this thesis, Jan-Philip Kunert, shares the first authorship with Dr. Alexander Wurzer and 

participated in the planning and management of the study, performed radiolabelings of the evaluated 

compounds, determined albumin-binding properties and jointly carried out in vivo biodistribution 

studies and µSPECT/CT-imaging studies. He furthermore acquired and analyzed data and participated 

in writing and revision of the manuscript.  
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Estimate Their Blood Clearance Kinetics 
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An optimally tailored pharmacokinetic profile represents a crucial prerequisite for improved therapeutic 

efficacy in the development of next-generation therapeutic radiopharmaceuticals. Preclinical methods 

like ultrafiltration and different chromatographic procedures [323-325] have been routinely applied in the 

development of PSMA radioligands to assess their binding to plasma proteins such as HSA [182, 314, 317, 

319], a parameter that dramatically shapes the overall PK due to its impact on the ligand’s blood clearance 

kinetics. However, while the aforementioned methodologies only facilitate the quantification of 

protein-bound fractions or the radioligand’s affinity towards a certain plasma protein, an in vitro method 

that might allow to draw conclusions on a radioligand’s blood clearance kinetics in patients is needed 
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Figure 15: Conceptual design of ‘albumin-mediated size exclusion chromatography’ (AMSEC). A size exclusion 

column is equilibrated with 700 µM HSA in phosphate buffered saline (PBS) and radioligands with a molecular 

mass below the column fractionation range are injected. A ligand-specific, HSA-mediated retention time is 

observed according to the strength of interaction between radioligand and HSA during the chromatographic run. 

Based on the acquired retention time an apparent molecular weight MWapp can be determined which can be used 

to calculate glomerular sieving coefficients of the radioligands. Figure reproduced with the permission of the 

publisher. © 2022 by the authors. 
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to enable the accurate identification of therapeutic lead compounds for clinical translation. In this work 

a novel methodology named ‘albumin-mediated size exclusion chromatography’ (AMSEC) has been 

developed to confront this pending need in the preclinical evaluation of therapeutic 

radiopharmaceuticals. 

177Lu-labeled PSMA ligands were injected onto a size exclusion chromatography (SEC) column with 

HSA in the mobile phase and individual HSA-mediated retention times were observed due to transient 

HSA-ligand complexation. Retention times were used to calculate ligand-specific raw apparent 

molecular weights (MWapp,raw) as a means to describe the ligands’ strength of HSA-binding. A 

normalization procedure based on blank runs and mathematical transformations was implemented to 

account for unspecific interactions between radioligands and the column matrix resulting in normalized 

MWapp,norm. that are comparable among the radioligands. The obtained MWapp,norm. between 1.9 kDa 

([177Lu]Lu-PSMA-I&T) and 39.9 kDa ([177Lu]Lu-MC-1) covered a wide range indicating distinct 

HSA-binding strength among the analyzed compounds and, interestingly, significant differences were 

observed even among stereoisomers such as [177Lu]Lu-rhPSMA-7.1 and [177Lu]Lu-rhPSMA-7.2 

(17.1 kDa and 21.7 kDa, respectively). Based on the sigmoidal correlation between molecular weight 

(MW) and glomerular sieving coefficients (GSC) of different human plasma proteins [327], GSCcalc were 

calculated for the analyzed radioligands and ranged between 0.003 ([177Lu]Lu-MC-1) and 0.992 

([177Lu]Lu-PSMA-I&T). As the blood clearance kinetics of a renally excreted radioligand is mainly 

governed by the MW-dependent process of glomerular filtration, MWapp,norm. and GSCcalc represent 

valuable preclinical parameters that might help to estimate the influence of a ligand’s HSA-binding on 

the blood clearance kinetics in patients. The radiohybrid ligand [177Lu]Lu-rhPSMA-10.1 showed 

particularly interesting MWapp,norm. of 17.2 kDa and GSCcalc of 0.644 which lies between the values 

obtained for [177Lu]Lu-rhPSMA-7.3 (MWapp,norm. = 20.7 kDa, GSCcalc = 0.408) and clinically established 

[177Lu]Lu-PSMA-617 (MWapp,norm. = 9.4 kDa, GSCcalc = 0.942). 

In conclusion, AMSEC represents a unique methodology to possibly provide an estimation of the blood 

clearance kinetics of different radioligands already at the preclinical stage. If clinical data confirm this 

innovative approach, the novel parameters MWapp,norm. and GSCcalc might help to identify optimized 

therapeutic lead compounds with suitable blood clearance kinetics in patients for clinical translation 

thus supporting the development of next-generation radioligands for RLT with improved therapeutic 

efficacy. 

Author contribution 

The author of this thesis, Jan-Philip Kunert, was involved in the planning and conceptualization of this 

study and established all experimental procedures. He furthermore participated in the preparation of 

radioligands, acquired, analyzed and interpreted data, developed and executed the normalization 

procedure and wrote the original draft of the manuscript.  
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With the introduction of 99mTc-labeled PSMA-I&S RGS has become an accessible and attractive 

therapeutic intervention in primary or early recurrent PCa with regional pelvic lymph node 

metastases [259, 263]. Despite encouraging results in terms of metastases yield, biochemical response and 

suggested superiority over conventional lymph node dissection [259, 264-265], the incomplete resection 

especially of micrometastatic lesions remains a challenge and main reason for disease progression and 

metastatic spread. The unsatisfactory sensitivity for micrometastatic lesions can be attributed to a 

significant extent to insufficient tumor-to-background ratios when using [99mTc]Tc-PSMA-I&S for 

radioguidance, a radioligand with rather slow whole-body clearance [263]. Therefore, the aim of this work 

Figure 16: A series of novel 99mTc-labeled PSMA ligands comprising a tetraamine (N4) chelator and a variable 

amino acid as pharmacokinetic modifier were evaluated in a preclinical selection process and compared to the 

reference compound [99mTc]Tc-PSMA-I&S. The D-glutamate bearing derivative N4-PSMA-12 was identified as 

lead compound for application in RGS due to reduced lipophilicity and plasma protein binding in vitro and a 

favorable pharmacokinetic profile observed in biodistribution studies 6 h p.i., such as lower blood retention and 

superior tumor-to-background ratios as compared to other N4-PSMA ligands and PSMA-I&S. 

https://ejnmmires.springeropen.com/articles/10.1186/s13550-022-00942-7
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was to develop novel 99mTc-labeled PSMA ligands for RGS with optimized pharmacokinetic properties 

to facilitate improved tumor-to-background ratios at the time of surgery. 

Three novel 99mTc-labeled PSMA ligands bearing a tetraamine (N4) chelator and a variable amino acid 

as pharmacokinetic modifier were synthesized and preclinically evaluated in comparison with the 

established tracer [99mTc]Tc-PSMA-I&S. The novel compounds showed comparable affinity towards 

PSMA and generally reduced lipophilicity and plasma protein binding (−3.35 to −2.78 and 

55.1% to 88.5%, respectively) as compared to [99mTc]Tc-PSMA-I&S (−2.61 and 94.4%, respectively). 

Thereby, the choice of the variable amino acid was found to modulate the extent of plasma protein 

binding and lipophilicity of the N4-PSMA radioligands. Biodistribution studies in LNCaP 

tumor-bearing xenografts at 6 h p.i. revealed markedly altered tissue distribution profiles for the novel 

compounds. Tumor uptake was comparable to [99mTc]Tc-PSMA-I&S (P > 0.27), however, significantly 

reduced retention in the kidneys and several other organs such as lungs, spleen, adrenals and parotid 

gland (P < 0.001 each) was observed and resulted in largely increased tumor-to-background ratios. 

Especially [99mTc]Tc-N4-PSMA-12 exhibited a superior pharmacokinetic profile with the lowest blood 

retention of all analyzed ligands (0.0200 ± 0.0044 %iD/g) and more than 15-fold reduced kidney uptake 

as well as superior tumor-to-background ratios in all analyzed organs as compared to 

[99mTc]Tc-PSMA-I&S. Furthermore, a labeling procedure at patient scale was established for 

N4-PSMA-12 and reproducibly afforded the radioligand with excellent RCP of 98.5 ± 0.6% at activities 

between 194 – 810 MBq (553 ± 187 MBq, n = 10). 

Its superior pharmacokinetic properties combined with the established labeling procedure suitable for 

routine clinical production render [99mTc]Tc-N4-PSMA-12 a promising candidate for clinical 

investigations with the potential to tackle the limitations currently faced in RGS with 

[99mTc]Tc-PSMA-I&S. 

Author contribution 

The author of this thesis, Jan-Philip Kunert, planned the study, participated in the synthesis of evaluated 

compounds, carried out the majority of preclinical in vitro an in vivo experiments and was involved in 

the optimization of radiolabeling towards a clinically suitable procedure. Jan-Philip Kunert furthermore 

interpreted data, carried out statistical analysis and contributed significantly in the writing of the 

manuscript.  
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4. Conclusion and Outlook 

The care of patients and potential cure of disease is oftentimes complex and, especially with oncologic 

diseases such as PCa, requires multidisciplinary efforts on various levels. Combination treatments,  

symbiosis of diagnostic and therapeutic interventions, aspects of clinical handling of side-effects and, 

with a wider perspective, even social and socioeconomic questions concerning accessibility and 

affordability of treatments need to be considered. Within that manifold challenge to improve the life of 

patients, the availability of ever-optimized drugs certainly is and will continue to be a fundamental 

cornerstone for improved patient care in the future. In the context of the management and treatment of 

PCa encouraging and highly impactful developments harnessing PSMA as molecular target for 

diagnostic and therapeutic interventions have rendered nuclear medicine a forerunner in modern 

precision oncology. The work presented in this thesis covers different aspects within the branch of 

radiopharmaceutical development towards therapeutic and theranostic applications in the management 

of PCa.  

The evaluation of novel, 177Lu-labeled rhPSMA ligands for RLT presented in this work led to the 

identification of [177Lu]Lu-rhPSMA-10.1 as a highly attractive theranostic candidate for clinical 

translation. A first clinical phase I and II study to determine the radiation dosimetry, safety and efficacy 

of this novel radiopharmaceutical in mCRPC patients has already been initiated (NCT05413850), which 

represents a prime example for the constantly accelerating development of small-molecule radioligands 

for targeted RLT since the introduction of [177Lu]Lu-DOTATATE more than two decades ago [328]. 

Within the field of PCa, RLT is about to further increase its impact on patient management due to the 

recent regulatory approval of [177Lu]Lu-PSMA-617 [220]. Based on this milestone, the focus of 

PSMA-targeted RLT will likely shift from exclusive late-stage monotherapy applications towards 

earlier-line treatment, combination therapies and TAT [329-330]. However, due to intensified and 

potentially earlier application of PSMA-targeted RLT in the future, novel radioligands with improved 

therapeutic efficacy will be urgently needed to restrain radiotoxic side effects to a tolerable level while 

maximizing the dose delivered to cancerous lesions. If the therapeutic efficacy of novel tracers such as 

[177Lu]Lu-rhPSMA-10.1 should indeed prove superior compared to currently established radioligands, 

added benefits of improved pharmacokinetic properties on one hand and advantages of earlier-line or 

combination treatments on the other hand might be made available to PCa patients. Whether 

[177Lu]Lu-rhPSMA-10.1 indeed bears the expected potential needs to be evaluated by ongoing and 

future clinical studies. From a wider perspective, growing clinical experience with 

[177Lu]Lu-rhPSMA-10.1 might furthermore help to spread radiohybrid radiopharmaceuticals and their 

huge theranostic potential towards applications against other oncologic diseases beyond PCa. 

The identification of novel radioligands with improved therapeutic efficacy for clinical translation 

requires preclinical methods that allow for an accurate estimation of a ligand’s pharmacokinetic 

properties in humans. Therefore, the innovative methodology AMSEC was developed within the scope 
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of this thesis and the obtained preclinical parameters MWapp,norm. and GSCcalc might possibly help to 

draw conclusions on the blood clearance kinetics of therapeutic radioligands. While generated data show 

reasonable trends and impressive resolution, clinical data will be needed to verify and validate the 

hypothesized informative value of AMSEC experiments. It furthermore remains to be investigated 

whether precise estimations in terms of human blood clearance kinetics can indeed be derived from 

MWapp,norm. and GSCcalc or if these parameters are rather suited to relatively compare the blood clearance 

kinetics among structurally similar compounds. Furthermore, structural features were shown to 

influence non-specific interactions of evaluated radioligands with the SEC column matrix in AMSEC 

experiments. Therefore, future analysis of different classes of radioligands should be accompanied by 

thorough analysis of these ligand-specific interactions. If clinical data confirm the expected correlation 

between human blood clearance kinetics and the parameters MWapp,norm. and GSCcalc, AMSEC might 

serve as a valuable tool in the future development of therapeutic radioligands with optimized PK against 

various oncologic diseases. Additionally, AMSEC-guided pre-selection of radioligands for in vivo 

biodistribution studies could contribute to ameliorate animal welfare by reducing animal experiments in 

preclinical radioligand development. 

Novel PSMA-targeted radioligands with optimized PK are also required in the context of RGS to 

improve the sensitivity for micrometastatic lesions. The novel 99mTc-labeled PSMA-ligands developed 

in this thesis were preclinically compared to the routinely applied tracer [99mTc]Tc-PSMA-I&S and 

excellent targeting and physicochemical properties in vitro as well as markedly improved 

tumor-to-background ratios in vivo were achieved with [99mTc]Tc-N4-PSMA-12. Patient studies with 

this highly attractive candidate for clinical translation will be needed to ascertain whether the favorable 

preclinical pharmacokinetic characteristics will also result in improved sensitivity in RGS. As the 

approach of RGS is already established in many clinical centers, the introduction of an optimized ligand 

such as [99mTc]Tc-N4-PSMA-12 could exert an instant positive impact on PCa patient care building on 

its optimized pharmacokinetic properties and the infrastructure and workflows already established for 

the application of [99mTc]Tc-PSMA-I&S. Apart from RGS, the latter radioligand has also been 

successfully applied in diagnostic SPECT/CT-imaging of PCa patients [331]. Recent advancements in 

SPECT technology, such as solid-state detectors [332-333] and slant- or pinhole collimators [334-336], allow 

for improved sensitivity and spatial resolution and strengthen the role of 99mTc-labeled diagnostic tracers 

as valuable molecular imaging agents, especially where PET-imaging is not available [331]. Besides the 

application in RGS, the novel ligand [99mTc]Tc-N4-PSMA-12 might therefore also find application in 

diagnostic SPECT-imaging of PCa wherein the ease of tracer preparation with generator-based 

technetium-99m provides excellent availability not only in clinical but also in outpatient settings. 
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6. Appendix 

6.1. List of Figures 
Figure 1: Crystal structure of the membrane-bound homo-dimer of prostate-specific membrane antigen 

(PSMA, left monomer depicted in grey, right monomer depicted in color). The extracellular domain 

consists of three subdomains: helical domain (yellow), apical domain (blue) and protease domain 

(green). The binuclear active site of PSMA is located at the interface of the three subdomains and bears 

two zinc ions (red spheres). N-glycosylations are depicted in cyan. Left side: in the nervous system 

PSMA catabolizes the neurotransmitter N-acetyl-aspartyl-glutamate (NAAG) and the hydrolysis 

products N-acetyl-aspartate (NAA) and glutamate (Glu) are transported into neuronal glial cells. 

Right side: in the membrane brush border of the small intestine mono-glutamylated folate (folic acid) is 

provided via iterative cleavage of C-terminal glutamates from folyl-poly-γ-glutamate (FPGn) by PSMA. 

Folic acid can subsequently be selectively transported into the enterocytes (figure adapted from Barinka 

et al. Glutamate Carboxypeptidase II in Diagnosis and Treatment of Neurologic Disorders and Prostate 

Cancer. Curr Med Chem. 2012;19(6):856-870. Copyright © 2012 Bentham Science Publishers). ....... 4 

Figure 2: Schematic representation of the natural substrate NAAG and urea-based inhibitors within the 

active site of PSMA. The S1’ pharmacophore pocket and S1 pocket are indicated in pale blue and pale 

orange, respectively. Zinc ions are depicted as red spheres, the P1’ side and P1 side of substrate and 

inhibitors are colored green and blue, respectively. A) Orientation of NAAG within the active site of 

PSMA. Glutamate is coordinated by the glutarate sensor, the amide bond oxygen coordinates to zinc-ion 

A and a water molecule (polarized by Zn-ions A and B and the catalytic base E424) acts as hydrolytic 

nucleophile (mechanism indicated by grey arrows). The aspartyl carboxylate is coordinated by 

guanidinium groups of the arginine patch (interactions between substrate and binding pocket according 

to crystal structures reported by Klusak et al. Reaction mechanism of glutamate carboxypeptidase II 

revealed by mutagenesis, X-ray crystallography, and computational methods. Biochemistry 

2009;48(19):4126–38). B) Orientation of a urea-based PSMA-inhibitors within the active site of PSMA. 

Glutamate recognition resembles NAAG, the hydrolysis-resistant urea group coordinates to zinc-ion A 

and H553, and the P1 carboxylate interacts with guanidinium groups of the arginine patch (interactions 

between substrate and binding pocket according to Barinka et al. Interactions between Human 

Glutamate Carboxypeptidase II and Urea-Based Inhibitors: Structural Characterization. J Med Chem. 

2008;51(24):7737–7743). ....................................................................................................................... 6 

Figure 3: A) PSMA binding pocket with superimposed structures of different PSMA-inhibitors. Active 

site and secondary binding sites are indicated with arrows. B) Arginine patch in uncomplexed PSMA. 

Residue R536 is flexible and adopts either ‘stacking’ (R536s) or ‘binding’ (R536b) position. Residue 

R463 adopts ‘up’ (R463u) position. The S1 accessory pocket is not accessible. C) In NAAG-complexed 

PSMA the conformation R536b and R463d (‘down’ position) occlude the S1 accessory pocket. D) Upon 

complexation with IBA-KuE, R536b and R463u conformation of the arginine patch opens the S1 

accessory pocket for interaction with the 4-iodobenzyl moiety of the inhibitor. E) Complexation of 

PSMA with inhibitor ARM-P4 promotes an open conformation of the entrance lid (blue) and residues 

forming the arene binding site (red) can interact with the dinitroarene in ARM-P4. F) When complexed 

with IBA-KuE the entrance lid of PSMA (blue) remains in a closed conformation and residues forming 

the arene binding site are relatively dislocated. Ligand structures of ARM-P4 and IBA-KuE are 

superimposed in panels E and F (figure A modified from Kopka et al. Glu-Ureido–Based Inhibitors of 

Prostate-Specific Membrane Antigen: Lessons Learned During the Development of a Novel Class of 

Low-Molecular-Weight Theranostic Radiotracers. J Nucl Med. 2017;58(S2):17S-26S. 

Copyright © 2017 SNMMI; figures B-D reproduced from Barinka et al.  Interactions between Human 

Glutamate Carboxypeptidase II and Urea-Based Inhibitors: Structural Characterization. J Med 

Chem. 2008;51(24):7737–7743. Copyright © 2008 American Chemical Society; figures E and F 

reproduced from Zhang et al. A Remote Arene-Binding Site on Prostate Specific Membrane Antigen 

Revealed by Antibody-Recruiting Small Molecules. J Am Chem Soc. 2010;132(36):12711–12716. 

Copyright © 2010 American Chemical Society). .................................................................................... 8 
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Figure 4: Structures of some important small-molecule, urea-based PSMA-inhibitors. A) Schematic 

structure of PSMA-targeted ligands consisting of a urea-based targeting vector (A, blue), an optional 

linker moiety (B, green) and a site for either covalent radiolabeling or radiometal complexation (C, 

yellow). In panels B-F, urea binding motives are indicated with blue dotted squares, linker regions 

displayed by green dotted ellipsoids and sites of radiolabeling are highlighted by yellow dotted edging. 

B) MIP-1095 comprises the common KuE binding motive, a 4-iodo-phenyl group enhances affinity via 

interaction with the S1 accessory pocket and furthermore serves for radiolabeling with isotopes of 

iodine. C) PSMA-11 comprises a HBED-CC chelator for labeling with gallium-68. A linear linker 

provides optimal distance between the KuE binding motive and the chelator. D) PSMA-I&T comprises 

a DOTAGA chelator for labeling with diagnostic and therapeutic radionuclides. The linker region is 

composed of D-amino acids for enhanced metabolic stability and lipophilic interactions with the arene 

binding site in PSMA. E) The linker region in PSMA-617 was specifically optimized for enhanced 

internalization. A DOTA chelator allows for use in theranostic applications. F) PSMA-1007 was 

developed for 18F-based PET-imaging. The linker moiety is derived from PSMA-617 and comprises two 

glutamates to counteract the compound’s high lipophilicity. Labeling with fluorine-18 is facilitated by 

a nicotinic acid prosthetic group. ............................................................................................................ 9 

Figure 5: Schematic overview of clinical patient management using theranostic radioligands. The 

diagnostic companion of the theranostic pair (related procedures are indicated in blue) is used for initial 

diagnosis via molecular imaging. Dosage of subsequent radioligand therapy (RLT) with the therapeutic 

companion (indicated in red) is based on dosimetry calculations derived from quantitative imaging with 

the diagnostic companion. Response to RLT can be controlled via post-therapeutic imaging which 

contributes to subsequent decision-making towards further RLT cycles or alternative treatment options.

 ............................................................................................................................................................... 12 

Figure 6: Radiohybrid theranostic ligands contain a chelating unit (square in schematic depiction, red 

in chemical structure) for the complexation of either the natural isotope (natM) or the therapeutic 

radionuclide (*M) of a metal such as lutetium and a silicon-fluoride acceptor (SiFA) moiety (small circle 

in schematic depiction, blue in chemical structure) that can be labeled with fluorine-18 for PET-imaging. 

The diagnostic twin is labeled with fluorine-18 (blue) and complexed with a non-radioactive metal ion 

(e.g. natLu3+), while the therapeutic twin contains non-radioactive fluorine-19 and a therapeutic 

radiometal (red, e.g. 177Lu3+) complexed to the chelating unit. Examples for diagnostic and therapeutic 

twins are [18F][natLu]Lu-rhPSMA-7 and [19F][177Lu]Lu-rhPSMA-7, respectively. ............................... 14 

Figure 7: The molecular structure of PSMA-617 (upper row) was developed by introduction of a DOTA 

chelator into a PSMA-11-derived compound (DOTA-Ahx-KuE) and subsequent optimization of the 

linker unit focusing on lipophilic interaction with the PSMA binding pocket. The structure of DOTA-

FFK-Sub-KuE (bottom row) was in a first step optimized by replacement of DOTA by DOTAGA. 

Subsequent introduction of D-configured amino acids in the linker for enhanced metabolic stability and 

substitution of N-terminal phenylalanine by 3-iodo-tyrosine for ameliorated interaction with the arene 

binding site led to the development of PSMA-I&T. Iterative chemical modifications are indicated in red.

 ............................................................................................................................................................... 16 

Figure 8: Pre-, intra- and post-therapeutic [68Ga]Ga-PSMA-11 PET scans of a mCRPC patient 

presenting with peritoneal carcinomatosis and liver metastases (A). After disease progression under RLT 

with [177Lu]Lu-PSMA-617 (B), complete biochemical and radiographic response to targeted α-therapy 

was achieved using [225Ac]Ac-PSMA-617 (C, D). Severe radiotoxicity to the salivary glands was 

reported and is reflected by reduced uptake of the diagnostic tracer in the respective organs observed in 

scans C and D (figure adapted from Kratochwil et al. 225Ac-PSMA-617 for PSMA-Targeted α-Radiation 

Therapy of Metastatic Castration-Resistant Prostate Cancer. J Nucl Med. 2016;57(12):1941-44. 

Copyright © 2016 SNMMI). .................................................................................................................. 19 

Figure 9: Principle of radioguided surgery (RGS). A) Patients are initially stratified by PET/CT-

imaging using [68Ga]Ga-PSMA-11. Patients eligible for RGS receive an injection of 

[99mTc]Tc-PSMA-I&S approximately 20-24h prior to RGS and uptake in metastatic lesions is verified 

using SPECT/CT-imaging. B) A handheld γ-probe is applied to localize metastatic lesions 
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intraoperatively. C) Outside the surgical field, PSMA-positivity in resected tissue samples can instantly 

be verified by ex vivo activity measurements. D) Histopathology of resected tissue specimens is used 

for final identification of metastatic lesions (figure A adapted from Maurer et al. 99mTechnetium-based 

Prostate-specific Membrane Antigen–radioguided Surgery in Recurrent Prostate Cancer. Eur Urol. 

2019;75(4):659-666. Copyright © 2018 European Association of Urology. Figures B and C reproduced 

from Eiber et al. Prostate-Specific Membrane Antigen Ligands for Imaging and Therapy. J Nucl Med. 

2017;58(S2):67S-76S. Copyright © 2017 SNMMI. Figure D reproduced from Maurer et al. Prostate-

specific Membrane Antigen–radioguided Surgery for Metastatic Lymph Nodes in Prostate Cancer. 

Eur Urol. 2015;68(3):530-534. Copyright © 2015 European Association of Urology). ...................... 22 

Figure 10: Structure of [99mTc]Tc-PSMA-I&S (upper row) for RGS and hybrid tracer 

[99mTc]Tc-EuK-(SO3)Cy5-mas3 (bottom row) for radio- and fluorescence-guidance. Both tracers share 

the common glutamate-urea-based PSMA binding motive (blue) and a mas3-chelator (red). The linker 

of PSMA-I&S contains lipophilic amino acids (green) for optimal target interaction while a SO3-

substituted Cy5 fluorescent dye (purple) is incorporated in EuK-(SO3)Cy5-mas3 to facilitate 

fluorescence-guidance. .......................................................................................................................... 23 

Figure 11: Examples of PSMA ligands incorporating distinct structural modifications to alter their 

pharmacokinetic profile. A repeat of glutamyl-histidine (blue) in EuK-Ahx-HBED-CC-(EH)3 leads to 

reduced renal and hepatic uptake of the 68Ga-labeled radioligand in mice. An enzyme-cleavable glycyl-

tyrosine sequence (green) in IBA-G-Y-KuE aims for reduced kidney uptake by metabolic cleavage in 

the proximal tubule. The hydroxyl functionality (red) in SiOH-PSMA-7.3 replacing the corresponding 

fluoride in the analog radiohybrid compound leads to accelerated clearance and an increased tumor-to-

kidney ratio of the 177Lu-labeled radioligand in mice. .......................................................................... 26 

Figure 12: A) Crystal structure of human serum albumin (HSA) complexed with myristic acid and R-

(+)-warfarin (Protein Data Base (PDB) ID: 1H9Z; doi: 10.2210/pdb1H9Z/pdb). Subdomains are 

indicated by color code: subdomain IA: dark blue; subdomain IB: pale blue; subdomain IIA: yellow; 

subdomain IIB: orange; subdomain IIIA: rose; subdomain IIIB: red. Green stars indicate the location of 

six myristic acid molecules in fatty acid binding sites (FA) 1-6 of HSA. The pink star indicates Sudlow’s 

site I occupied by R-(+)-warfarin (pink stick representation) with the latter impeding the binding of 

another myristic acid molecule to FA7. Sudlow’s site II is indicated with an arrow and overlaps with 

FA3 and FA4. B) Chemical structures of some HSA-binding compounds. Their site of binding is 

represented in panels A and C-E. C) Orientation of R-(+)-warfarin (pink stick representation) in 

Sudlow’s site I (PDB ID: 1H9Z). Major interactions are H-bonds (blue dotted lines) of oxo-groups with 

arginine (R222) and histidine (H242) residues and a water molecule as well as π-interactions (green 

dotted lines) with a tryptophan (W214) residue. D) Orientation of S-(+)-ibuprofen (pink stick 

representation) in Sudlow’s site II (PDB ID: 2BXG; doi: 10.2210/pdb2BXG/pdb). The aromatic portion 

is located in an apolar pocket and the carboxylate is oriented towards a polar patch formed by residues 

of arginine (R410), tyrosine (Y411) and lysine (K414). E) Orientation of 4-phenylbutanoic acid (pink 

stick representation) in Sudlow’s site II (PDB ID: 5YOQ; doi: 10.2210/pdb5YOQ/pdb). In analogy to 

ibuprofen the molecule’s aromatic portion covers a hydrophobic pocket while amino acid residues of 

the polar patch (predominantly Y411 and K414) coordinate the carboxylate. ...................................... 28 

Figure 13: Chemical structures of selected HSA-binding PSMA-ligands with moieties conferring 

plasma protein binding properties highlighted in blue. Multiple compounds were derived from 

PSMA-617 by insertion of an albumin-binding motive between EuK-2-Nal-Thx (abbreviated as R) and 

the chelating moiety. EB-PSMA-617 and PSMA-ALB-56 contain the strong albumin-binding motives 

Evans Blue and 4-(p-tolyl)butanoic acid, respectively. Ibu-DAB-PSMA contains an altered linker 

structure (depicted in green) to modulate the effective albumin binding capacity of ibuprofen. The 

SiFA-group in rhPSMA-7.3 serves labeling with fluorine-18 and enhances PSMA affinity. Its lipophilic 

character, however, also endows significant plasma protein binding to the entire ligand. In a similar 

fashion, the naphtyl-group in PSMA-617 primarily serves enhanced target interactions but also confers 

moderate plasma protein binding to this rather fast clearing compound. .............................................. 30 
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Figure 14: In a comparative preclinical selection process including thorough in vitro evaluation and 

in vivo biodistribution studies at 24 h p.i. among a group of six theranostic 177Lu-labeled rhPSMA 

ligands, [177Lu]Lu-rhPSMA-10.1 was identified as therapeutic lead compound. [177Lu]Lu-rhPSMA-10.1 

exhibits an improved pharmacokinetic profile compared to [177Lu]Lu-rhPSMA-7.3, e.g. low blood 

retention and increased tumor-to-kidney ratio. Figure reproduced with the permission of the publisher. 

© 2022 by the Society of Nuclear Medicine and Molecular Imaging, Inc. ........................................... 33 

Figure 15: Conceptual design of ‘albumin-mediated size exclusion chromatography’ (AMSEC). A size 

exclusion column is equilibrated with 700 µM HSA in phosphate buffered saline (PBS) and radioligands 

with a molecular mass below the column fractionation range are injected. A ligand-specific, 

HSA-mediated retention time is observed according to the strength of interaction between radioligand 

and HSA during the chromatographic run. Based on the acquired retention time an apparent molecular 

weight MWapp can be determined which can be used to calculate glomerular sieving coefficients of the 

radioligands. Figure reproduced with the permission of the publisher. © 2022 by the authors............ 35 

Figure 16: A series of novel 99mTc-labeled PSMA ligands comprising a tetraamine (N4) chelator and a 

variable amino acid as pharmacokinetic modifier were evaluated in a preclinical selection process and 

compared to the reference compound [99mTc]Tc-PSMA-I&S. The D-glutamate bearing derivative 

N4-PSMA-12 was identified as lead compound for application in RGS due to reduced lipophilicity and 

plasma protein binding in vitro and a favorable pharmacokinetic profile observed in biodistribution 

studies 6 h p.i., such as lower blood retention and superior tumor-to-background ratios as compared to 

other N4-PSMA ligands and PSMA-I&S. ............................................................................................ 37 
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Synthesis and Preclinical Evaluation of 177Lu-Labeled
Radiohybrid PSMA Ligands for Endoradiotherapy of
Prostate Cancer

Alexander Wurzer*1, Jan-Philip Kunert*1, Sebastian Fischer1, Veronika Felber1, Roswitha Beck1, Francesco de Rose2,
Calogero D’Alessandria2, Wolfgang Weber2, and Hans-J€urgen Wester1

1Chair of Pharmaceutical Radiochemistry, Technical University of Munich, Garching, Germany; and 2Department of Nuclear
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The prostate-specific membrane antigen (PSMA)–targeted radiohybrid
(rh) ligand [177Lu]Lu-rhPSMA-7.3 has recently been assessed in a pre-
therapeutic dosimetry study on prostate cancer patients. In comparison
to [177Lu]Lu-PSMA I&T, application of [177Lu]Lu-rhPSMA-7.3 resulted in
a significantly improved tumor dose but also higher kidney accumula-
tion. Although rhPSMA-7.3 has been initially selected as the lead com-
pound for diagnostic application based on the characterization of its
gallium complex, a systematic comparison of the most promising 177Lu-
labeled rhPSMA ligands is still missing. Thus, this study aimed to identify
the rhPSMA ligand with the most favorable pharmacokinetics for 177Lu-
radioligand therapy. Methods: The 4 isomers of [177Lu]Lu-rhPSMA-7
(namely [177Lu]Lu-rhPSMA-7.1, -7.2, -7.3, and -7.4), along with the novel
radiohybrid ligands [177Lu]Lu-rhPSMA-10.1 and -10.2, were compared
with the state-of-the-art compounds [177Lu]Lu-PSMA I&T and [177Lu]Lu-
PSMA-617. The comparative evaluation comprised affinity studies (half-
maximal inhibitory concentration) and internalization experiments on
LNCaP cells, as well as lipophilicity measurements. In addition, we
determined the apparent molecular weight (AMW) of each tracer as a
parameter for human serum albumin (HSA) binding. Biodistribution stud-
ies and small-animal SPECT imaging were performed on LNCaP-tumor
bearing mice at 24 h after injection. Results: 177Lu labeling of the radio-
hybrids was performed according to the established procedures for the
currently established PSMA-targeted ligands. All ligands showed potent
binding to PSMA-expressing LNCaP cells, with affinities in the low
nanomolar range and high internalization rates. Surprisingly, the most
pronounced differences regarded the HSA-related AMW. Although
[177Lu]Lu-rhPSMA-7 isomers demonstrated the highest AMW and thus
strongest HSA interactions, [177Lu]Lu-rhPSMA-10.1 showed an AMW
lower than for [177Lu]Lu-rhPSMA-7.3 but higher than for the 177Lu-
labeled references PSMA I&T and PSMA-617. In biodistribution studies,
[177Lu]Lu-rhPSMA-10.1 exhibited the lowest kidney uptake and fastest
excretion from the blood pool of all rhPSMA ligands while preserving
a high tumor accumulation. Conclusion: Clinical investigation of
[177Lu]Lu-rhPSMA-10.1 is highly warranted to determine whether the
favorable pharmacokinetics observed in mice will also result in high
tumor uptake and decreased absorbed dose to kidneys and other non-
target tissues in patients.

Key Words: radiohybrid; rhPSMA; PSMA; radioligand therapy;
prostate cancer
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Radioligand therapy (RLT) of metastatic castration-resistant
prostate cancer with ligands targeting prostate-specific membrane
antigen (PSMA) holds great promise for patients who have exhausted
conventional treatment regimens. Currently, 177Lu-labeled PSMA-617
(1) and PSMA I&T (2) are the most extensively evaluated agents in
this class and have demonstrated favorable safety and good treatment
response rates (3,4). Although regulatory approval is still awaited for
both agents, their application in compassionate-use programs has
recently been reaffirmed by the European Association of Nuclear Med-
icine procedure guidelines for 177Lu-PSMA therapy (5). [177Lu]Lu-
PSMA-617 has been evaluated by Novartis in a phase 3 clinical trial
(NCT 03511664) on patients with metastatic castration-resistant pros-
tate cancer. In that trial, [177Lu]Lu-PSMA-617 was compared with
the best standard of care. The investigators recently announced that
both primary endpoints—overall and radiographic progression-free
survival—were met (6). In addition, an ongoing phase 3 trial investi-
gating [177Lu]Lu-PSMA I&T (NCT 04647526) is evaluating its effi-
cacy versus abiraterone or enzalutamide in delaying radiographic
progression in patients with metastatic castration-resistant prostate
cancer after second-line hormonal treatment. Retrospective clinical
comparison of 177Lu-labeled PSMA-617 and PSMA I&T point to-
ward nearly identical pharmacokinetics for both tracers, and clinical
efficacy is assumed to be similar, with no clear advantage to either
compound (7).
Recently, the novel class of radiohybrid (rh) PSMA-targeted

ligands was introduced by our group (8). These compounds combine
a silicon-fluoride acceptor for 19F/18F-isotopic exchange radiolabeling
and a chelator for complexation of a metal or radiometal (e.g., 177Lu,
68Ga, or 225Ac). Respective ligand pairs of 18F/nonradioactive metal
and 19F/radiometal, such as [18F]Lu-rhPSMA and [177Lu]Lu-rhPSMA,
are chemically identical and thus display identical pharmacokinetics,
offering unique possibilities for theranostic applications (Fig. 1).
For prostate cancer diagnosis, the first clinical evaluations were

conducted with the 18F-labeled natGa chelate of rhPSMA-7, which
demonstrated a favorable biodistribution and indicated a high diag-
nostic performance for N-staging and localization of biochemical
recurrence in patients with prostate cancer (9–11). Since rhPSMA-7
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was found to comprise 4 diastereoisomers (rhPSMA-7.1, -7.2, -7.3,
and -7.4), a preclinical selection process was initiated that identified
[18F]Ga-rhPSMA-7.3 (often abbreviated as 18F-rhPSMA-7.3) as the
novel diagnostic lead compound (12) for current phase 3 clinical tri-
als (NCT04186819 and NCT04186845).
For initial evaluation of the radiohybrid technology for therapeutic

applications, rhPSMA-7.3 was labeled with 177Lu and compared
with [177Lu]Lu-PSMA I&T in biodistribution and dosimetry studies
on mice. Both ligands showed similar uptake in healthy organs,
resulting in a similar dose to all major organs, including bone marrow
and kidney (13). Compared with [177Lu]Lu-PSMA I&T, [177Lu]Lu-
rhPSMA-7.3 exhibited a 2.8- and 4.7-fold higher tumor uptake at 1
and 168 h after injection, respectively, resulting in a significantly
higher dose at the tumor and a superior treatment response (13).
In a pretherapeutic comparative dosimetry study of 177Lu-labeled

rhPSMA-7.3 and PSMA I&T on a small patient cohort (n5 6, intra-
individual comparison), an approximately 2.4-fold higher mean
absorbed dose for tumor lesions of the radiohybrid ligand was found,
consistent with the preclinical observations (14). However, contradic-
tory to animal studies, the mean absorbed dose to different healthy
organs was also higher—for example, 2.3-fold higher doses to kid-
neys and 2.2-fold higher doses to bone marrow for [177Lu]Lu-
rhPSMA-7.3 versus [177Lu]Lu-PSMA I&T. The authors concluded
that the radiohybrid tracer holds promise for therapeutic effects simi-
lar to those obtained with [177Lu]Lu-PSMA I&T while offering
potential economic advantages by an approximately 2-fold reduction
in the injected radioactive doses (14).
The selection of rhPSMA-7.3 as lead compound for diagnostic

application was based on the evaluation of gallium chelates [18F]Ga-
rhPSMA-7.1, -7.2, -7.3, and -7.4 (12). Since it is known from the
literature that the complex structure of themetal chelate (e.g., [Ga]DO-
TAGA and [Lu]DOTAGA) within a radioligand can influence
its pharmacokinetic properties (15,16), all 177Lu-labeled isomers of
rhPSMA-7 have been included in this comparison. The isomers differ
in the stereoconfiguration of the diaminopropionic acid branching unit
(D-Dap or L-Dap) and the glutamic acid arm at the DOTAGA chelator
(R- or S-DOTAGA: rhPSMA-7.1 [D-Dap–R-DOTAGA], rhPSMA-
7.2 [L-Dap–R-DOTAGA], rhPSMA-7.3 [D-Dap–S-DOTAGA],
rhPSMA-7.4 [L-Dap–S-DOTAGA]).

Given the promising initial data from 177Lu-labeled rhPSMA-7.3,
the aim of the present study was to evaluate whether other isomers
of 177Lu-labeled rhPSMA-7 or the closely related compounds
[177Lu]Lu-rhPSMA-10.1 (D-Dap) and -10.2 (L-Dap) (where DOTA
replaces the DOTAGA chelator) might have further improved
biodistribution kinetics in normal organs while maintaining the high
tumor uptake found with [177Lu]Lu-rhPSMA-7.3. We evaluated
the ligands in comparison with reference ligands [177Lu]Lu-PSMA-
617 and [177Lu]Lu-PSMA I&T (Fig. 2) in vitro (lipophilicity, half-
maximal inhibitory concentration, internalization into LNCaP cells,
binding to human serum albumin [HSA]) and in biodistribution
studies on LNCaP tumor–bearing mice.

MATERIALS AND METHODS

A detailed description of the chemical synthesis of rhPSMA and the
analytic instruments is provided in the supplemental materials (avail-
able at http://jnm.snmjournals.org).

Radiolabeling
Radiolabeling with no-carrier-added 177Lu was performed according

to the established procedures for PSMA-targeted ligands (1,2). Briefly,
the precursor (1.0 nmol, 10 mL, 0.1 mM in dimethylsulfoxide) was
added to 10mL of 1.0 M aqueous NaOAc buffer (pH 5.5). Subsequently,
20–50 MBq of [177Lu]LuCl3 (specific activity . 3,000 GBq/mg at the
time of radiolabeling, 740 MBq/mL, 0.04 M HCl; ITM) was added, and
the mixture was filled up to 100 mL with 0.04 M HCl. The reaction mix-
ture was heated for 20–30 min at 90�C, and the radiochemical purity
was determined using radio-high-performance liquid chromatography
and radio-thin-layer chromatography with 0.1 M sodium citrate buffer
on instant thin-layer chromatography–silica gel chromatography paper
(Agilent) and 1.0 M NH4OAc/dimethylformamide buffer (1/1; v/v) on
thin-layer chromatography silica gel 60 F254 plates (Merck Millipore).

Lipophilicity
Approximately 1MBq of the 177Lu-labeled PSMA ligand was dissolved

in 1 mL of a 1:1 mixture (v/v) of phosphate-buffered saline (pH 7.4) and
n-octanol (n 5 6). After vigorous mixing of the suspension for 3 min, the
vial was centrifuged at 15,000g for 3 min, and 100-mL aliquots of both
layers were measured in a g-counter. Finally, the ratio of the radioactivity
detected in the n-octanol sample and the phosphate-buffered saline buffer
was calculated and expressed as distribution ratio logD7.4.

Binding to HSA
Binding of 177Lu-labeled ligands to HSA was assessed by albumin-

mediated size-exclusion chromatography (AMSEC), a novel method that
has recently been developed by our group to determine the apparent
molecular weight (AMW) of a compound in the presence of HSA. A ded-
icated and detailed description of the AMSEC method will be published
elsewhere to cover the context and the development process of this
method in its entirety. Briefly, a gel filtration size-exclusion column
(Superdex 75 Increase 10/300 GL; fractionation range, 70–3 kDa; GE
Healthcare) was calibrated as recommended by the manufacturer using a
commercially available set of proteins (Gel Filtration LMW Calibration
Kit; GE Healthcare). AMSEC experiments were performed by injection
of the various radioligands using an HSA buffer at physiologic concentra-
tion (Biowest) as the mobile phase at room temperature. Depending on
the strength of the HSA/ligand interaction during the chromatographic
procedure, an injected radioligand (1.0 MBq, 10–20 GBq/mmol) can
show a reduced retention time that correlates to AMWs higher than the
actual, physical, molecular weight (the latter being for all investigated
ligands , 2 kDa, and thus below the column fractionation range). The
stronger this interaction, the longer the mean time the ligand is bound to
HSA during the chromatographic process and the faster the ligand is

FIGURE 1. Theranostic radiohybrid concept applied to PSMA-targeted
ligands. Molecules offer 2 labeling sites for radionuclides, silicon-fluorine
acceptor site for 18F labeling via isotopic exchange and chelator for radio-
metallation. 18F-labeled cold lutetium–complexed ligand ([18F]Lu-rhPSMA)
is chemically identical to 177Lu-labeled cold fluorine compound ([177Lu]Lu-
rhPSMA), therefore representing true theranostic agents for PET imaging
and RLT.
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eluted from the column. By means of calibration, the retention time can
be translated into a ligand-specific AMW (expressed in kDa) as a parameter
allowing quantification of the extent of HSA binding. The detection win-
dow ranges between 2.1 kDa (cutoff value, determined by [18F]fluoride; no
HSA interaction) and 70.2 kDa (experimental molecular weight of HSA;
maximum HSA interaction). [177Lu]Lu-rhPSMA-7.3 served as an internal
standard during AMSEC studies (30.46 0.5 kDa; n5 10).

Affinity Determinations (Half-Maximal Inhibitory
Concentration) and Internalization Studies

Competitive binding studies were determined on LNCaP cells
(1.5 3 105 cells in 0.25 mL/well) after incubation at 4�C for 1 h, using

(((S)-1-carboxy-5-(4-([125I]iodo)benzamido)pentyl)carbamoyl)-L-glutamic
acid ([125I]IBA)KuE; 0.2 nM/well) as the reference radioligand (n 5 3).
Internalization studies of the radiolabeled ligands (1.0 nM/well) were per-
formed on LNCaP cells (1.253 105 cells in 0.25 mL/well) at 37�C for 1 h
and accompanied by ([125I]IBA)KuE (0.2 nM/well) as a reference. Data
were corrected for nonspecific binding and normalized to the specific inter-
nalization observed for the reference (n5 3), as previously published (8).

In Vivo Experiments
All animal experiments were conducted in accordance with general

animal welfare regulations in Germany (German animal protection act,
as amended on May 18, 2018, article 141 G, version March 29, 2017, I
626, approval 55.2-1-54-2532-71-13) and the institutional guidelines for
the care and use of animals. LNCaP tumor xenografts were established
in 6- to 8-wk-old male CB-17 SCID mice as described previously (8).
Biodistribution Studies. The 177Lu-labeled PSMA ligands (2–5

MBq; 0.1 nmol) were injected under isoflurane anesthesia into the tail
vein of mice, which were euthanized 24 h after injection (n 5 4–5).
Selected organs were removed, weighed, and measured in a g-counter.
All rhPSMA ligands were evaluated during the same period (first quarter
of 2020), whereas 177Lu-labeled PSMA-617 and PSMA I&T (17) were
assessed in 2016, using the identical cell line, mouse model, and experi-
mental procedure.
Small-Animal SPECT/CT Imaging. Static images of 177Lu-labeled

ligands in euthanized mice were recorded 24 h after injection directly
after blood collection, with an acquisition time of 45 min using a high-
energy, general-purpose rat-and-mouse collimator and a stepwise multi-
planar bed movement. For imaging studies, a VECTor4 small-animal
SPECT/PET/optical imaging/CT device fromMILabs was applied. Data
were reconstructed using MILabs.Rec software (version 10.02) and
PMOD software (version 4.0; PMOD Technologies LLC). After imag-
ing, the mice underwent biodistribution studies.

RESULTS

Synthesis and Radiolabeling
Uncomplexed PSMA ligands were obtained via a solid-phase/

solution-phase synthetic strategy with chemical purities of more than
97% as determined by high-performance liquid chromatography
(absorbance at 220 nm). Identity was confirmed by mass spectrometry.
Complexation with a 2.5-fold molar excess of LuCl3 led to quantita-
tive formation of the respective lutetium-PSMA ligands, which were
used for in vitro studies. 177Lu labeling of PSMA ligands according to
standard manual procedures resulted in a radiochemical purity of more
than 95%, determined by radio-high-performance liquid chromatogra-
phy and radio-thin-layer chromatography (Supplemental Table 1).

In Vitro Characterization
Results of the in vitro evaluation of all rhPSMAs and the refer-

ence ligands PSMA-617 (1) and PSMA I&T (2) are summarized in
Figure 3 and Supplemental Table 2. PSMA binding affinity (half-
maximal inhibitory concentration; Fig. 3A) was high and in the low
nanomolar range for all lutetium-rhPSMA ligands (range, 2.86 0.5
to 3.6 6 0.6 nM) and the 2 reference ligands ([177Lu]Lu-PSMA
I&T, 4.26 0.8 nM; [177Lu]Lu-PSMA-617, 3.36 0.2 nM).
Slight differences between the ligands were found for the PSMA-

mediated internalization into LNCaP cells (1 h, 37�C), which is
expressed as a percentage of the specific internalization of the reference
ligand ([125I]IBA)KuE (Fig. 3B). Although [177Lu]Lu-rhPSMA-7.1
and [177Lu]Lu-PSMA I&T showed the lowest internalization rates,
with values of 137% 6 6% and 145% 6 14%, respectively, the
other rhPSMA compounds showed an approximately 1.4-fold higher

FIGURE 2. (A) rhPSMA-7 isomers differ in stereoconfiguration of diami-
nopropionic acid branching unit (D- or L-Dap) and glutamic acid arm at
DOTAGA chelator (R- or S-DOTAGA). (B) rhPSMA-10.1 (D-Dap) and
rhPSMA-10.2 (L-Dap), both equipped with DOTA chelator, also differ in
stereoconfiguration of branching unit (D-or L-Dap). Well-established
PSMA-addressing ligands PSMA-617 (C) and PSMA I&T (D) served as ref-
erence compounds (1,2).
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internalization (range, 177% 6 15% to 206% 6 8%), similar to that
of [177Lu]Lu-PSMA-617 (203%6 10%).
The 177Lu-labeled rhPSMA-7 isomers, as well as the references

([177Lu]Lu-PSMA I&T and [177Lu]Lu-PSMA-617), demonstrated
a high and similar hydrophilicity, expressed as a partition coeffi-
cient (log D7.4; n-octanol and phosphate-buffered saline, pH 7.4)
with values between 24.1 6 0.1 and 24.3 6 0.3. The DOTA
conjugates [177Lu]Lu-rhPSMA-10.1 and -10.2 showed a slightly
lower hydrophilicity, with a log D7.4 of 23.8 (Fig. 3C).
The AMW of the tracers was determined to compare the relative

HSA-binding strength of the ligands. Exemplary chromatograms of
AMSEC experiments showing ligand-specific retention times are
provided in Supplemental Figures 1–3. Interestingly, remarkable
differences were found for the AMWs of the state-of-the-art referen-
ces and even among the single isomers of 177Lu-labeled rhPSMA-7
and rhPSMA-10 (Fig. 3D). Although [177Lu]Lu-PSMA I&T showed
the lowest HSA interaction (AMW, 5.3 kDa), followed by
[177Lu]Lu-PSMA-617 (AMW, 13.7 kDa), all radiohybrid ligands
demonstrated an at least 1.5-fold higher AMW, with values between
21.8 and 35.7 kDa. Among the radiohybrids, the 2 DOTA conju-
gates, [177Lu]Lu-rhPSMA-10.1 and -10.2, showed the lowest
AMWs (25.1 and 21.8 kDa, respectively), whereas D-Dap–configured
[177Lu]Lu-rhPSMA-7.1 (molecular weight, 26.3 kDa) and [177Lu]Lu-
rhPSMA-7.3 (molecular weight, 30.4 kDa) showed the lowest
AMWs within the rhPSMA-7 series (AMWs of L-Dap–comprising
isomers: [177Lu]Lu-rhPSMA-7.2, 31.7 kDa; [177Lu]Lu-rhPSMA-7.4,
35.7 kDa).

In Vivo Characterization
Biodistribution Studies. Overall, the comparative biodistribution

study of the 177Lu-labeled PSMA ligands in LNCaP tumor–bearing

mice at 24 h after injection revealed a quite
similar distribution pattern with high tumor
uptake, fast excretion from background or-
gans, but a varying degree of activity reten-
tion in the kidneys (Fig. 4; Supplemental
Tables 3 and 4).
At 24 h after injection, the highest activity

retention in the kidneys was found for
[177Lu]Lu-PSMA I&T (34.7 6 17.2 per-
centage injected dose [%ID]/g), whereas
[177Lu]Lu-PSMA-617 (1.46 0.4 %ID/g) and
[177Lu]Lu-rhPSMA-10.1 (2.0 6 0.8 %ID/g)
demonstrated the fastest renal clearance. Kid-
ney uptake of the former lead compound,
[177Lu]Lu-rhPSMA-7.3, was found to be
9.8 6 2.7 %ID/g, thus showing slower renal
clearance than [177Lu]Lu-rhPSMA-7.1 (4.16
0.8 %ID/g), [177Lu]Lu-rhPSMA-10.1 (2.0 6

0.8 %ID/g), and [177Lu]Lu-rhPSMA-10.2
(8.16 1.7 %ID/g). These differences are also
well illustrated in the small-animal SPECT/
CT images (Fig. 5). Tumor uptake was high-
est for all [177Lu]Lu-rhPSMA-7 isomers and
in the range of 11.6–12.7 %ID/g, followed by
[177Lu]Lu-rhPSMA-10.2 (10.5 6 3.3 %ID/g)
and -10.1 (9.8 6 0.3 %ID/g), whereas the
references, 177Lu-labeled PSMA-617 (7.5 6

0.9%ID/g)andPSMAI&T(4.161.1%ID/g),
exhibited a lower tumor uptake.
Tumor-to-Organ Ratios. Interestingly, all

radiohybrid ligands are cleared from the blood pool and background
tissues with a kinetic profile that resembles that of small molecules
more than that of larger proteins, despite their extensive binding to
HSA. Among all radiohybrids, the highest tumor-to-blood and tumor-
to-kidney ratios were found for [177Lu]Lu-rhPSMA-10.1 (tumor-
to-blood, 11,498; tumor-to-kidney, 5.7), followed by [177Lu]
Lu-rhPSMA-7.1 (tumor-to-blood, 5,971; tumor-to-kidney, 3.2),
whereas [177Lu]Lu-rhPSMA-7.3 showed inferior values (tumor-
to-blood, 3,843; tumor-to-kidney, 1.2). Although [177Lu]Lu-PSMA
I&T (tumor-to-blood, 408; tumor-to-kidney, 0.2) exhibited rather
slow excretion in mice, [177Lu]Lu-PSMA-617 showed the highest
tumor-to-kidney ratio (tumor-to-blood, 1,424; tumor-to-kidney, 5.9),
whereas its tumor-to-blood ratio was lower than all radiohybrid
ligands (Supplemental Tables 5 and 6).

DISCUSSION

Although it has recently been demonstrated in patients that the
uptake of [177Lu]Lu-rhPSMA-7.3 in tumor lesions was on average
2- to 3-fold higher than that of [177Lu]Lu-PSMA I&T, the slower
clearance resulted in a comparatively higher dose to the kidney as
the organ at risk (14). In retrospect, this result is hardly surprising,
since the selection process of the best diagnostic rhPSMA-7 iso-
mer was based on criteria that are considered suboptimal for ther-
apy: fast blood clearance to reach high tumor-to-background ratios
at early time points, predominantly renal clearance, and high kid-
ney retention to ensure low activity in the bladder at early time
points. In contrast, the selection criteria for the best therapeutic
isomer are different. Compared with today’s therapeutic ligands, a
slightly delayed blood clearance is preferred. The ligand should be
excreted renally while showing almost no retention in the kidneys.

FIGURE 3. (A) Binding affinities (half-maximal inhibitory concentration [IC50; nM], 1 h, 4�C) of
[177Lu]Lu-rhPSMA-7.1 to -7.4 (white; n 5 3), [177Lu]Lu-rhPSMA-10.1 and -10.2 (black/white stripes;
n 5 3), and references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T (black; n 5 3). (B) PSMA-
mediated internalization of [177Lu]Lu-rhPSMA-7.1 to -7.4 (white; n 5 3), [177Lu]Lu-rhPSMA-10.1 and
-10.2 (black/white stripes; n 5 3), and references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T
(black; n 5 3) by LNCaP cells (1 h, 37�C) as percentage of reference ligand ([125I]IBA)KuE). (C) Lipo-
philicity of [177Lu]Lu-rhPSMA-7.1 to -7.4 (white; n 5 6), [177Lu]Lu-rhPSMA-10.1 and -10.2 (black/
white stripes; n 5 6), and references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T (black; n 5 6),
expressed as partition coefficient (log D7.4 in n-octanol/phosphate-buffered saline, pH 7.4). (D) AMW
of [177Lu]Lu-rhPSMA-7.1 to -7.4 (white), [177Lu]Lu-rhPSMA-10.1 and -10.2 (black/white stripes), and
references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T (black), as determined by HSA-mediated
size-exclusion chromatography.
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It must also be considered that the change in the isotope (lutetium
for RLT instead of gallium for the diagnostic compound) results
in a different structure and charge at the chelate–metal complex
(gallium-DOTA: hexadentate, zwitterionic; lutetium-DOTA: octa-
dentate, uncharged) (15). This matter obviously influences the
pharmacokinetic properties of the entire ligand, as demonstrated
by the prolonged clearance kinetics of the 177Lu-labeled “best
diagnostic isomer” rhPSMA-7.3 in patients (14).
With the aim of addressing these therapeutic criteria and of identi-

fying a 177Lu-labeled rhPSMA tracer with more favorable character-
istics for RLT, we performed a coevaluation of 6 different rhPSMA
ligands (4 rhPSMA-7 isomers and 2 rhPSMA-10 isomers) and com-
pared the results with preclinical data on the 2 reference compounds,
PSMA-617 and PSMA I&T.

All lutetium-complexed radiohybrid trac-
ers and the external references, PSMA I&T
and PSMA-617, demonstrated potent bind-
ing to LNCaP cells with an excellent affin-
ity in the low-nanomolar range and high
internalization rates, which did not allow
prioritization of certain candidates for fur-
ther evaluation.
In the context of PSMA-targeted RLT, the

kidney and then the bone marrow are still
considered the main organs at risk, and uptake
in these should be carefully considered (18).
In our comparative biodistribution stud-

ies, pronounced differences in kidney uptake
values were observed. Whereas our inter-
nal reference, D-Dap-S-DOTAGA–configured
[177Lu]Lu-rhPSMA-7.3, showed a kidney
uptake of 9.86 2.7 %ID/g at 24h after injec-
tion, the uptake of the D-Dap-DOTA deriva-
tive, [177Lu]Lu-rhPSMA-10.1, reached only
20% of that value (2.06 0.8 %ID/g). More-
over, the stereoconfiguration of the Dap-

branching unit (D-Dap or L-Dap) also resulted in a pronounced
different kidney uptake, as shown for [177Lu]Lu-rhPSMA-7.1
(D-Dap, 4.1 6 0.8 %ID/g) and the 5-fold higher value of
the corresponding L-Dap version, [177Lu]Lu-rhPSMA-7.2 (19.0 6
4.5 %ID/g). As already demonstrated in a previous study of
[18F]Ga-rhPSMA ligands (12), these results impressively demon-
strate once more that even small modifications in the arene binding
region of PSMA-targeted ligands can have a remarkable influence
on the biodistribution. In this former study, the modification of the
stereoconfiguration of the Dap branching unit and the DOTAGA
chelator resulted in superior pharmacokinetics of [18F]Ga-rhPSMA-
7.3 in mice compared with the diastereomeric mixture [18F]Ga-
rhPSMA-7. This result was confirmed in patient studies, revealing a
5-fold lower excretion of [18F]Ga-rhPSMA-7.3 into the bladder, a

1.6-fold lower kidney uptake, and a 1.6-fold
higher tumor uptake than for the diastereo-
meric mixture [18F]Ga-rhPSMA-7 (19).
Even though the results of our preclinical

comparison are highly promising, there are
many examples in the literature that question
the direct transferability of the preclinical
results to clinical studies, particularly with
regard to kidney clearance and kidney reten-
tion. The low kidney uptake of [177Lu]Lu-
PSMA-617 (1.4 6 0.4 %ID/g at 24 h after
injection) in mice has often been highlighted
as a major selection criterion that promoted
its rapid clinical development and thus was
considered a major advantage compared with
[177Lu]Lu-PSMA I&T (kidney uptake, 34.76
17.2 %ID/g at 24 h after injection) (20). How-
ever, in contrast to preclinical results, head-to-
head comparison of both ligands in patients
has impressively demonstrated a nearly iden-
tical kidney uptake and clearance kinetic of
both tracers (7). Moreover, a similar absorbed
dose to the kidney was found in dosimetry
studies: 0.4 6 0.2 to 0.8 6 0.3 Gy/GBq
for [177Lu]Lu-PSMA-617 (21–23) and

FIGURE 4. Biodistribution of [177Lu]Lu-rhPSMA-7.1 to -7.4, [177Lu]Lu-rhPSMA-10.1 and -10.2, and
references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T at 24 h after injection in male LNCaP
tumor–bearing SCID mice. Data are expressed as %ID/g, mean 6 SD (n 5 42 5). Values of
[177Lu]Lu-PSMA I&T were taken from previously published study by our group (17) that was per-
formed under identical conditions.

FIGURE 5. Static small-animal SPECT/CT images (maximum-intensity projections) of 177Lu-
labeled rhPSMA-7.3, -7.1, and -10.1 in LNCaP tumor–bearing mice, euthanized 24 h after injection
and imaged directly after blood collection, with acquisition time of 45 min on VECTor4 small-animal
SPECT/PET/optimal imaging/CT device. Tumor weight and tracer uptake in tumor (%ID/g) were
determined from subsequent biodistribution studies.
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0.7 6 0.2 Gy/GBq for [177Lu]Lu-PSMA I&T (24). Until further
investigations improve our understanding of species-dependent
renal handling of PSMA tracers, and in the absence of alternative
and more valid selection criteria, the evaluation of the biodistribu-
tion in mice, including the assessment of the different excretion
behavior, will remain our only viable option—although we should
treat such data with appropriate caution.
Regarding important nontarget organs such as liver, muscle, and

heart, all ligands demonstrated almost identical and complete
clearance 24 h after injection. Even though only low activity levels
were found in the blood pool for all ligands, [177Lu]Lu-rhPSMA-
10.1 showed the best clearance of all investigated PSMA ligands,
and this superior clearance is also expressed by the highest tumor-to-
blood ratio (11,498): 3 times higher than for [177Lu]Lu-rhPSMA-7.3
and 8 times higher than for [177Lu]Lu-PSMA-617.
The tendency of both DOTA-conjugated [177Lu]Lu-rhPSMA-10

isomers to clear more quickly can at least in part be explained by the
HSA-binding experiments and our newly introduced in vitro param-
eter, AMW. The molecular weight of a molecule is known to have a
direct implication in the glomerular sieving coefficient (GSC) (as a
rule of thumb, the lower the molecular weight, the higher the GSC
and the faster the excretion kinetics) (25). Thus, the stronger the
interaction of a molecule with HSA or the higher the ratio of HSA-
bound ligand to free ligand, the less ligand is subjected to glomeru-
lar filtration and thus the less ligand is excreted. In our assay, this
ratio is indirectly determined by calculating the AMW of each com-
pound (details on these methods will be described elsewhere).
Looking at the AMW of 177Lu-labeled PSMA-617 (13.7 kDa)

and PSMA-I&T (5.3 kDa) as key reference points, the 2.3-fold
lower AMW of PSMA I&T appears prima facie unproportional:
Kulkarni et al. could demonstrate that [177Lu]Lu-PSMA-617
exhibits only a marginally slower clearance in patients than does
[177Lu]Lu-PSMA I&T (7). However, taking into account the non-
linear correlation of the molecular weight and GSC and the tiny
changes in the GSC at low molecular weights, the differences in
the AMW of PSMA I&T and PSMA-617 result in only slightly
different GSCs, which explains the similar kidney excretion kinet-
ics of these 2 ligands in patients (25). In contrast, the higher
AMW of [177Lu]Lu-rhPSMA-7.3 (molecular weight, 30.4) would
translate into a markedly lower GSC and thus a delayed clearance,
which has been confirmed by clinical results from Feuerecker et al.
(14). On the basis of these results, we expect that the blood
clearance kinetics of [177Lu]Lu-rhPSMA-10.1 and -10.2 in humans
will be somewhere between that of [177Lu]Lu-rhPSMA-7.3 and
[177Lu]Lu-PSMA-617/PSMA-I&T. As demonstrated by Feuerecker
et al. (14), the remarkable tumor uptake of [177Lu]Lu-rhPSMA-7.3
found in our preclinical experiments (13) could also be
observed in patients (effective dose of 6.4 6 6.7 mGy/MBq for
[177Lu]Lu-rhPSMA-7.3 vs. 2.6 6 2.4 mGy/MBq for [177Lu]Lu-
PSMA I&T). Thus, we are optimistic that we will be able to obtain
a similarly improved tumor uptake in patients during the clinical
assessment of [177Lu]Lu-rhPSMA-10.1 and thus tumor doses higher
than those currently obtained with the state-of-the art nonhybrid
ligands (14).
Certainly there are also other effects determining different clearance

kinetics of radiopharmaceuticals in mice and patients that must be
considered—for example, species differences in drug binding to serum
albumin (26) and differences in magnitude and binding affinities of
the tracers to plasma proteins other than HSA, such as a-1-acid glyco-
protein (27), transthyretin (28), or lipoproteins (29). Moreover, indi-
vidual differences in uptake of PSMA ligands into the kidneys (30),

varying relative proportions of hepatobiliary to renal clearance, and
effects of species differences between mice and humans must be con-
sidered. In summary, however, we are optimistic that the promising
biodistribution profile of [177Lu]Lu-rhPSMA-10.1 observed in mice,
together with its low AMW, will translate into improved tumor doses
and tumor-to-kidney dose ratios of this isomer in patients.

CONCLUSION

On the basis of this preclinical comparison, [177Lu]Lu-rhPSMA-
10.1 seems to be a promising lead for the clinical development of an
rhPSMA-targeted ligand for RLT. [177Lu]Lu-rhPSMA-10.1 could
have the potential to outperform the in vivo characteristics of the
currently developed state-of-the-art PSMA targeted radioligands
[177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T in men. Clinical
studies are required to demonstrate whether our newly introduced
additional preclinical selection criterion, the AMW, could be a valu-
able parameter for the future development of further therapeutic
radiopharmaceuticals with optimally adjusted clearance kinetics.
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KEY POINTS

QUESTION: Which 177Lu-labeled rhPSMA ligand shows the best
characteristics for RLT of prostate cancer?

PERTINENT FINDINGS: In preclinical experiments,
[177Lu]Lu-rhPSMA-10.1 demonstrated fast clearance kinetics
from healthy tissues while preserving high tumor uptake.

IMPLICATIONS FOR PATIENT CARE: Preclinical data indicate
more favorable pharmacokinetics for [177Lu]Lu-rhPSMA-10.1 than
for [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T for RLT, a
finding that has to be investigated in prospective clinical studies.
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General Information 

Analytical and preparative high-performance liquid chromatography (HPLC) was performed using 

Shimadzu gradient systems (Neufahrn, Germany) equipped with an SPD-20A UV/Vis detector. The 

columns for analytical (MultoKrom 100C18, 150×4.6 mm, 5 μm), radio-analytical (Multospher 100RP18, 

125×4.6 mm, 5 μm) and preparative (MultoKrom 100C18, 250×20 mm, 5 μm) HPLC were purchased from 

CS Chromatographie Service (Langerwehe, Germany). Eluents for all HPLC operations were water (solvent 

A) and acetonitrile with 2 vol.% water (solvent B), both containing 0.1 vol.% trifluoroacetic acid (TFA). 

Radioactivity was detected via a HERM LB 500 NaI detector (Berthold Technologies, Bad Wildbad, 

Germany). Radio-thin layer chromatography (TLC) was carried out with a Scan-RAM detector (LabLogic 

Systems, Sheffield, United Kingdom). Electrospray ionization-mass spectra were acquired on an 

expressionL CMS (Advion, Harlow, UK).  

 

Synthesis of PSMA Ligands 

The uncomplexed radiohybrid ligands rhPSMA-7.1, -7.2, -7.3 and -7.4 were prepared by applying a mixed 

solid phase/solution phase synthetic strategy, according to the literature protocols (1). rhPSMA-10.1 and -

10.2 were obtained in analogy to the rhPSMA-7 isomers, by substitution of the DOTA-GA chelator with 

DOTA. PSMA I&T was prepared according to the published procedure (2) and PSMA-617 was purchased 

from MedChemExpress LLC (Monmouth Junction, USA). 

For complexation with non-radioactive lutetium for in vitro studies, a 2 mM solution of the PSMA inhibitor 

(1.0 eq.) in DMSO was combined with a 20 mM aqueous solution of LuCl3 (2.5 eq.) and heated to 95°C for 

30 min. Analytical data of the Lu-chelated PSMA ligands are summarized in the supporting information.  

 

Analytical data of Lu-complexed PSMA inhibitors: 

Lu-rhPSMA-7.1: RP-HPLC (10 to 70% B in 15 min): tR = 9.7 min, K’ = 3.85. Calculated monoisotopic 

mass (C63H96FLuN12O25Si): 1642.6; found: m/z = 1643.5 [M+H]+, 822.5 [M+2H]2+. 

Lu-rhPSMA-7.2: RP-HPLC (10 to 70% B in 15 min): tR = 9.4 min, K’ = 3.70. Calculated monoisotopic 

mass (C63H96FLuN12O25Si): 1642.6; found: m/z = 1642.9 [M+H]+, 822.0 [M+2H]2+. 

Lu-rhPSMA-7.3: RP-HPLC (10 to 70% B in 15 min): tR = 9.6 min, K’ = 3.80. Calculated monoisotopic 

mass (C63H96FLuN12O25Si): 1642.6; found: m/z = 1643.4 [M+H]+, 822.3 [M+2H]2+. 

Lu-rhPSMA-7.4: RP-HPLC (10 to 70% B in 15 min): tR = 9.6 min, K’ = 3.80. Calculated monoisotopic 

mass (C63H96FLuN12O25Si): 1642.6; found: m/z = 1643.0 [M+H]+, 822.3 [M+2H]2+. 
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Lu-rhPSMA-10.1: RP-HPLC (10 to 70% B in 15 min): tR = 9.9 min, K’ = 3.95. Calculated monoisotopic 

mass (C60H92FLuN12O23Si): 1570.6; found: m/z = 1571.8 [M+H]+, 786.2 [M+2H]2+. 

Lu-rhPSMA-10.2: RP-HPLC (10 to 70% B in 15 min): tR = 9.6 min, K’ = 3.80. Calculated monoisotopic 

mass (C60H92FLuN12O23Si): 1570.6; found: m/z = 1571.9 [M+H]+, 786.6 [M+2H]2+. 

Lu-PSMA-I&T: RP-HPLC (10 to 70% B in 15 min): tR = 7.2 min, K’ = 3.32. Calculated monoisotopic 

mass (C63H89ILuN11O23): 1669.5; found: m/z = 1670.5 [M+H]+, 1113.8 [2M+3H]3+. 

Lu-PSMA-617: RP-HPLC (10 to 70% B in 15 min): tR = 6.5 min, K’ = 2.82. Calculated monoisotopic 

mass (C49H68LuN9O16): 1213.4; found: m/z = 1213.6 [M+H]+, 607.5 [M+2H]2+. 

 

 

Supplemental Table 1: Radiochemical purity (RCP) of 177Lu-labeled rhPSMA isomers, determined by 

radio-TLC before lipophilicity studies, using either the citrate buffer system (0.1 M sodium citrate buffer 

on iTLC-SG chromatography paper) or acetate buffer system (1.0 M NH4OAc/DMF buffer (1/1; v/v) on 

TLC Silica gel 60 F254 plates).  

[177Lu]Lu- citrate-TLC acetate-TLC 

 RCP RCP 

rhPSMA-7.1 99.5% 99.7% 

rhPSMA-7.2 99.8% 99.8% 

rhPSMA-7.3 99.8% 99.9% 

rhPSMA-7.4 99.8% 99.8% 

rhPSMA-10.1 99.8% 99.8% 

rhPSMA-10.2 99.7% 99.7% 
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Supplemental Table 2: Binding affinities (IC50 [nM], 1 h, 4°C) of Lu-rhPSMA-7.1 to -7.4 (n=3), Lu-rhPSMA-10.1, -10.2 (n=3) and the references Lu-

PSMA-617 and Lu-PSMA-I&T (n=3); PSMA-mediated internalization of [177Lu]Lu-rhPSMA-7.1 to -7.4 (n=3), [177Lu]Lu-rhPSMA-10.1, -10.2 (n=3) 

and the references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T (n=3) by LNCaP cells (1 h, 37°C) as a percentage of the reference ligand 

([125I]IBA)KuE); Lipophilicity of [177Lu]Lu-rhPSMA-7.1 to -7.4 (n=6), [177Lu]Lu-rhPSMA-10.1, -10.2 (n=6) and the references [177Lu]Lu-PSMA-617 

and [177Lu]Lu-PSMA I&T (n=6), expressed as partition coefficient (log D7.4) using the n-octanol/PBS (pH 7.4) distribution system ; Apparent molecular 

weight (AMW) of [177Lu]Lu-rhPSMA-7.1 to -7.4, [177Lu]Lu-rhPSMA-10.1, -10.2 and the references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T, 

as determined by human serum albumin mediated size exclusion chromatography (AMSEC). 

Compound [177Lu]Lu-

rhPSMA-7.1 

[177Lu]Lu-

rhPSMA-7.2 

[177Lu]Lu-

rhPSMA-7.3 

[177Lu]Lu-

rhPSMA-7.4 

[177Lu]Lu-

rhPSMA-

10.1 

[177Lu]Lu-

rhPSMA-

10.2 

[177Lu]Lu-

PSMA-617 

[177Lu]Lu-

PSMA I&T 

IC50 [nM] 3.11 ± 0.64 2.88 ± 1.06 3.29 ± 1.00 3.06 ± 1.51 2.76 ± 0.51 3.61 ± 0.59 3.27 ± 0.19 4.17 ± 0.78 

Internalization 

[%IBA-KuE] 137.4 ± 5.8 197.3 ± 15.0 184.4 ± 11.8 190.4 ± 10.5 177.4 ± 14.6 205.6 ± 8.3 203.2 ± 10.1 145.4 ± 13.8 

logD7.4 -4.27 ± 0.24 -4.25 ± 0.29 -4.12 ± 0.11 -4.10 ± 0.14 -3.78 ± 0.06 -3.83 ± 0.10 -4.1 ± 0.1 -4.1 ± 0.1 

MWapp [kDa] 26.3 31.7 30.4 35.7 25.1 21.8 13.7 5.3 
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Supplemental Table 3: Biodistribution of [177Lu]Lu-rhPSMA-7.1 to -7.4 at 24 h p.i. in male LNCaP tumor-

bearing SCID mice. Data are expressed as a percentage of the injected dose per gram (% ID/g), mean ± 

standard deviation (SD; n=4).  

 

[177Lu]Lu-

rhPSMA-7.1 

24 h p.i., n = 4 

[177Lu]Lu-

rhPSMA-7.2 

24 h p.i., n = 4 

[177Lu]Lu-

rhPSMA-7.3 

24 h p.i., n = 4 

[177Lu]Lu-

rhPSMA-7.4 

24 h p.i., n = 4 

uptake in 

% ID/g mean SD mean SD mean SD mean SD 

blood 0.0023 0.0006 0.0090 0.0015 0.0032 0.0007 0.0052 0.0026 

heart 0.036 0.009 0.032 0.005 0.031 0.009 0.032 0.006 

lung 0.050 0.006 0.049 0.009 0.049 0.011 0.056 0.014 

liver 0.28 0.06 0.24 0.06 0.22 0.04 0.16 0.03 

spleen 0.24 0.04 0.79 0.13 0.73 0.23 0.72 0.29 

pancreas 0.019 0.003 0.076 0.071 0.025 0.005 0.027 0.006 

stomach 0.071 0.018 0.246 0.236 0.059 0.028 0.068 0.029 

intestine 0.15 0.05 0.34 0.31 0.13 0.08 0.15 0.07 

kidney 4.10 0.81 19.04 4.45 9.82 2.74 15.66 8.92 

adrenals 0.12 0.04 0.61 0.13 0.56 0.22 0.34 0.18 

muscle 0.011 0.001 0.010 0.002 0.009 0.003 0.010 0.003 

bone 0.030 0.009 0.034 0.008 0.048 0.010 0.023 0.009 

tumor 12.40 1.27 12.73 2.76 11.63 2.24 12.56 3.52 

parotid gl. 0.083 0.020 0.114 0.030 0.131 0.042 0.111 0.057 

submand. gl. 0.051 0.004 0.072 0.005 0.056 0.010 0.075 0.019 
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Supplemental Table 4: Biodistribution of [177Lu]Lu-rhPSMA-10.1, -10.2 and the references [177Lu]Lu-

PSMA-617 and  [177Lu]Lu-PSMA I&T at 24 h p.i. in male LNCaP tumor-bearing SCID mice. Data are 

expressed as a percentage of the injected dose per gram (% ID/g), mean ± standard deviation (SD; n=4-5). 

Values of [177Lu]Lu-PSMA I&T were taken from a previously published study by our group (3). N.d. not 

determined. 

 

[177Lu]Lu-

rhPSMA-10.1 

24 h p.i., n = 5 

[177Lu]Lu-

rhPSMA-10.2 

24 h p.i., n = 4 

[177Lu]Lu- 

PSMA-617 

24 h p.i., n = 4 

[177Lu]Lu- 

PSMA-I&T 

24 h p.i., n = 4 

uptake in 

% ID/g mean SD mean SD mean SD mean SD 

blood 0.0009 0.0001 0.0022 0.0008 0.0056 0.0026 0.0118 0.0064 

heart 0.017 0.001 0.020 0.004 0.012 0.004 0.049 0.034 

lung 0.032 0.004 0.036 0.007 0.039 0.013 0.158 0.029 

liver 0.18 0.06 0.15 0.05 0.12 0.06 0.05 0.01 

spleen 0.17 0.03 0.53 0.26 0.08 0.01 1.94 1.01 

pancreas 0.013 0.002 0.021 0.002 0.011 0.004 0.048 0.029 

stomach 0.056 0.014 0.104 0.069 0.020 0.003 0.048 0.021 

intestine 0.11 0.05 0.24 0.13 0.12 0.08 0.12 0.06 

kidney 1.97 0.78 8.09 1.68 1.44 0.42 34.66 17.20 

adrenals 0.06 0.04 0.41 0.17 0.19 0.07 1.06 0.24 

muscle 0.003 0.002 0.007 0.002 0.009 0.002 0.010 0.004 

bone 0.022 0.008 0.020 0.008 0.027 0.017 0.014 0.004 

tumor 9.82 0.30 10.45 3.25 7.46 0.90 4.06 1.12 

parotid gl. 0.041 0.009 0.100 0.017 n.d. n.d. n.d. n.d. 

submand. gl. 0.037 0.007 0.046 0.009 n.d. n.d. n.d. n.d. 
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Supplemental Table 5: Tumor-to-organ ratios of [177Lu]Lu-rhPSMA-7.1 to -7.4 at 24 h p.i. in male LNCaP 

tumor-bearing SCID mice. Mean ± standard deviation (SD; n=4). Tumor-to-organ ratios were calculated 

from individual mice and mean values were determined.  

 

[177Lu]Lu-

rhPSMA-7.1 

24 h p.i., n = 4 

[177Lu]Lu-

rhPSMA-7.2 

24 h p.i., n = 4 

[177Lu]Lu-

rhPSMA-7.3 

24 h p.i., n = 4 

[177Lu]Lu-

rhPSMA-7.4 

24 h p.i., n = 4 

tumor-to-

organ ratio mean SD mean SD mean SD mean SD 

blood 5971 2358 1460 495 3843 1145 2570 820 

heart 368 122 409 125 394 82 387 81 

lung 252 53 275 113 239 24 234 87 

liver 47 13 54 12 54 2 78 13 

spleen 54 13 16 3 17 3 19 4 

pancreas 671 211 285 170 487 133 489 180 

stomach 191 70 187 210 262 177 228 135 

intestine 95 40 150 211 129 86 104 55 

kidney 3.2 0.9 0.7 0.2 1.2 0.3 1.0 0.5 

adrenals 119 54 21 1 23 7 43 14 

muscle 1167 214 1453 623 1454 601 1269 92 

bone 453 190 384 66 264 111 616 309 

parotid gl. 163 69 112 14 93 21 99 13 

submand. gl. 244 43 177 40 207 27 169 33 
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Supplemental Table 6: Tumor-to-organ ratios [177Lu]Lu-rhPSMA-10.1, -10.2 and the references [177Lu]Lu-

PSMA-617 and  [177Lu]Lu-PSMA I&T at 24 h p.i. in male LNCaP tumor-bearing SCID mice. Mean ± 

standard deviation (SD; n=4-5). Values of [177Lu]PSMA I&T were taken from a previously published study 

by our group (3). Tumor-to-organ ratios were calculated from individual mice and mean values were 

determined.  

 

 

[177Lu]Lu-

rhPSMA-10.1 

24 h p.i., n = 5 

[177Lu]Lu-

rhPSMA-10.2 

24 h p.i., n = 4 

[177Lu]Lu- 

PSMA-617 

24 h p.i., n = 4 

[177Lu]Lu- 

PSMA-I&T 

24 h p.i., n = 4 

tumor-to-

organ ratio mean SD mean SD mean SD mean SD 

blood 11498 1953 6125 4185 1424 455 408 209 

heart 568 52 585 321 704 270 128 77 

lung 313 33 295 100 210 74 26 9 

liver 57 13 69 17 91 73 86 31 

spleen 58 11 27 19 93 22 3.0 2.0 

pancreas 774 189 511 198 799 293 144 115 

stomach 187 47 221 231 376 65 105 60 

intestine 115 75 111 162 90 50 49 33 

kidney 5.7 2.0 1.4 0.6 5.9 3.0 0.15 0.08 

adrenals 171 111 33 22 44 15 4.1 1.5 

muscle 2441 373 1798 792 855 279 496 242 

bone 595 462 589 280 472 378 315 144 

parotid gl. 250 64 107 37 n.d. n.d. n.d. n.d. 

submand. gl. 275 49 223 45 n.d. n.d. n.d. n.d. 
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Supplemental Figure 1: Exemplary radio-chromatogram of [177Lu]Lu-rhPSMA-7.3 in the AMSEC 

experiment. The retention time of 14.8 min measured in this particular experiment correlates with an AMW 

of 30.3 kDa (AMW of 30.4 ± 0.5 kDa (mean ± SD) for n = 10 independent measurements). 
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Supplemental Figure 2: Radio-chromatogram of [177Lu]Lu-PSMA-617 in the AMSEC experiment. The 

retention time of 17.7 min measured in this particular experiment correlates with an AMW of 13.7 kDa. 
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Supplemental Figure 3: Radio-chromatogram of [18F]fluoride in the AMSEC experiment. Due to the 

absence of interaction of fluoride with HSA, [18F]fluoride is eluted after 24.4 min, as expected for a small 

inorganic ion, and the corresponding AMW of 2.1 kDa lies below the fractionation range of the gel filtration 

column (70 – 3 kDa). 
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Albumin-Mediated Size Exclusion Chromatography: The
Apparent Molecular Weight of PSMA Radioligands as Novel
Parameter to Estimate Their Blood Clearance Kinetics
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* Correspondence: jan-philip.kunert@tum.de; Tel.: +49-89-289-12203

Abstract: A meticulously adjusted pharmacokinetic profile and especially fine-tuned blood clearance
kinetics are key characteristics of therapeutic radiopharmaceuticals. We, therefore, aimed to develop
a method that allowed the estimation of blood clearance kinetics in vitro. For this purpose, 177Lu-
labeled PSMA radioligands were subjected to a SEC column with human serum albumin (HSA)
dissolved in a mobile phase. The HSA-mediated retention time of each PSMA ligand generated
by this novel ‘albumin-mediated size exclusion chromatography’ (AMSEC) was converted to a
ligand-specific apparent molecular weight (MWapp), and a normalization accounting for unspecific
interactions between individual radioligands and the SEC column matrix was applied. The resulting
normalized MWapp,norm. could serve to estimate the blood clearance of renally excreted radioligands
by means of their influence on the highly size-selective process of glomerular filtration (GF). Based
on the correlation between MW and the glomerular sieving coefficients (GSCs) of a set of plasma
proteins, GSCcalc values were calculated to assess the relative differences in the expected GF/blood
clearance kinetics in vivo and to select lead candidates among the evaluated radioligands. Significant
differences in the MWapp,norm. and GSCcalc values, even for stereoisomers, were found, indicating
that AMSEC might be a valuable and high-resolution tool for the preclinical selection of therapeutic
lead compounds for clinical translation.

Keywords: albumin; plasma protein binding; blood clearance; pharmacokinetics; size exclusion
chromatography; radioligand therapy; prostate cancer; PSMA; rhPSMA

1. Introduction

The contribution of nuclear medicine to the clinical management of cancer patients
has been on a constant rise throughout the last years [1]. In addition to established diagnos-
tic applications guiding clinical decision making, such as positron emission tomography
(PET) [2,3] or single-photon emission computed tomography (SPECT) [4,5], targeted radi-
oligand therapy (RLT) has evolved into an important tool in the treatment of oncological
diseases and is still growing in its everyday clinical relevance [6–8]. Pioneered by [177Lu]Lu-
DOTA-TATE [9] (Lutathera®) and fueled by its regulatory approval for the treatment of
neuroendocrine tumors by the FDA in early 2018 [10], intensive preclinical and clinical
research toward novel targeted radiotherapeutics for oncologic targets, such as prostate-
specific membrane antigen (PSMA) [11,12], human epidermal growth factor receptor 2
(HER2) [13,14], gastrin-releasing peptide receptor (GRPR) [15,16] and cholecystokinin-2-
receptor (CCK2R) [17,18], among others, has been undertaken. The growing patient popula-
tion suffering from prostate cancer and the resulting clinical demand have especially driven
the development of PSMA-targeted radioligands [19–21]. As a result, [177Lu]Lu-PSMA-617
(PluvictoTM) was recently approved as a first-in-class PSMA-targeted radiopharmaceuti-
cal for the RLT of metastatic castration-resistant prostate cancer (mCRPC) [22]. Further
developments in radiotracer design and the clinical application of PSMA-targeted RLT in
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earlier stages of prostate cancer are eagerly awaited to increase the therapeutic options for
oncologists and the possible benefit for patients in the near future.

In the development of new PSMA radiotherapeutics, various preclinical in vitro pa-
rameters are conventionally assessed to identify lead candidates for clinical translation [23].
Among these parameters, PSMA affinity, as well as uptake and internalization in PSMA-
positive cells, are determined to analyze the target binding properties of a radioligand,
while lipophilicity is usually assessed to avoid hepatobiliary and to foster renal excretion.
In this context, extensive work on the modulation of albumin binding has been carried out
with the aim to exploit a depot effect for leveraging increased tumor uptake [24–27].

However, the optimization of the therapeutic efficacy of a radioligand more than
anything requires a meticulously adjusted pharmacokinetic profile [28]. Compared to
diagnostic tracers, a slightly slower excretion of therapeutic radioligands is needed to
support high tumor uptake, yet excretion must occur fast enough to avoid excessive off-
target radiation toxicity [29–31]. Despite their undeniable value in preclinical development,
the aforementioned in vitro parameters are not suitable to assess, predict, or fine-tune such
delicate pharmacokinetic requirements. In contrast, a parameter that governs the complex
synergy of tumor delivery and excretion from healthy tissue is the blood clearance kinetics
of a radioligand. All relevant pharmacokinetic effects between the site of injection and
the tumor cell membrane are influenced by and integrally summarized within the blood
clearance kinetics of a ligand. The preclinical assessment of this parameter is, therefore, of
utmost importance to select suitable lead compounds for clinical translation and to develop
next-generation radiopharmaceuticals with improved therapeutic efficacy.

Therapeutic radioligands are generally designed to be excreted via the renal path-
way [29,32]. Consequently, clearance from the blood pool predominantly occurs via
glomerular filtration (GF) [33]. According to the kidney’s physiological function, GF
is highly size-selective and high-molecular-weight proteins (such as human serum albumin,
HSA) are almost quantitatively retained in the blood plasma, while low-molecular-weight
compounds (e.g., drugs) are readily filtered [34–36]. Therefore, the rate of a compound’s GF
and, thus, its clearance from the blood pool can be assumed to be highly dependent on its
molecular weight (MW). The availability of a compound for GF, however, is influenced by
its binding to plasma proteins, as a small molecule complexed to a high-molecular-weight
plasma protein (e.g., HSA) evades GF, resulting in a prolonged circulatory half-life. Assum-
ing metabolic stability, the interplay between plasma protein binding and MW-dependent
GF can, thus, be considered the key element shaping the blood clearance kinetics of a
renally excreted radioligand.

Several methods to determine the plasma protein binding of drugs have been de-
scribed in the literature, among them ultrafiltration (UF) [37], different chromatographic
procedures [38–40], spectroscopic methods [41,42] and even in silico studies on molecular
docking and molecular dynamics [43,44]. In the context of radiopharmaceuticals, UF upon
incubation in fresh human plasma [45–47] or in solutions of HSA [48,49], as well as high-
performance affinity chromatography (HPAC) with HSA-modified HPLC columns [26,50,51],
represent the most-established approaches that have been applied in the development of
diverse PSMA-targeted radioligands. Both methods offer attractive features, such as short
analysis times and the possibility of screening-like procedures in HPAC or incubation condi-
tions closely mimicking the in vivo situation before analysis via UF. However, the informative
value of these methods remains limited to the mere quantification of a drug’s protein-bound
fraction [27,45–47,50] or its affinity toward a plasma protein, such as HSA [26,48,51]. The
actual need in developing optimized therapeutic radioligands, however, lies in the assessment
and interpretation of different renal clearance kinetics of albumin-complexed drugs, especially
for those drugs that have very similar plasma protein affinities, plasma protein bindings, and
molecular weights, such as PSMA ligands. As the mere ratio of protein binding or the plasma
protein affinity of a drug determined by UF or HPAC are insufficient to draw conclusions on
their respective quantitative effect on the drug’s renal clearance kinetics, these established
methods are not suitable to meet the aforementioned need.
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With respect to these considerations, we aim to develop a method based on size
exclusion chromatography (SEC) that not only allows to merely determine the binding
of radioligands to HSA but also to possibly deduce conclusions on radioligand blood
clearance kinetics. The general feasibility of assessing protein–drug interactions using SEC
has been exemplified in the literature by the Hummel–Dreyer method [52]. In this method,
a protein is injected onto a size exclusion column equilibrated with a buffered solution of a
drug. The depletion of drug concentration caused by protein–drug complexation generates
a trough in the UV elution profile observed at the cut-off volume of the chromatogram.
Based on the size of the trough, the extent of drug binding to the protein can be determined
(Figure 1A). Inspired by the Hummel–Dreyer method and with the aim to account for
specific requirements when evaluating radioligands, we developed a novel methodology
named albumin-mediated size exclusion chromatography (AMSEC). When compared to
the Hummel–Dreyer method, AMSEC works in a reversed fashion: a radioligand is injected
onto a size exclusion column equilibrated with a buffered solution of HSA to assess the
binding interaction between HSA and the radioligand (Figure 1B).
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Figure 1. (A) Experimental setup of the Hummel–Dreyer method. This method was introduced 1962
to investigate the binding of a drug to proteins. For this purpose, a protein is injected onto a size ex-
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clusion column equilibrated with a buffered solution of a drug. After injection, drug molecules
from the mobile phase are complexed to the injected protein until equilibrium is reached. The
troughs (a, b, c) observed at the cut-off volume in the UV elution profile correspond to the different
amounts of drug complexed by the different injected protein samples, thus representing a depleted
concentration of the drug at the low-molecular-weight fraction, while the protein fraction shows
a stronger signal (protein and complexed drug). (B) Experimental setup of the newly developed
albumin-mediated size exclusion chromatography (AMSEC). Radiolabeled PSMA ligands are injected
onto a size exclusion column equilibrated with a buffered solution of human serum albumin (HSA,
physiological concentration of ~700 µM in PBS; pH 7.4). Throughout the chromatographic run, the
radioligand binds to and dissociates from HSA in a transient manner. The observed retention time of
a radioligand is the result of the mean time the ligand is complexed by HSA, which in turn depends
on the strength of the drug–albumin interaction. Thus, an apparent molecular weight (MWapp) higher
than its actual molecular weight (MW) but below the MW of HSA can be assigned to each radioligand.

The aim of this study is to present the development of AMSEC as a novel approach
to estimate blood clearance kinetics, to show the method’s basic feasibility as exemplified
by the evaluation of 177Lu-labeled PSMA radioligands, and to discuss the potential contri-
bution of AMSEC in the future preclinical development of therapeutic radioligands with
optimized pharmacokinetics for RLT.

2. Results and Discussion

Several considerations of physiological, methodological, and practical nature guided
the conceptualization of the AMSEC method. Because of the aforementioned impact of
MW on glomerular sieving [34–36], we wanted to create an experimental setting capable
of producing MW-related data. Therefore, size exclusion chromatography was chosen as
the basic technique to assess the interaction between 177Lu-labeled PSMA radioligands
and HSA. The latter protein represents one of several human plasma proteins that play
an important role in the binding of endo- and exogenous ligands [53–55]. As HSA is
by far the most abundant human plasma protein [56] and its role and function have
been intensively studied [54,56,57], we identified this particular protein as the best-suited
candidate to evaluate this new method. In contrast to the Hummel–Dreyer method, we
decided to apply HSA in the mobile phase rather than to inject a probe of the protein [52].
This holds the distinct advantage that a variety of different PSMA radioligands can be
analyzed in a screening-like fashion using the same protein-containing mobile phase and
sensitive radioactivity detection for data acquisition (Figure 1B). Furthermore, the mobile
phase was composed of HSA at a physiological concentration (700 µM [53]) in phosphate-
buffered saline (PBS; pH 7.4), mimicking physiological pH and HSA concentration in blood.
Thus, upon the injection of a PSMA radioligand into the HPLC system, HSA and the
radioligand interact in solution state and in a flowing, blood-like environment complying
with fundamental aspects of the actual in vivo situation.

Despite these thoughtful considerations in the conceptual design of AMSEC, it was
initially unclear how the resulting elution profiles would look like and whether valid and
quantitative interpretation in terms of the albumin binding and blood clearance of PSMA
radioligands would be feasible. The SEC approach provides the necessary conditions
for HSA-complexed radioligands and uncomplexed radioligands to behave differently
according to the species’ MWs. However, whether single or multiple radiopeaks (e.g., HSA-
complexed or uncomplexed radioligands) and, potentially, tailing or fronting of peaks
would be observed could not be judged with certainty in advance, as these features of
an elution profile are inherently influenced by the binding kinetics and, especially, the
lifespan of an HSA–radioligand complex. Dissociation constants (Kd) in the micromolar
range were reported for lipophilic, halogen-, and alkyl-substituted aromatic HSA-binding
motifs [58,59]. Theoretically, lifespans of a few milliseconds up to several minutes could
arise from these affinities, depending on the rate of dissociation (koff) [60]. The radiohybrid
(rh) PSMA ligands and further PSMA-binding model compounds (MCs) evaluated in
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this study contain a lipophilic silicon-fluoride acceptor (SiFA) or a positively charged
SiFA (SiFAlin) moiety as an albumin-binding motif [61–63]. As neither the Kd nor the
lifespan of HSA complexes with SiFA- or SiFAlin-bearing rhPSMA ligands have been
investigated so far, our expectations toward the outcome of the first AMSEC experiments
were unprejudiced.

To our delightful surprise, the injection of 177Lu-labeled rhPSMA-7.3 onto the SEC
column equilibrated with 700 µM HSA in PBS resulted in a sharp and single radiopeak
(Figure 2A). This observation indicated fast binding kinetics (kon/koff) between HSA and
the radioligand. Therefore, within the AMSEC experiment, the transient HSA–radioligand
complex might be regarded as a single species. Interestingly, the observed retention time
of rhPSMA-7.3 (tR,AMSEC, 14.722 min) was closer to the retention time of HSA (tR,HSA,
11.791 min) than to the retention time of acetone (tR,acetone, 24.809 min, corresponding
to the cut-off elution volume), both determined in conventional SEC runs without HSA
(Figure 2A). Due to its actual MW (~1.6 kDa) beneath the column fractionation range
(70–3 kDa), rhPSMA-7.3 should be eluted in the cut-off volume (like acetone) in the absence
of HSA.

We, therefore, concluded that the reduced retention time of rhPSMA-7.3 observed
in the AMSEC experiment (tR,AMSEC) arises from the transient binding of rhPSMA-7.3 to
HSA during the passage through the column bed. Whenever rhPSMA-7.3 is complexed
to HSA, passage through the column bed occurs rapidly according to the high MW of the
HSA–radioligand complex (MWHSA = 66.5 kDa [56]), whereas slow elution according to
the ligands’ low actual MW occurs whenever uncomplexed. Consequently, the albumin-
mediated retention time tR,AMSEC observed in the AMSEC run is governed by a ligand’s
binding interaction with HSA.

In analogy to the results obtained for rhPSMA-7.3, evaluation of the remaining three
isomers of rhPSMA-7, as well as rhPSMA-10.1, rhPSMA-10.2, PSMA-617, and PSMA-I&T,
also revealed sharp, single radiopeaks and an individual tR,AMSEC for each radioligand
(Figure 2B). These findings are of particular interest as, by means of column calibration, an
apparent molecular weight (MWapp) can be calculated from the ligand-specific tR,AMSEC.
Such a MWapp is higher than the radioligand’s actual, physical MW and arises from tran-
sient binding to HSA. With respect to GF, the MWapp might be understood as a “biologically
effective” MW of the radioligand that describes the relation between albumin binding and
the reduced rate of GF, which is commonly observed for albumin-bound drugs. We, thus,
hypothesized that, in terms of GF in vivo, the radioligands might pharmacokinetically
behave according to their MWapp rather than their actual MW. Because of the quantitative
correlation between MW and glomerular sieving coefficients (GSCs) [64], the MWapp de-
termined by AMSEC could be used to estimate the GF and, thus, the blood clearance of
PSMA radioligands.

Within this study, MWapp determined directly from experimentally acquired retention
times tR,AMSEC (corrected according to Section 3.3) are referred to as raw apparent MW
(MWapp,raw, Figure 2C,D and Table 1).

As shown in Figure 2C and Table 1, MWapp,raw ranging from 5.4 kDa for PSMA-I&T
to 36.0 kDa for rhPSMA-7.4 were determined. These values corresponded to a wide range,
between 18% and nearly 120% of the value determined for rhPSMA-7.3 (Figure 2D). The
latter radioligand served as an internal standard and was assessed whenever AMSEC
studies were carried out (n = 14). The resulting mean value for MWapp,raw of 30.6 kDa
and the low standard deviation of 0.5 kDa showed the high reproducibility of the method.
Bearing in mind that the analyzed rhPSMA isomers are structurally highly similar, it
constituted a stunning finding that the MWapp,raw of, e.g., rhPSMA-7.1 and rhPSMA-7.2,
diverged by 20%, even though both isomers structurally differ in only a single stereocenter
(chemical structures of 177Lu-labeled rhPSMA compounds, PSMA-617, and PSMA-I&T are
provided in the Supplementary Materials, Figures S1–S8). This impressive resolution of
AMSEC allowing differentiation even between stereoisomers provides an important basis
for a possible contribution to the preclinical selection of promising PSMA radioligands.
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Figure 2. (A) Elution profile of rhPSMA-7.3 (blue) in AMSEC experiments (mobile phase of 700 µM
HSA in PBS). Elution in the cut-off volume of the column similar to acetone would be expected due to
the actual MW of rhPSMA-7.3. Transient binding of rhPSMA-7.3 to HSA during the chromatographic
procedure leads to an albumin-mediated reduction in the retention time (tR,AMSEC) according to the
ligand’s HSA-binding strength. The UV peak of HSA indicates the shortest theoretical retention time
obtainable for tR,AMSEC (in the case of continuous HSA-binding, the dominant peak corresponds
to the monomeric mass of HSA, and the respective retention time of 11.791 min was used for all
calculations). (B) Elution profiles of rhPSMA-7.3 (blue line) and rhPSMA-7.1, -7.2, -7.4, rhPSMA-10.1,
rhPSMA-10.2, PSMA-617, and PSMA-I&T (black lines) in AMSEC experiments. Retention times of
HSA and acetone as references are indicated as green lines. (C) tR,AMSEC of radioligands plotted
against the corresponding raw apparent molecular weight (MWapp,raw). tR,AMSEC of 14.1–21.0 min
led to MWapp,raw between 36.0–5.4 kDa. (D) MWapp,raw of all ligands in percentage of the MWapp,raw

of rhPSMA-7.3 (100%). Observed MWapp,raw ranged from approximately 18% for PSMA-I&T to
almost 120% for rhPSMA-7.4.

However, if we critically assess the validity of the determined MWapp,raw, it becomes
apparent that the interpretation of the results presented so far is based on the following
hypothesis: the comparability of MWapp,raw between different radioligands is only given
if the retention times on the SEC column in the absence of HSA are identical for all the
radioligands. In this case, any differences observed in tR,AMSEC among the radioligands
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would exclusively arise from the ligand-specific interaction with HSA. This uniform re-
tention time in the absence of HSA is furthermore expected to correspond to the cut-off
volume, as indicated by the retention time of acetone (tR,acetone), as the actual MWs of all the
radioligands (~1.6 kDa) lies below the column fractionation range (70–3 kDa). In this case,
any excess of determined MWapp,raw over the actual MW of a radioligand would solely
arise from its interaction with HSA in the AMSEC experiment, and the absolute values of
MWapp,raw would, thus, be precise and meaningful in relation to GF.

Table 1. Retention times of rhPSMA radioligands, PSMA-617, and PSMA-I&T in AMSEC runs
(tR,AMSEC) and corresponding raw apparent molecular weights (MWapp,raw).

Radioligand tR,AMSEC
1 (min) MWapp,raw (kDa) 2

rhPSMA-7.1 15.240 26.5
rhPSMA-7.2 14.564 32.0
rhPSMA-7.3 14.722 3 30.6 3

rhPSMA-7.4 14.143 36.0
rhPSMA10.1 15.410 25.3
rhPSMA-10.2 15.908 22.0

PSMA-617 17.586 13.8
PSMA-I&T 20.983 5.4

1 Retention times are corrected for the offset between UV-vis and radio-detector and are normalized to the
elution behavior of the respective compound on gel filtration column 1 (for detailed information, see Equa-
tions (S1) and (S2) and Table S1 in the Supplementary Materials). 2 MWapp,raw corresponds to apparent molecular
weights previously reported by Wurzer et al. [62]. Minor discrepancy in reported values (<1%) results from refined
calibration calculations and correction for the offset between UV-vis and radio-detector in the present study (see
Section 3.3). 3 Data presented for rhPSMA-7.3 are taken from an exemplary experiment. The mean MWapp,raw for
rhPSMA-7.3 was 30.6 ± 0.5 kDa (n = 14).

To validate this hypothesis, blank runs (PBS pH 7.4 as mobile phase) of the radioli-
gands on the SEC column were performed. The resulting retention times were termed
tR,blank and represent the ligand-specific retention time that would correspond to 0% HSA
binding in the AMSEC experiment. Interestingly, a first finding was that rhPSMA-7.3
showed a tR,blank significantly shorter than tR,acetone, mathematically corresponding to a
MW of 6.0 kDa (Figure 3A). We concluded that unspecific electrostatic interactions be-
tween the highly negatively charged radioligand and the agarose/dextran-based matrix of
the superdex column are present and lead to an elution prior to the expected cut-off vol-
ume [65,66]. Consequently, apart from the radioligand’s binding to HSA in the AMSEC run,
the unspecific interactions with the column matrix contribute to the determined MWapp,raw,
thus hampering its informative value. In a similar fashion, all other evaluated radioligands
also showed shorter tR,blank than tR,acetone values (see Table S1). Furthermore, slightly differ-
ent tR,blank between 20.4 min and 22.3 min were observed for the evaluated radioligands
(see Table S1). Hence, slightly different windows of retention times represented the whole
spectrum, between 100% (tR,HSA) and 0% HSA binding (individual tR,blank), for each radioli-
gand, thus compromising the quantitative comparability of the obtained MWapp,raw. To
address these limitations, a normalization of the experimentally obtained tR,AMSEC was
required that would account for ligand-specific interactions with the column matrix and,
furthermore, provide a common window of retention times representing 100% to 0% HSA
binding that is valid for the determination of the MWapp values of all the radioligands.

Such normalization was found to be feasible by means of mathematical transfor-
mations that require a radioligand’s retention time in the AMSEC run (tR,AMSEC) and its
retention time in the blank run (tR,blank), as well as the retention times of HSA (tR,HSA) and
acetone (tR,acetone) in conventional SEC runs in PBS (pH 7.4). The approach and mathemati-
cal implementation are described as follows.
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Figure 3. (A) The elution profile of the blank run (red) of rhPSMA-7.3 (in PBS without HSA) showed
a significantly shorter retention time (tR) than for acetone, probably due to unspecific electrostatic
interactions of the radioligand with the column matrix. The actual albumin-mediated reduction in tR

(∆) was, therefore, smaller than initially expected (∆*). (B) Graphical depiction of normalization of
tR,AMSEC that was carried out to correct for unspecific interaction with the column matrix. Within
the tR window between HSA (tR,HSA, 100% HSA binding) and acetone (tR,acetone, 0% HSA binding),
normalized tR (tR,norm.) were obtained by the proportional dilatation of tR,AMSEC (ligand-specific HSA
binding) and tR,blank(0% HSA binding) to the extent that all tR,blank values became equal to tR,acetone.
For the purpose of better readability, the blue, red, and green arrows indicate the tR,AMSEC, tR,blank,
and tR,norm. of PSMA-I&T, respectively.

During the AMSEC run, the radioligand is present on the column either in an HSA-
complexed or a free, uncomplexed state. Accordingly, at every timepoint, the radioligand
moves across the column bed either with the elution velocity of HSA or with the elution
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velocity of the unbound, free radioligand. As these elution velocities refer to the same col-
umn dimensions and are reciprocally proportional to the retention times, the experimental
unit of retention time can be used to describe the following correlations.

The retention time of a radioligand in the AMSEC run (tR,AMSEC) can be expressed as
the following linear combination:

tR,AMSEC = k · tR,HSA + (1− k) · tR,blank, (1)

where the retention factor k ∈ [0;1] is the fraction of time the radioligand is complexed
to HSA during the AMSEC run. Solving Equation (1) for the retention factor k gives the
following correlation:

k =

∣∣tR,AMSEC − tR,blank
∣∣∣∣tR,HSA − tR,blank
∣∣ . (2)

The term
∣∣tR,AMSEC − tR,blank

∣∣ in the numerator of Equation (2) represents the shift of
the drug´s radiopeak that is observed in the AMSEC run by HSA complexation compared
to the blank run. The bigger the shift, the stronger the interaction (and the extent of binding)
between a radioligand and HSA. The term

∣∣tR,HSA − tR,blank
∣∣ in the denominator describes

the window of retention times between 100% (tR,HSA) and 0% HSA binding (tR,blank) for
such shifts. Theoretically, the radiopeak of a particular radioligand in the AMSEC run
is observed within this window. Thus, the denominator in Equation (2) describes the
base reference to comparably quantify the extent of binding expressed by the numerator.
According to these correlations, a radioligand with a retention factor of, e.g., k = 0.5, would
exhibit a tR,AMSEC exactly in the middle between tR,HSA and tR,blank. The retention factor k is
dimensionless and independent of ligand-specific interactions with the column matrix. It
is, thus, a quantitative and ligand-specific parameter for HSA binding that allows for the
comparison of the HSA binding between different compounds.

In Equation (2) the ligand-specific retention time tR,blank represents 0% HSA binding.
As stated earlier, a common point of reference equaling 0% HSA binding for all radioligands
is required to determine MWs that are quantitatively comparable. Acetone was chosen as
this reference, as this small molecule does not exhibit any unspecific interactions with the
agarose/dextran-matrix of superdex columns and is eluted within the cut-off volume of the
column. The latter was theoretically also expected for the radioligands evaluated herein, as
their actual MW lies beneath the fractionation range of the column. The implementation of
tR,acetone into Equation (2) gives the following equation:

k =
|tR,norm. − tR,acetone|
|tR,HSA − tR,acetone|

, (3)

with the normalized retention time tR,norm. replacing tR,AMSEC. The normalized retention
time tR,norm. is the virtual retention time of a radioligand that, within the newly defined
window of 100% (tR,HSA) to 0% HSA binding (tR,acetone), results in the same retention factor
k determined in Equation (2). According to Equation (3), tR,norm. is defined as follows:

tR,norm. = k·tR,HSA + (1− k)·tR,acetone. (4)

Combining Equations (2) and (4), tR,norm. can finally be determined from solely experi-
mental input factors as follows:

tR,norm. =

∣∣tR,AMSEC − tR,blank
∣∣∣∣tR,HSA − tR,blank
∣∣ ·tR,HSA +

(
1−

∣∣tR,AMSEC − tR,blank
∣∣∣∣tR,HSA − tR,blank
∣∣
)
·tR,acetone. (5)

Consistent with the comparability of k, tR,norm. is also comparable among different
radioligands and can be used to calculate a normalized apparent MW (MWapp,norm.) by
means of column calibration. The corresponding data of the aforementioned rhPSMA
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compounds, PSMA-617, PSMA-I&T, and ten further model compounds (MC-1 to MC-10) are
presented in Table 2 (tR,AMSEC and MWapp,raw of MC-1 to MC-10 are provided in Table S2).

Table 2. Retention factors k, normalized retention times (tR,norm.), normalized apparent molecular
weights (MWapp,norm.), and calculated glomerular sieving coefficients (GSCcalc) of rhPSMA radioli-
gands, PSMA-617, PSMA-I&T, and model compounds (MCs) 1 to 10.

Radioligand Retention
Factor k tR,norm. (min) MWapp,norm. (kDa) GSCcalc

rhPSMA-7.1 0.613 16.824 17.1 0.655
rhPSMA-7.2 0.680 15.962 21.7 0.344
rhPSMA-7.3 0.667 1 16.125 1 20.7 1 0.408
rhPSMA-7.4 0.729 15.316 26.0 0.138
rhPSMA10.1 0.616 16.789 17.2 0.644
rhPSMA-10.2 0.543 17.736 13.2 0.846

PSMA-617 0.447 18.988 9.4 0.942
PSMA-I&T 0.001 24.792 1.9 0.992

MC-1 0.848 13.773 39.9 0.003
MC-2 0.798 14.414 33.3 0.020
MC-3 0.764 14.862 29.4 0.057
MC-4 0.747 15.081 27.7 0.089
MC-5 0.747 15.083 27.7 0.090
MC-6 0.658 16.248 20.0 0.454
MC-7 0.593 17.086 15.9 0.726
MC-8 0.540 17.781 13.1 0.852
MC-9 0.424 19.293 8.6 0.953

MC-10 0.194 22.287 3.7 0.987
1 Presented data for rhPSMA-7.3 were taken from an exemplary experiment. Mean retention factor k was
0.667 ± 0.06 (n = 14), and mean MWapp,norm. was 20.7 ± 0.5 kDa (n = 14).

In addition to the mathematical derivation, the presented normalization can also
be understood in a geometrical way when the peaks of HSA (tR,HSA, 100% binding), the
radiopeak in the AMSEC run (tR,AMSEC, ligand-specific binding to HSA), and the radiopeak
in the blank run (tR,blank, no HSA in mobile phase, thus 0% HSA-specific binding) are
thought of as one peak profile. The described mathematical transformations correspond
to a proportional dilatation of that peak profile to the extent that the shifted tR,blank values
become equal to tR,acetone, the new uniform point of reference for 0% HSA binding, while
tR,HSA is kept unaltered (see Figure 3B).

As the normalization provides both a correction of the ligand-specific interactions
with the column matrix and a common window of retention times between 100% and 0%
HSA binding, the obtained MWapp,norm. are comparable among the different radioligands
and the increase in MWapp,norm. compared to the actual MW of a radioligand is solely
HSA-mediated. We, therefore, consider MWapp,norm. to be the valid and informative
parameter that can be obtained by applying AMSEC in the preclinical development of
PSMA radioligands.

Only the above-described normalization of the AMSEC data on the binding of radi-
oligands to HSA provides MW-related data with the unique advantage that conclusions
related to the MW-dependent physiological process of GF might be drawn, allowing for
the estimation of the relative blood clearance kinetics of different radioligands.

Apart from rhPSMA compounds, PSMA-617, and PSMA-I&T, ten further model
compounds (MC-1 to MC-10, including SiFA- and SiFAlin-bearing PSMA ligands) were
evaluated using AMSEC to show the broad range of MWapp,norm. values that could be
obtained for structurally different compounds. MWapp,norm. values from 1.9 kDa to 39.9 kDa
were observed, which corresponds to a range of 9% to 192% of the MWapp,norm. determined
for rhPSMA-7.3 (Figure 4A,B). As already stated in the context of MWapp,raw, distinct
differences even between stereoisomers were also found for MWapp,norm.. For example,
a 27% higher value was found for rhPSMA-7.2 than for rhPSMA-7.1 (21.7 vs. 17.1 kDa,
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respectively), and even a 30% higher value was found for rhPSMA-10.1 than for rhPSMA-
10.2 (17.2 vs. 13.2 kDa, respectively). These findings suggest an impressive resolution
of AMSEC, which might be of considerable value, especially for the diligent structure
optimization of a therapeutic lead compound.
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Figure 4. (A) Correlation between tR,norm. of radioligands and the corresponding normalized appar-
ent molecular weight (MWapp,norm.). tR,norm. of 13.8–24.8 min corresponded to MWapp,norm. between
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39.9–1.9 kDa. (B) MWapp,norm. of all ligands in percentage of the MWapp,norm. of rhPSMA-7.3 (100%).
Observed MWapp,norm. ranged from approximately 10% to almost 190% of the MWapp,norm. of
rhPSMA-7.3. (C) Relative reduction in MWapp,norm. compared to their corresponding MWapp,raw. The
extent of the effect of the normalization was dependent on the molecular structure of the radioligand
and ranged between −10% and −65% for the compounds presented in this work.

Within the set of acquired data, however, the single lowest MWapp,norm. of 1.9 kDa
determined for PSMA-I&T needs to be treated with caution. In contrast to all the other
radioligands, the evaluation of PSMA-I&T yielded nearly identical tR,AMSEC and tR,blank
(20.983 min and 20.995 min, respectively) leading to a disproportionately low retention
factor k of only 0.0013. Consequently, a high tR,norm. of 24.792 min comparable to tR,acetone
was determined, resulting in a suspiciously low MWapp,norm. for PSMA-I&T. This apparent
lack of interaction between HSA and PSMA-I&T seems unreliable, as an albumin-binding
capacity was reported for PSMA-I&T [67]. Apart from electrostatic interactions, the delayed
elution of analytes bearing (multiple) aromatic residues caused by attractive hydrophobic
interactions with crosslinked polysaccharide-based SEC gels (e.g., superdex and sephadex)
has been reported by several groups [68–70]. PSMA-I&T bears a patch of two hydropho-
bic aromatic amino acids, namely phenylalanine and halogenated 3-iodo-tyrosine. We
hypothesized that this unique structural feature might lead to a complex interplay of elec-
trostatic and hydrophobic interactions for this particular derivative, possibly leading to
an underestimation of its MWapp,raw and MWapp,norm.. Thus, AMSEC data for PSMA-I&T
might presumably be compromised by these hydrophobic interactions and, therefore, valid
comparability with the data obtained for the remaining radioligands might not be given
for PSMA-I&T.

Since the normalization eliminated contributions to MWapp,raw caused by ligand-
specific interactions, presumably electrostatic interactions with the column matrix, it was
not surprising that values for MWapp,norm. were smaller than the respective MWapp,raw
values. It is noteworthy, however, that the relative effect of the normalization on MWapp,raw
was very different for the radioligands. As shown in Figure 4C, normalization resulted in
MWapp,norm. values reduced by only about 10% (MC-1 and MC-2) to around 60% (PSMA-
I&T and MC-10) of the original MWapp,raw. Among the rhPSMA compounds and PSMA-
617, the influence of the normalization was comparable (approximately 30% to 40% re-
duction). There seems to be a trend of diminished influence of the normalization for
radioligands with high MWapp,raw values. This phenomenon can be explained by the fact
that the aforementioned electrostatic interactions between radioligands and the column
matrix only occur when a radioligand is not complexed to HSA. As radioligands with high
HSA binding are mainly complexed to the protein (reflected in high retention factors k),
the influence of the electrostatic interactions on MWapp,raw is accordingly smaller and the
MWapp,norm., hence, deviates to a lesser extent from MWapp,raw than for radioligands with
weaker HSA binding (e.g., significantly lower MWapp,raw).

Regarding the pharmacokinetically relevant conclusions that might be drawn from
the determined MWapp,norm., it is important to bear in mind that the correlation between
MW and GSC and, thus, GF is not linear but shows a sigmoidal curve. Therefore, when
comparing the MWapp,norm. of different radioligands, not only their relative difference
but also the absolute values of MWapp,norm. are of importance. To gain a more intuitive
understanding of how a certain MWapp,norm. might influence blood clearance by means
of GF, we used a sigmoidal fit of the MWs and glomerular sieving coefficients (GSCs) of
12 human plasma proteins (Figure 5, data reported by Norden et al. [64]) to determine
calculated GSCs (GSCcalc) from MWapp,norm.. These GSCcalc determined for all the PSMA
radioligands (Table 2, Figure 5) inherently account for the exponential nature of the rela-
tionship between their albumin-mediated MWapp,norm. and MW-dependent GF and could,
therefore, be a useful parameter to estimate differences in blood clearance by means of GF.
The GSC is defined as the ratio of a compound’s concentration in the glomerular filtrate
to that in the blood [64]; thus, a GSC of 1 represents unhindered filtration through the
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capillary membrane in the glomerulus, while a lower GSC corresponds to a restricted
filtration and, thus, a prolonged circulatory half-life. Interestingly, the determined GSCcalc
values for the evaluated PSMA radioligands covered a wide range, from values above 0.95
(PSMA-I&T, MC-9, and MC-10), which correlates to mostly unhindered GF, to values below
0.05 (MC-1 and MC-2), which should be associated with high blood retention. The GSCcalc
of rhPSMA-compounds were more moderate, yet they varied significantly among each
other (0.138 to 0.846), even in the subgroup of the isomers of rhPSMA-7. As an example,
a GSCcalc of 0.408 was determined for rhPSMA-7.3, while an almost three-fold smaller
GSCcalc of 0.138 was determined for rhPSMA-7.4. Accordingly, if we assume GF to be
the only contribution of renally induced blood clearance, a three-fold decelerated blood
clearance should be expected for rhPSMA-7.4 compared to rhPSMA-7.3. This would consti-
tute a dramatic physiological effect that, in its extent, could not be predicted only based
on subtle differences in molecular structure and other conventionally determined in vitro
parameters. We, therefore, believe that the MWapp,norm. and GSCcalc obtained by AMSEC
could be important parameters that, already at the preclinical stage of development, could
help in the selection of promising therapeutic radioligands with pharmacokinetic profiles
suitable for patient application.

Regarding the current state of the art in the RLT of mCRPC, recently approved 177Lu-
labeled PSMA-617 is considered the gold standard, and rapid, bi-phasic blood clearance was
reported for this radioligand [71]. In the past years, considerable efforts have been made by
various groups to develop derivatives of PSMA-617 with improved therapeutic efficacy via
the incorporation of a dedicated albumin-binding entity [24–26]. Preclinical therapy studies
in mice of, e.g., 177Lu-labeled EB-PSMA-617 and PSMA-ALB-56, have shown superior
therapeutic efficacy compared to PSMA-617 [24,25] and have raised hopes for a similar
performance in patients. Lamentably, increased blood retention in patients resulted not
only in increased tumor dose but also in disproportionately higher doses to most healthy
tissues, among them bone marrow and kidneys, two potentially dose-limiting organs
in PSMA-targeted RLT [72,73]. Consequently, the resulting inferior therapeutic efficacy
indicates that the blood clearance of these novel radiotherapeutics might already be too
slow. An intrapatient dosimetry comparison between 177Lu-labeled radioligands rhPSMA-
7.3 and PSMA-I&T (an established PSMA ligand for RLT with similar pharmacokinetics
as PSMA-617 [74]) showed a 2.4-fold higher tumor dose for rhPSMA-7.3 [75]. However,
nearly identically increased doses to kidneys and bone marrow resulted in an overall
similar therapeutic efficacy of both radioligands. Once more, these findings could not
keep promises made by preclinical therapy studies that had indicated a higher therapeutic
efficacy for rhPSMA-7.3 than for PSMA-I&T [76], which once again underlines the so far
unmet need of valid preclinical indicators for a pharmacokinetic profile yielding improved
therapeutic efficacy in patients.

Considering the aforementioned clinical data, it might be suggested that the sweet
spot of albumin binding and, thus, the narrow window of optimal blood clearance for
improved therapeutic efficacy may actually lie between rhPSMA-7.3 and PSMA-617. In
that light, rhPSMA-10.1 might be an attractive candidate for RLT of mCRPC. In a recent
preclinical study in mice, rhPSMA-10.1 revealed fast blood clearance and improved tumor-
to-background ratios in a head-to-head comparison with four isomers of rhPSMA-7 and
rhPSMA-10.2 [62]. Furthermore, our study determined a MWapp,norm. of 17.2 kDa and a
GSCcalc of 0.644 for rhPSMA-10.1. Thus, rhPSMA-10.1 could possibly exploit this interesting
window of blood clearance kinetics between rhPSMA-7.3 (MWapp,norm.: 20.7 kDa; GSCcalc:
0.408) and PSMA-617 (MWapp,norm.: 9.4 kDa; GSCcalc: 0.942). However, clinical data are
needed to verify this assumption, and a currently initiated, integrated phase 1 and 2 study
with 177Lu-labeled rhPSMA-10.1 (clinicalTrial.gov identifier: NCT05413850) will hopefully
shed light on that question.

clinicalTrial.gov
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Figure 5. (A) Correlation between molecular weights (MWs) of plasma proteins and their glomerular
sieving coefficients (GSCs, data from Norden et al. [64]). α1AG: α1-acid glycoprotein; α1m: α1-
microglobulin; HSA: human serum albumin; β2G1: β2-glycoprotein I; β2m: β2-microglobulin; DBP:
vitamin-D-binding protein; IgG: immunoglobulin G; RBP: retinol-binding protein; TRF: transferrin;
TSH: thyroid-stimulating hormone; TTR: transthyretin; ZAG: zinc-α2-globulin. MWapp,norm. of
PSMA radioligands were plotted against their respective calculated GSCs (GSCcalc). Panels (B–D)
show different zoom-ins on PSMA radioligands, as depicted with red squares in panel (A). The
extrapolation (dotted line) of the sigmoidal fit of GSC against MW in panel (B) was eye-fitted.

Regarding the limitations of the newly developed AMSEC method, it needs to be
stated that the mobile phase composition did not account for the influence of plasma
proteins other than HSA (e.g., alpha-1-acid glycoprotein [55,56]) on the pharmacokinetics
of the evaluated radioligands. As discussed earlier, HSA is the most abundant human
plasma protein and, next to its dominant role in the binding of exogenous compounds, HSA
also meets the practical requirement of commercial availability in decent quantities. While
a further refinement of the mobile phase in AMSEC, e.g., by supplementation with other
relevant human plasma proteins, exceeds the scope of this study, it might be a worthwhile
approach for future research.

The feasibility of a normalization accounting for the unspecific, presumably electro-
static interactions of PSMA ligands with the agarose/dextran-based column matrix was an
important finding of the present study. However, the aformentioned inconclusive results
obtained for PSMA-I&T presumably caused by hydrophobic interactions that were (among
the evaluated radioligands) seemingly unique to this particular compound emphasize the
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complexibility of possible interactions between peptidic ligands and gel filtration matrices.
Therefore, more detailed studies evaluating the interactions between a superdex matrix and
peptidic radioligands are necessary to elucidate this explicit case. A broader understanding
of the unspecific interactions between radioligands and column resin would, furthermore,
help to ascertain whether further series of peptidic radioligands other than PSMA show
largely deviating, group- (or better structure-) specific interactions with a superdex ma-
trix. Thus, it remains to be investigated with a variety of other peptidic radioligands to
various targets whether comparable HSA binding also results in comparable MWapp,norm.
values and, thus, comparable GSCcalc or whether MWapp,norm. primarily allows only for
the differentiation of relative GF rates within a group of structurally highly similar ligands.

Another limitation constitutes the fact that HSA is a biologic product and batches
might vary according to the origin of the plasma samples that were used in production.
For example, results obtained in this study could not be adequately reproduced with HSA
of another supplier. To examine the influences of different batches of HSA on the obtained
data, however, exceeds the scope of this study and remains to be investigated.

Finally, in order to generally assess the validity of data generated by AMSEC for the
estimation of blood clearance kinetics, clinical data of the evaluated PSMA radioligands in
patients are necessary. To date, most of the available data describe the dosimetry and biodis-
tribution of PSMA-617, and data on blood clearance (e.g., time–activity curves) are reported
for the latter [71,77,78] and some other PSMA radioligands [72,73,79]. However, applied
protocols to determine blood clearance kinetics vary among different studies (e.g., serial
blood sampling [71,73,79] vs. image-based approaches [72] and varying or unmentioned
parameters for the fitting of time–activity curves [73,77,79]), thus hampering comparability
of the reported results. Furthermore, direct inter- or intrapatient comparisons of the blood
clearance of PSMA radioligands evaluated herein (e.g., rhPSMA-7.3 vs. PSMA-617 or
rhPSMA-7.3 vs. rhPSMA-10.1) are currently lacking. Consequently, even though relative
trends, e.g., slower blood clearance of rhPSMA-7.3 compared to PSMA-617, can be deduced
from data reported in different comparative studies, the current state of our knowledge
does not yet allow for a valid correlation of MWapp,norm. and GSCcalc obtained in our study.
However, ongoing research and clinical studies, e.g., on rhPSMA-10.1 (NCT05413850), will
provide more data in the future and, thus, will help to validate and interpret parameters
such as MWapp,norm. and GSCcalc with more accuracy. Furthermore, AMSEC studies of
other PSMA radioligands with reported clinical data could help sharpen our understanding
of the actual correlation between MWapp,norm. and blood clearance kinetics in vivo.

In summary, the newly developed AMSEC method allows for the determination of
HSA-mediated MWapp,norm. values of PSMA radioligands. High reproducibility was ob-
served, and the resolution of differences in MWapp,norm. values, even among stereoisomeric
radioligands, was feasible. The novel parameter of MWapp,norm. could serve as a valuable
tool in the preclinical development of predominantly renally excreted therapeutic PSMA
radioligands, as blood clearance by means of GF is a highly MW-dependent physiological
process. According to the correlation between MW and glomerular sieving, we thus suggest
the determination of GSCcalc from MWapp,norm. as a means to assess different blood clear-
ance kinetics of PSMA radioligands in vitro. However, a broader availability of comparable
clinical data on the pharmacokinetics of the radioligands evaluated herein is needed to
validate and specify the predictive values of MWapp,norm. and GSCcalc.

3. Materials and Methods
3.1. Instrumentation and Software

A high-performance liquid chromatography (HPLC) gradient system from Shimadzu
(Neufahrn, Germany) equipped with LC20-AD gradient pumps and a SIL-20A HT autosam-
pler was used for all chromatographic experiments. Detection of UV signals was carried
out using an SPD-20A UV-vis detector, and radioactivity was detected with a HERM LB
500 NaI detector (Berthold Technologies, Bad Wildbad, Germany). Chromatograms were
analyzed using LabSolutions software from Shimadzu. The readout of radio thin-layer
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chromatography (radio-TLC) for quality control of radiolabelings was carried out using a
Scan-RAM detector and Laura software (LabLogic Systems, Sheffield, UK). Microsoft excel
(Redmond, WA, USA) was used for all calculative evaluations. OriginPro software (v9.7)
from OriginLab (Northampton, MA, USA) was used for sigmoidal curve fitting.

3.2. Preparation of 177Lu-Labeled PSMA Radioligands

The four isomers of uncomplexed rhPSMA-7 (7.1 to 7.4) and the two isomers of uncom-
plexed rhPSMA-10 (10.1 and 10.2) were synthesized as described earlier [62]. Compounds
MC-1 to MC-9 represent PSMA-SiFA compounds, and compound MC-10 represents a
PSMA-SiFAlin compound. PSMA-617 was supplied by MedChemExpress LLC (Mon-
mouth Junction, NJ, USA), and PSMA-I&T was prepared according to the published
procedure [80].

Radiolabeling with no-carrier-added [177Lu]LuCl3 (specific activity > 3000 GBq/mg
at the time of radiolabeling, 740 MBq/mL, 0.04 M HCl, ITM, Garching, Germany) was
carried out according to a previously established procedure [62] with molar activities of
10–20 GBq/µmol. Quality control of radiolabelings was performed using either analytical
reversed-phase (RP) HPLC or radio-TLC. For analytical RP-HPLC, the HPLC-system
described above was equipped with an RP column (MultoKrom 100C18, 150 × 4.6 mm,
5 µm; Multospher 100RP18, 125× 4.6 mm, 5 µm; CS Chromatographie Service, Langerwehe,
Germany), and linear gradients of water (solvent A, + 0.1% TFA, v/v) and acetonitrile
(solvent B, +2% water, +0.1% TFA, v/v) were applied. Quality control via radio-TLC was
performed using 1.0 M NH4OAc/DMF (1/1, v/v) on TLC silica gel 60 F254 plates (Merck
Millipore, Burlington, VT, USA) or 0.1 M sodium citrate buffer on iTLC-SG chromatography
paper (Agilent, Santa Clara, CA, USA). Radioligands were used for experiments if the radio
chemical purity (RCP) was > 95%.

All data presented in this work were obtained with the 177Lu-labeled species of PSMA
ligands. For ease of readability, the lutetium complex is omitted in the designation of all
radioligands in running text, figures, and tables (e.g., “rhPSMA-7.3” instead of “[177Lu]Lu-
rhPSMA-7.3” or “MC-1” instead of “[177Lu]Lu-MC-1”).

3.3. AMSEC Experiments

All size exclusion chromatographic (SEC) experiments were carried out using the
above-mentioned HPLC system equipped with a Superdex 75 Increase 10/300 GL gel
filtration size exclusion column (fractionation range 70–3 kDa, GE Healthcare, Uppsala,
Sweden). Eluents at room temperature, a constant flow rate of 0.8 mL/min, and an acquisi-
tion time of 35 min were generally applied. The column was calibrated as recommended
by the manufacturer using a commercially available set of proteins (Gel Filtration LMW
Calibration Kit, GE Healthcare, Buckinghamshire, UK). Retention times of calibration
proteins and calculated calibration parameters are given in the Supplementary Materials
(Table S3). UV signal detection occurred at 280 nm.

All retention times of radio signals were corrected for the offset between the UV-vis
detector and radio-detector (∆t = 0.084 min). Throughout the development of the AMSEC
method, three gel filtration columns of the same type were used for experiments (most
data were acquired using column 1). As calculations were based on absolute empirical
retention times that inherently differed slightly from column to column, all retention times
determined on column 2 and column 3 were mathematically converted to an equivalent
retention time on column 1 using the columns’ calibration parameters. A detailed descrip-
tion of these calculations is provided in the Supplementary Materials. A tabular summary
of corrected retention times for all compounds is given in Table S1.

All numerical retention times explicitly given in running text or tables and plotted in
diagrams are already corrected for the offset between UV-vis and radio-detector and, if initially
determined on columns 2 or 3, converted to the equivalent retention time on column 1 (for
detailed information, see Equations (S1) and (S2) and Table S1 in the Supplementary Materials).
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3.3.1. Determination of Raw Apparent Molecular Weight (MWapp,raw)

AMSEC runs were executed with a solution of HSA (Biowest, Nuaillé, France) in
PBS (pH 7.4) at physiological concentration (700 µM) as a mobile phase. Upon injection
of approximately 1.0 MBq (5–10 µL) of a radioligand, the elution profile was monitored
via radioactivity detection, and the retention times of observed radiopeaks (tR,AMSEC)
were determined via semi-automated peak integration. By means of calibration, retention
times were translated into a ligand-specific raw apparent molecular weight (MWapp,raw)
as a parameter to assess the extent of HSA binding (for calculation, see Equation (S6)
in the Supplementary Materials). rhPSMA-7.3 served as an internal standard during
AMSEC studies and was co-evaluated whenever new data were collected to assess the
reproducibility of the method (n = 14).

For reference purposes, conventional SEC runs of HSA (100 µL, 3 mg/mL) and acetone
(100 µL, 2% in PBS pH 7.4) with PBS (pH 7.4) as a mobile phase were executed. The retention
time of HSA (tR,HSA) corresponded to the maximal MWapp,raw, theoretically observable
in AMSEC runs in the case of continuous binding of a radioligand to HSA (equivalent to
100% HSA binding). The retention time of acetone (tR,acetone) served as a reference for a
ligand with no interaction with HSA in AMSEC runs (equivalent to 0% HSA binding) and
an actual physical molecular weight below the column fractionation range (this was the
case for all investigated radioligands).

3.3.2. Determination of Normalized Apparent Molecular Weight (MWapp,norm.)

MWapp,raw values determined as described in Section 3.3.1. were normalized in order
to account for ligand-specific influences on experimentally determined retention times and
to establish quantitative comparability of the obtained MWapp,norm. values. The normal-
ization was based on a SEC run (referred to as blank run) of a radioligand executed in
analogy to the AMSEC run but using PBS (pH 7.4) without HSA as a mobile phase. The de-
termined retention time tR,blank, together with the retention time tR,AMSEC from the AMSEC
run, tR,HSA, and tR,acetone determined in Section 3.3.1, were used to calculate a normalized
retention time tR,norm. for every radioligand (for formulae and details on the calculation, see
Section 2. Results and Discussion). The MWapp,norm. values were subsequently calculated
from tR,norm. by means of column calibration (an exemplary calculation is provided within
Equation (S3) in the Supplementary Materials).

3.4. Determination of Calculated Glomerular Sieving Coefficients (GSCcalc)

A sigmoidal fit of molecular weights (MWs, in kDa) and corresponding glomerular
sieving coefficients (GSCs) of 12 human plasma proteins (data taken from Norden et al. [64])
was executed using OriginPro software. A dose-response model based on Equation (6)
was applied:

GSC = A1 +
A2− A1

1 + 10(LOGx0−MW)·p . (6)

The values of bottom asymptote A1 and top asymptote A2 were set to 4.2·10−5 (GSC
of IgG, data taken from Norden et al. [64]) and 1 (equaling complete sieving), respectively.
Curve fitting gave the center parameter LOGx0 = 19.36833 and the Hill slope p = −0.12108.
GSCcalc values were calculated via implementation of fitting parameters and the experi-
mentally determined MWapp,norm. in Equation (6).

4. Conclusions

In conclusion, AMSEC might offer the unique possibility to gain insight into human
blood clearance kinetics, a fundamental aspect in the pharmacokinetics of radioligands
already in vitro at the preclinical stage. If clinical data confirm this novel preclinical ap-
proach, AMSEC could furthermore contribute to continually ameliorated animal protection,
as preclinical in vivo experiments (e.g., in rodents, with anyway limited transferability to
humans) could be reduced to pre-selected compounds that exhibit favorable MWapp,norm.
and GSCcalc values. Thus, the implementation of AMSEC into the preclinical develop-
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ment process could help to further refine the identification of therapeutic lead compounds
for clinical translation with suitable blood clearance kinetics in patients, hopefully fos-
tering the development of next-generation (PSMA) radioligands for RLT with improved
therapeutic efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ph15091161/s1, Table S1: Experimental retention times of AMSEC runs
(tR,AMSEC raw) and blank runs (tR,blank raw), as well as corrected retention times converted to column
1 (tR,AMSEC C1 and tR,blank C1) of HSA, acetone, and all radioligands. Retention times of radiosignals
are additionally corrected for the offset between UV-vis detector and radio-detector (tR,AMSEC C1
+ OC and tR,blank C1 + OC). C1: column 1; OC: offset-corrected; n.a.: not applicable; Table S2:
Retention times of model compounds (MCs) 1 to 10 in AMSEC runs (tR,AMSEC) and corresponding
raw apparent molecular weights (MWapp,raw); Table S3: Retention times of Blue Dextran 2000 (BD)
and the calibration proteins conalbumin (CO, 75 kDa), ovalbumin (OV, 44 kDa), carbonic anhydrase
(CA, 29 kDa), ribonuclease (RN, 13.7 kDa), and aprotinin (AP, 6.5 kDa) on superdex 75 increase
columns 1, 2, and 3 (PBS pH 7.4 as mobile phase). a and b: calibration parameters; Cn: column n;
Ve: elution volume; V0: column void volume; R2: coefficient of determination of column calibration;
Figure S1: Chemical structure of 177Lu-labeled rhPSMA-7.1 ((R)-configurated diaminopropionic acid
branching unit and (R)-configurated DOTAGA chelator; Figure S2: Chemical structure of 177Lu-
labeled rhPSMA-7.2 ((S)-configurated diaminopropionic acid branching unit and (R)-configurated
DOTAGA chelator); Figure S3: Chemical structure of 177Lu-labeled rhPSMA-7.3 ((R)-configurated
diaminopropionic acid branching unit and (S)-configurated DOTAGA chelator); Figure S4: Chemical
structure of 177Lu-labeled rhPSMA-7.4 ((S)-configurated diaminopropionic acid branching unit and
(S)-configurated DOTAGA chelator); Figure S5: Chemical structure of 177Lu-labeled rhPSMA-10.1
((R)-configurated diaminopropionic acid branching unit and DOTA chelator); Figure S6: Chemical
structure of 177Lu-labeled rhPSMA-10.2 ((S)-configurated diaminopropionic acid branching unit and
DOTA chelator); Figure S7: Chemical structure of 177Lu-labeled PSMA-617; Figure S8: Chemical
structure of 177Lu-labeled PSMA-I&T.
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Calculation of corrected retention times and exemplary calculation of normalized apparent 

molecular weight (MWapp,norm.) 

Throughout the development of the AMSEC method, three gel filtration columns of the same type 

(Superdex 75 Increase 10/300 GL gel filtration size exclusion column, fractionation range 70 – 3 kDa, GE 

Healthcare, Uppsala, Sweden) were used. The different columns gave slightly different retention times 

for the same probes, as exemplified by one of the calibration proteins, carbonic anhydrase (MW: 29 kDa), 

which showed retention times of 14.914 min, 14.352 min and 14.500 min, respectively. Calculations for 

the normalization of raw apparent molecular weights (MWapp,raw) were performed with the input of 

absolute retention times. Data acquired on different columns were combined in normalization 

calculations. Therefore, experimentally determined retention times of chromatographic runs performed 

on column 2 (three AMSEC-runs of rhPSMA-7.3) and column 3 (one AMSEC-runs of rhPSMA-7.3 and 

blank-runs) had to be converted to equivalent retention times on column 1 by means of the calibration 

parameters of the three columns, as described in the following. 

Due to the calibration of each column, the calculated MW of the same probe was assumed to be identical 

when determined on two columns (see Equation S1). Equating the calculation of the probe’s MW on e.g. 

column 1 (C1; calibration parameters aC1, bC1 and V0,C1) and column n (e.g. 2 and 3; Cn; calibration 

parameters aCn, bCn, and V0,Cn), gives the following correlation (the formula for the calculation of MW is 

explained in the context of Table S3, see below): 

𝑀𝑊 = 𝑒

0.8 ∙ 𝑡𝑅,𝐶1 − 𝑉0,𝐶1
24 − 𝑉0,𝐶1

 − 𝑏𝐶1

𝑎𝐶1 =  𝑒

0.8 ∙ 𝑡𝑅,𝐶𝑛 − 𝑉0,𝐶𝑛
24 − 𝑉0,𝐶𝑛

 − 𝑏𝐶𝑛

𝑎𝐶𝑛     (S1) 

The transformation of Equation S1 gives the retention time of column 1 (tR,C1) as follows 

𝑡𝑅,𝐶1 = 1.25 ∙ {[(
𝑎𝐶1

𝑎𝐶2
∙ (

0.8∙𝑡𝑅,𝐶2−𝑉0,𝐶2

24−𝑉0,𝐶2
− 𝑏𝐶2)) + 𝑏𝐶1] ∙ (24 − 𝑉0,𝐶1) + 𝑉0,𝐶1}  (S2) 

Thus for a probe analyzed on column 2, an equivalent retention time on column 1 (tR,C1) can be calculated 

with Equation S2 using no other input than the experimentally determined retention time on column 2 

(tR,C2) and the calibration parameters a, b and V0 of both columns. 

Experimentally detected retention times as well as retention times obtained from stepwise corrections 

for all the compounds are summarized in Table S1. 

As an example, the calculation of the MWapp,norm. of rhPSMA-7.1 was carried out as follows: 



𝑀𝑊𝑎𝑝𝑝 = 𝑒

0.8 ∙ 𝑡𝑅,𝑛𝑜𝑟𝑚. − 𝑉0,𝐶1
24 − 𝑉0,𝐶1

 − 𝑏𝐶1

𝑎𝐶1 = 𝑒

0.8 ∙ 16.824 −8.02880
24 −8.02880  − 2.09685

−0.18028 = 17067 [𝐷𝑎]  (S3) 



Table S1. Experimental retention times of AMSEC-runs (tR,AMSEC  raw) and blank-runs (tR,blank  raw) as well as corrected retention times converted to column 1 (tR,AMSEC C1 and tR,blank 

C1) of HSA, acetone and all radioligands. Retention times of radiosignals are additionally corrected for the offset between UV-vis-detector and radio-detector (tR,AMSEC C1 + OC and 

tR,blank C1 + OC). C1: column 1; OC: offset-corrected; n.a.: not applicable. 

compound 
column 

AMSEC 

tR,AMSEC (min) 

raw 

tR,AMSEC (min) 

C1 

tR,AMSEC (min) 

C1 + OC 1 

column 

blank 

tR,blank (min) 

raw 

tR,blank (min) 

C1 

tR,blank (min) 

C1 + OC 

HSA - - - - 1 11.791 11.791 n.a. 

acetone - - - - 3 24.596 24.809 n.a. 

rhPSMA-7.1 1 15.324 15.324 15.240 3 20.509 20.795 20.711 

rhPSMA-7.2 1 14.648 14.648 14.564 3 20.238 20.529 20.445 

rhPSMA-7.3 2 1 14.806 14.806 14.722 3 20.391 20.679 20.595 

rhPSMA-7.4 1 14.227 14.227 14.143 3 20.271 20.561 20.477 

rhPSMA-10.1 1 15.494 15.494 15.410 3 21.025 21.302 21.218 

rhPSMA-10.2 1 15.992 15.992 15.908 3 20.605 20.889 20.805 

PSMA-617 1 17.670 17.670 17.586 3 22.100 22.357 22.273 

PSMA-I&T 1 21.067 21.067 20.983 3 20.798 21.079 20.995 

MC-1 1 13.483 13.483 13.399 3 22.183 22.439 22.355 

MC-2 1 14.170 14.170 14.086 3 23.022 23.263 23.179 

MC-3 1 14.402 14.402 14.318 3 22.335 22.588 22.504 

MC-4 1 14.607 14.607 14.523 3 22.433 22.684 22.600 

MC-5 1 14.343 14.343 14.259 3 21.363 21.634 21.550 

MC-6 1 15.096 15.096 15.012 3 21.006 21.283 21.199 

MC-7 1 15.682 15.682 15.598 3 20.956 21.234 21.150 

MC-8 1 16.408 16.408 16.324 3 21.458 21.727 21.643 

MC-9 1 17.332 17.332 17.248 3 21.068 21.344 21.260 

MC-10 1 19.151 19.151 19.067 3 20.615 20.899 20.815 
1 tR,AMSEC as given in Table 1 and Table S2. 2 Data presented for rhPSMA-7.3 are taken from an exemplary experiment. 

 

 



Table S2. Retention times of model compounds (MC) 1 to 10 in AMSEC-runs (tR,AMSEC) and 

corresponding raw apparent molecular weights (MWapp,raw). 

radioligand tR,AMSEC 1 (min) MWapp,raw (kDa) 

MC-1 13.399 44.2 

MC-2 14.086 36.5 

MC-3 14.318 34.2 

MC-4 14.523 32.4 

MC-5 14.259 34.8 

MC-6 15.012 28.2 

MC-7 15.598 24.0 

MC-8 16.324 19.6 

MC-9 17.248 15.2 

MC-10 19.067 9.2 
1 retention times are already corrected for the offset between UV-vis- and radio-detector and 

normalized to column 1 as described above. 

 

 

Table S3. Retention times of Blue Dextran 2000 (BD) and the calibration proteins conalbumin (CO, 

75 kDa), ovalbumin (OV, 44 kDa), carbonic anhydrase (CA, 29 kDa), ribonuclease (RN, 13.7 kDa) 

and aprotinin (AP, 6.5 kDa) on superdex 75 increase columns 1, 2, and 3 (PBS pH 7.4 as mobile 

phase). a and b: calibration parameters; Cn: column n; Ve: elution volume; V0: column void volume; 

R2: coefficient of determination of column calibration. 

parameter column 1 column 2 column 3 

tR(BD) (min) 10.036 9.657 9.676 

tR(CO) (min) 11.861 11.337 11.431 

tR(OV) (min) 13.036 12.491 12.607 

tR(CA) (min) 14.914 14.352 14.500 

tR(RN) (min) 17.399 16.891 17.031 

tR(AP) (min) 20.533 20.091 20.264 

V0,Cn (mL) 8.0288 7.7256 7.7408 

Ve(CO) (mL) 9.4888 9.0696 9.1448 

Ve(OV) (mL) 10.4288 9.9928 10.0856 

Ve(CA) (mL) 11.9312 11.4816 11.6000 

Ve(RN) (mL) 13.9192 13.5128 13.6248 

Ve(AP) (mL) 16.4264 16.0728 16.2112 

aCn −0.18028 −0.17873 −0.18032 

bCn 2.09685 2.06926 2.09130 

R2Cn (%) 99.2 99.1 99.1 

 

Calibration parameters were determined as recommended by the manufacturer of Gel 

Filtration LMW Calibration Kits (GE Healthcare, Buckinghamshire, United Kingdom). In 

brief, the partition coefficient Kav was defined as: 

𝐾𝑎𝑣 =
𝑉𝑒−𝑉0

𝑉𝐶−𝑉0
     (S4) 

where Ve is the elution volume, V0 is the column void volume, and VC is  the geometric 

column volume of 24 mL. Kav is semi-logarithmically plotted against MW, and the 

resulting linear calibration curve gives the calibration parameters a and b according to the 

following equation: 



𝐾𝑎𝑣 = 𝑎 ∙ 𝑙𝑛(𝑀𝑊) + 𝑏 .    (S5) 

According to Equation S5, MW can be calculated from Kav and the calibration parameters 

a and b (Equation S6). Kav can be described according to Equation S4 wherein Ve is defined 

as the product of solvent flow (0.8 mL/min) with the retention time tR resulting in 

Equation S6: 

𝑀𝑊 = 𝑒
𝐾𝑎𝑣−𝑏

𝑎 = 𝑒

𝑉𝑒 − 𝑉0
𝑉𝐶 − 𝑉0

 − 𝑏

𝑎 = 𝑒

0.8 ∙ 𝑡𝑅 − 𝑉0
24 − 𝑉0

 − 𝑏

𝑎  .  (S6) 

 

 

 

Chemical structures of 177Lu-labeled rhPSMA compounds and 177Lu-labeled references 

PSMA-617 and PSMA-I&T 

 

 

Figure S1: Chemical structure of 177Lu-labeled rhPSMA-7.1 ((R)-configurated diaminopropionic 

acid branching unit and (R)-configurated DOTAGA chelator). 

 

 

Figure S2: Chemical structure of 177Lu-labeled rhPSMA-7.2 ((S)-configurated diaminopropionic 

acid branching unit and (R)-configurated DOTAGA chelator). 



 

 

Figure S3: Chemical structure of 177Lu-labeled rhPSMA-7.3 ((R)-configurated diaminopropionic 

acid branching unit and (S)-configurated DOTAGA chelator). 

 

 

Figure S4: Chemical structure of 177Lu-labeled rhPSMA-7.4 ((S)-configurated diaminopropionic 

acid branching unit and (S)-configurated DOTAGA chelator). 

 

 



Figure S5: Chemical structure of 177Lu-labeled rhPSMA-10.1 ((R)-configurated diaminopropionic 

acid branching unit and DOTA chelator). 

 

 

Figure S6: Chemical structure of 177Lu-labeled rhPSMA-10.2 ((S)-configurated diaminopropionic 

acid branching unit and DOTA chelator). 

 

 

Figure S7: Chemical structure of 177Lu-labeled PSMA-617. 

 

 

Figure S8: Chemical structure of 177Lu-labeled PSMA-I&T. 

Chemical structures of MC1-10 have not yet been disclosed. 
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Abstract 

Background:  Radioguided surgery (RGS) has recently emerged as a valuable new tool in the management of recur‑
rent prostate cancer (PCa). After preoperative injection of a 99mTc-labeled prostate-specific membrane antigen (PSMA) 
inhibitor, radioguided intraoperative identification and resection of lesions is facilitated by means of suitable γ-probes. 
First clinical experiences show the feasibility of RGS and suggest superiority over conventional lymph node dissection 
in recurrent PCa. However, commonly used [99mTc]Tc-PSMA-I&S exhibits slow whole-body clearance, thus hampering 
optimal tumor-to-background ratios (TBR) during surgery. We therefore aimed to develop novel 99mTc-labeled, PSMA-
targeted radioligands with optimized pharmacokinetic profile to increase TBR at the time of surgery.

Methods:  Three 99mTc-labeled N4-PSMA ligands were preclinically evaluated and compared to [99mTc]Tc-PSMA-I&S. 
PSMA affinity (IC50) and internalization were determined on LNCaP cells. Lipophilicity was assessed by means of 
the distribution coefficient logD7.4 and an ultrafiltration method was used to determine binding to human plasma 
proteins. Biodistribution studies and static µSPECT/CT-imaging were performed at 6 h p.i. on LNCaP tumor-bearing 
CB17-SCID mice.

Results:  The novel N4-PSMA tracers were readily labeled with [99mTc]TcO4
− with RCP > 95%. Comparable and high 

PSMA affinity was observed for all [99mTc]Tc-N4-PSMA-ligands. The ligands showed variable binding to human plasma 
and medium to low lipophilicity (logD7.4 − 2.6 to − 3.4), both consistently decreased compared to [99mTc]Tc-PSMA-
I&S. Biodistribution studies revealed comparable tumor uptake among all [99mTc]Tc-N4-PSMA-ligands and [99mTc]
Tc-PSMA-I&S, while clearance from most organs was superior for the novel tracers. Accordingly, increased TBR were 
achieved. [99mTc]Tc-N4-PSMA-12 showed higher TBR than [99mTc]Tc-PSMA-I&S for blood and all evaluated tissue. In 
addition, a procedure suitable for routine clinical production of [99mTc]Tc-N4-PSMA-12 was established. Labeling with 
553 ± 187 MBq was achieved with RCP of 98.5 ± 0.6% (n = 10).

Conclusion:  High tumor accumulation and favorable clearance from blood and non-target tissue make [99mTc]
Tc-N4-PSMA-12 an attractive tracer for RGS, possibly superior to currently established [99mTc]Tc-PSMA-I&S. Its GMP-
production according to a method presented here and first clinical investigations with this novel radioligand is highly 
recommended.

Keywords:  Technetium-99m, PSMA, Radioguided surgery, Prostate cancer
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Introduction
Throughout the last decade, radiopharmaceuticals tar-
geting prostate-specific membrane antigen (PSMA) 
have become an integral part in clinical management 
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of prostate cancer (PCa) [1, 2]. Almost in parallel with 
the clinical success of diagnostic tracers such as [68Ga]
Ga-PSMA-11 [3] and [18F]DCFPyL [4] for positron 
emission tomography (PET) or [99mTc]Tc-MIP-1404 
[5] for single-photon emission computed tomogra-
phy (SPECT) imaging, several therapeutic compounds 
entered the stage, among them 177Lu-labeled PSMA-I&T 
and PSMA-617 [6, 7]. In addition, several distinct thera-
peutic approaches have found their way into preclinical 
and clinical research, among them long-acting albumin-
binding PSMA-ligands [8, 9], targeted alpha therapy [10] 
or so-called tandem therapy combining [225Ac]Ac- and 
[177Lu]Lu-PSMA-617 [11]. The recent approval of [177Lu]
Lu-PSMA-617 (Pluvicto™, Novartis) for RLT of meta-
static castration-resistant PCa (mCRPC) represents a 
milestone for nuclear medicine, broadens the armamen-
tarium of oncologists, and might pave the way for further 
approved targeted therapeutic radiopharmaceuticals.

Radioguided surgery (RGS) is another therapeutic 
intervention successfully harnessing the potential of 
radioactive PSMA-targeted probes [12]. Patients with 
early biochemical recurrence after radical prostatectomy 
that show only regional pelvic lymph node metastases 
(LNM) in PSMA-PET imaging can benefit from radio-
guided salvage lymph node dissection (sLND) to delay 
disease progression and future systemic treatment [13]. 
In contrast to conventional sLND, a γ-emitting PSMA-
targeted radioligand is intravenously injected up to 24 h 
prior to surgery. With the help of a γ-probe, localiza-
tion and resection of metastatic lymph nodes are facili-
tated during surgery, which is especially useful in the 
case of small or atypically localized lesions. Furthermore, 
resected tissue can be identified instantly by ex  vivo 
γ-probe measurements to confirm the successful removal 
of tumor-infested tissue. After initial proof-of-concept 
with [111In]In-PSMA-I&T [14], PSMA-RGS has been 
carried out with [99mTc]Tc-PSMA-I&S [15], owing to its 
similar performance in vivo and more favorable radiation 
properties, the more common allowance to work with 
99mTc-tracers in surgery rooms, lower costs and higher 
availability of [99mTc]TcO4

− compared to [111In]InCl3. A 
recent study with 121 patients by Horn et  al. described 
the successful removal of preoperatively identified lesions 
in 99% of patients and a complete biochemical response 
in 66% of patients [16], which confirms results reported 
earlier by Maurer et  al. for a smaller group of patients 
[13]. In the latter study, even additional lesions not previ-
ously detected on PSMA-PET could be removed, which 
highlights the potential of RGS for sLND [13]. How-
ever, prospective clinical trials such as the TRACE study 
(NCT03857113) are required to accurately assess the 

long-term outcome and added benefit of RGS for PCa 
patients.

Whether conventional or radioguided, the main limita-
tion of sLND procedures is constituted in the incomplete 
resection of metastatic lesions. Even though state-of-
the-art PSMA radio-guidance using [99mTc]Tc-PSMA-
I&S showed superior short-term efficacy in terms of 
biochemical response in a prospective study by Knipper 
et  al. [17], the still insufficient sensitivity with regard to 
micro-metastatic lesions seems to be a major reason for 
recurrent disease [13, 18]. Technological developments 
like robot-assisted laparoscopic surgery implying drop-in 
or click-on γ-probes [19] and more differentiated criteria 
for patient selection [20] can certainly move the applica-
tion forward. However, on a radiopharmaceutical level we 
identified a pending need of improvement, namely a radi-
otracer providing higher contrast and lower background 
signal than currently applied [99mTc]Tc-PSMA-I&S. Its 
comparably slow whole-body clearance and partial hepa-
tobiliary excretion is caused by high plasma protein bind-
ing (PPB) of 94% and reduced hydrophilicity compared 
to DOTA-based PSMA-radiochelated tracers [15]. As a 
result, unspecific background signal hampers both con-
trast in early SPECT-imaging and accurate detection dur-
ing surgery [21, 22]. Thus, often [99mTc]Tc-PSMA-I&S is 
not used to reliably identify LNMs in situ during surgery, 
but rather to confirm PSMA-positivity of resected tis-
sue ex vivo. However, technically a more accurate lesion 
detection even in the surgical field should be feasible if 
TBR are sufficiently high, and thus, even smaller lesions 
might become detectable with an appropriately per-
forming radiotracer. In spite of the known limitations of 
[99mTc]Tc-PSMA-I&S, to our knowledge, no dedicated 
optimization of a 99mTc-labeled PSMA-ligand intended 
for RGS application has been performed so far.

To address this medical need, we developed a novel 
series of 99mTc-labeled PSMA-targeted radioligands for 
RGS aiming for an improved pharmacokinetic behav-
ior. The optimized ligand structure was conceptually 
designed and comprises a common PSMA-inhibitor 
motif derived from highly potent radiohybrid PSMA 
diagnostics [23] and therapeutics [24], a tetraamine 
(N4) chelator for reliable complexation of technetium-
99m, and a variable amino acid for the modulation of 
pharmacokinetic properties of the peptide (Fig.  1). 
Such rational and iterative modifications constitute the 
core of radiopharmaceutical structure development 
and a multitude of studies have brought forth interest-
ing PSMA radioligands for manifold applications using 
that approach [25–27]. As we aimed for differential 
(and primarily reduced) lipophilicity and plasma pro-
tein binding of the novel ligands, d-glutamate (d-Glu; 
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negatively charged), d-phenylalanine (d-Phe; aromatic, 
uncharged), and 4-amino-d-phenylalanine (d-(4-NH2)
Phe; aromatic, positively charged) were used as vari-
able amino acids to introduce different charges and 
optional aromatic moieties.

In this study, we report the comparative preclinical 
evaluation of three 99mTc-labeled N4-PSMA ligands 
in  vitro and in  vivo. All experiments were performed 
in comparison with [99mTc]Tc-PSMA-I&S, the current 
clinical standard for PSMA-targeted RGS. In prepa-
ration of first clinical studies, we furthermore estab-
lished a labeling procedure of the most promising 

derivative at patient scale that should be suited for 
routine clinical radioligand production.

Materials and methods
Further general information and a detailed description of 
ligand synthesis are provided in Additional file 1.

Radiolabeling
99mTc-Labeling of N4-PSMA ligands was carried out by 
addition of 1 nmol peptide precursor (0.5 mM in DMSO) 
to a mixture of 0.05 M Na2HPO4 (12.5 µL, in Tracepur®-
water, pH 9.25) and 0.1 M disodium citrate sesquihydrate 
(1.5 µL, in Tracepur®-water) in saline. After addition of 

Fig. 1  Molecular structures of the novel N4-PSMA ligands were derived from rhPSMA-7.3 by substitution of (S)-DOTAGA with a tetraamine (N4) 
chelator for complexation of technetium-99m (indicated in green) and incorporation of a less lipophilic, hydrolized derivative of the silicon fluoride 
acceptor-moiety (indicated in blue). A variable amino acid (X, red) is introduced in N4-PSMA-12, N4-PSMA-13 and N4-PSMA-21 to modulate their 
pharmacokinetic properties
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a freshly prepared solution of SnCl2 (2.5  µL, 1  mg/mL 
in ethanol), [99mTc]TcO4

− (40  MBq/nmol) in saline was 
added and the labeling solution (final volume 250 µL) was 
heated to 95  °C for 15 min. Subsequently, 10 µL of 1 M 
sodium ascorbate (in PBS) was added and quality con-
trol was performed using radio-TLC and radio-RP-HPLC 
(UV-detection at 220  nm). A slightly modified protocol 
for radiolabeling at patient scale and labeling of PSMA-
I&S are described in Additional file 1.

Lipophilicity and binding to human plasma
The lipophilicity of 99mTc-labeled PSMA ligands, 
expressed as distribution coefficient (logD7.4), was 
determined using the shake-flask method. A solution of 
approximately 1 MBq of radioligand in 1 mL of a 1:1 mix-
ture of PBS (pH = 7.4) and n-octanol (n = 8) was vortexed 
vigorously for 3  min. After centrifugation at 9000  rpm 
for 5 min aliquots of both phases (200 µL n-octanol, 50 
µL PBS) were collected and the activity was quantified 
in a γ-counter. logD7.4 values were calculated as decadic 
logarithm of the activity concentration ratio between the 
n-octanol phase and the aqueous phase. Data are given as 
mean ± standard deviation (SD).

Binding to human plasma was determined by incuba-
tion of radioligands in human plasma (2 nM concentra-
tion, 37  °C for 30  min) and subsequent ultrafiltration 
(250 µL aliquots, 3200 rpm, 40 min) in Centrifree® ultra-
filtration devices (Merck Millipore, Cork, Ireland). The 
fraction bound to human plasma proteins was calculated 
as the ratio of unfiltered activity and the total activity in 
the ultrafiltration device. Measurements were performed 
in three independent experiments, each with two repli-
cates (n = 6, data are given as mean ± SD). All values were 
corrected for non-specific binding (control experiments 
in PBS).

Determinations of affinities (IC50) and internalization 
studies
Competitive binding studies were carried out in anal-
ogy to a previously reported procedure [28]. As a 
modification the non-radiolabeled standard com-
petitor (((S)-1-carboxy-5-(4-(iodo)benzamido)pentyl)
carbamoyl)-l-glutamic acid (IBA-KuE) was applied in 
increasing concentrations (10–5–10–11  M/well, n = 3 
each) whereas the novel PSMA-binding compounds 
of interest were applied as 99mTc-labeled radioligands 
(0.2  nM/well). In this inversed experimental approach, 
higher values correspond to higher affinities and are 
referred to as inverse IC50. Poly-L-lysine coated 24-well 
plates were used (n = 3). Data are given as mean ± SD. To 
determine the cellular uptake of the 99mTc-labeled PSMA 
ligands into LNCaP cells by means of PSMA-mediated 
internalization at 1 h, a previously reported protocol was 

applied with assay concentrations of 1.0 nM and 0.2 nM 
for 99mTc-labeled PSMA ligands and the reference com-
pound [125I]IBA-KuE, respectively [28]. Data are cor-
rected for non-specific binding and normalized to the 
specific internalization of the reference. Results are given 
as mean ± SD.

In vivo experiments
All animal experiments were conducted in accordance 
with general animal welfare regulations in Germany 
(German animal protection act, in the edition of the 
announcement, dated May 18th, 2006, as amended by 
Article 280 of June 19th 2020, approval no. ROB-55.2-
1-2532.Vet_02-18-109 by the General Administration of 
Upper Bavaria) and the institutional guidelines for the 
care and use of animals. Male CB17-SCID mice were 
purchased from Charles River (Sulzfeld, Germany) and 
arrived at the in-house animal facility to acclimate at 
least 1  week before the start of the experiment. Tumor 
xenografts were established by subcutaneous inocula-
tion of LNCaP cells (approx. 2 × 107 cells in 200 µL of a 
1:1 mixture of Cultrex BME (R&D Systems, Minneapo-
lis, United States) and DMEM/Ham’s F-12) onto the right 
shoulder of 6–8  weeks old male CB17-SCID mice. The 
animals were used for experiments when tumors had 
grown to a size of 5–10 mm in diameter. Criteria for the 
exclusion of animals from the experiment were weight 
loss higher than 20%, tumor size above 1.5  cm3, ulcera-
tion of the tumor, respiratory distress or change of behav-
ior. These criteria did not apply to any mouse. Neither 
randomisation nor blinding was applied in the allocation 
of the experiments. Quarterly health monitoring was 
performed according to the FELASA recommendations.

Biodistribution studies
The 99mTc-labeled radioligands (2.7 ± 0.7  MBq, 
82 ± 20  pmol) were injected into a lateral tail vein of 
LNCaP-tumor bearing mice (n = 4–5) under isoflurane 
anesthesia. Animals were sacrificed at 6  h post injec-
tion (p.i.) by carbon dioxide inhalation and blood with-
drawal via cardiac puncture. Blood and tissues of interest 
were collected, weighed and the activity measured in a 
γ-counter. Radioligand uptake is given in percent of the 
injected dose per gram of tissue (% ID/g) and results are 
presented as mean ± SD. Further details on the analysis 
of biodistribution data are provided in Additional file 1:  
Fig. S1.

µSPECT/CT imaging
Static imaging of sacrificed animals was performed on 
a VECTor4 small-animal SPECT/PET/CT/OI scanner 
from MILabs (Utrecht, Netherlands) directly after blood 
collection with an acquisition time of 45  min using an 
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HE-GP-RM collimator and a step-wise multiplanar bed 
movement via MILabs acquisition software (v11.00 and 
v12.26). Imaging data were reconstructed using MILabs-
Reconstruction software (v12.00) and image analysis was 
performed with PMOD4.0 (PMOD technologies LLC, 
Zurich, Switzerland). Animals were subjected to biodis-
tribution studies after imaging.

Data analysis
Acquired data were statistically analyzed performing 
a one-way analysis of variances (ANOVA) followed by 
a Tukey’s multiple comparison post-test using Origin-
Pro software (version 9.7) from OriginLab Corpora-
tion (Northampton, United States). Pairwise statistical 
comparisons were performed applying the two-sample 
student’s t-test in Microsoft Excel (Redmond, United 
States). Acquired P values of < 0.05 were considered sta-
tistically significant.

Results
Synthesis and radiolabeling
The novel PSMA ligands were synthesized using a mixed 
solution/solid phase synthetic approach and obtained 
with chemical purity of > 98% in yields of 29%, 25% and 

21%, respectively. Compound identity was confirmed 
by mass spectrometry. Radiolabeling with [99mTc]TcO4

− 
resulted in radiochemical purities (RCP) of > 95% as 
determined by radio-TLC and radio-RP-HPLC. Up-scal-
ing of the reported labeling protocol for patient-scale 
production of [99mTc]Tc-N4-PSMA-12 was found to be 
feasible, however proportionally reduced amounts of 
stannous chloride were applied to prevent the formation 
of colloidal technetium-species. Under consideration of 
requirements of a clinical workflow for routine radiosyn-
thesis, labeling of N4-PSMA-12 (20  µg, 15  nmol) with 
activities of 194–810  MBq (553 ± 187  MBq, mean ± SD, 
n = 10) reproducibly yielded the desired radioligand 
with a RCP of 98.5 ± 0.6% (range, 97.6–99.2%, n = 10). 
Detailed information on single radiolabelings is provided 
in Additional file 1: Table S1.

In Vitro Characterization
Results of the in  vitro characterization of [99mTc]Tc-
labeled N4-PSMA ligands and the reference [99mTc]
Tc-PSMA-I&S are summarized in Fig.  2 and Addi-
tional file  1: Table  S2. PSMA affinity was assessed 
via determination of the inverse IC50 (IC50,inv). Irre-
spective of the variable amino acid, all radioligands 

Fig. 2  In vitro characterization of [99mTc]Tc-N4-PSMA-12, [99mTc]Tc-N4-PSMA-13, [99mTc]Tc-N4-PSMA-21 and [99mTc]Tc-PSMA-I&S: A Binding affinity to 
PSMA (IC50,inv. (nM), 1 h, 4 °C, n = 3); B PSMA-mediated internalization (1 h, 37 °C, (% of the reference [.125I]IBA-KuE), n = 3); C lipophilicity expressed as 
logD7.4 (n-octanol/PBS, pH 7.4, n = 8); D binding to human plasma (PPB) (incubation at 37 °C for 30 min, determination via ultrafiltration (%), n = 6)
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showed high PSMA affinity displayed by low nanomo-
lar IC50,inv. values (range, 10.0–11.8  nM) with no sta-
tistically significant difference (P > 0.66). In contrast, 
PSMA mediated internalization, expressed as per-
centage of the reference compound [125I]IBA-KuE, 
was significantly influenced by the variable amino 
acid. [99mTc]Tc-N4-PSMA-12 (311 ± 16%) exhibited 
1.3-fold higher internalization than [99mTc]Tc-PSMA-
I&S (240 ± 13%), and an even 1.9- and 1.7-fold higher 
value than [99mTc]Tc-N4-PSMA-13 (164 ± 15%) and 
[99mTc]Tc-N4-PSMA-21 (180 ± 4%), respectively. 
In comparison with [99mTc]Tc-PSMA-I&S, all novel 
[99mTc]Tc-N4-PSMA compounds showed increased 
hydrophilicity, expressed by the distribution coef-
ficient (logD7.4). Within the group of N4-bearing 
radioligands, highest lipophilicity was observed for 
[99mTc]Tc-N4-PSMA-13 (logD7.4 =  − 2.78 ± 0.05), 
comprising an aromatic d-Phe residue, followed by 
[99mTc]Tc-N4-PSMA-21 (logD7.4 =  − 3.13 ± 0.05, 
d-(4-NH2)-Phe) and [99mTc]Tc-N4-PSMA-12 
(logD7.4 =  − 3.35 ± 0.05, d-Glu). Compared to [99mTc]
Tc-PSMA-I&S, binding to human plasma was sig-
nificantly reduced for all [99mTc]Tc-N4-PSMA tracers 
(94.4% vs 55.1–88.5%), and followed the same trend as 
described for lipophilicity. Thus, the highest hydro-
philicity (logD7.4 =  − 3.35 ± 0.05) and lowest bind-
ing to human plasma proteins (55.1 ± 2.5%) was both 

found for [99mTc]Tc-N4-PSMA-12 (P < 0.001 for both 
parameters).

In vivo characterization
Biodistribution studies
Comparative biodistribution studies in LNCaP tumor-
bearing mice at 6 h p.i. were performed for all four radi-
otracers (Fig. 3, Additional file 1: Table S3).

Among the three N4-bearing radioligands, a similar 
distribution profile with high uptake in the tumor (11.0–
13.0% ID/g), varying but moderate activity levels in the 
kidneys and efficient clearance from blood and back-
ground tissue was observed (see also µSPECT/CT-scans 
in Fig. 4). [99mTc]Tc-N4-PSMA-12 showed slightly higher 
kidney retention (12.3 ± 8.0% ID/g) than [99mTc]Tc-
N4-PSMA-13 and [99mTc]Tc-N4-PSMA-21 (6.6 ± 4.8% 
ID/g and 4.6 ± 1.4% ID/g, respectively) which was, how-
ever, not statistically significant (P > 0.81). In clear con-
trast to the N4-PSMA radioligands, very high activity 
retention in the kidney was found for [99mTc]Tc-PSMA-
I&S (191 ± 26% ID/g, > 15-fold higher than that of [99mTc]
Tc-N4-PSMA-12). Significantly higher activity reten-
tion after injection of [99mTc]Tc-PSMA-I&S at 6  h p.i. 
was also present in several other organs such as lungs, 
spleen, adrenals and parotid gland (P < 0.001 each). The 
higher activity uptake of [99mTc]Tc-PSMA-I&S in tumors, 
however, was less pronounced (15.6 ± 2.8% ID/g). The 

Fig. 3  Ex vivo biodistribution data of 99mTc-labeled N4-PSMA derivatives and [99mTc]Tc-PSMA-I&S at 6 h p.i. in male LNCaP tumor-bearing CB17-SCID 
mice. Data are expressed as a percentage of the injected dose per gram (% ID/g), mean ± standard deviation (n = 4–5). gl.: gland; submand.: 
submandibular
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corresponding differences to the novel N4-PSMA radioli-
gands were not statistically significant (P > 0.27). Efficient 
activity clearance from the blood pool was observed for 
all radioligands. The lowest blood activity level at 6 h p.i. 
was found for [99mTc]Tc-N4-PSMA-12 (0.0200 ± 0.0044% 
ID/g), which correlates with its low logD7.4 and low 
PPB. Blood activity levels of [99mTc]Tc-N4-PSMA-13, 
[99mTc]Tc-N4-PSMA-21 and [99mTc]Tc-PSMA-I&S were 
increased by 1.6-, 5.4- and 3.6-fold, respectively, as com-
pared to [99mTc]Tc-N4-PSMA-12.

Tumor‑to‑background ratios (TBR)
As depicted in Fig.  5, [99mTc]Tc-N4-PSMA-12 showed 
the highest TBR among all radioligands throughout 
the majority of organs. It is noteworthy, that in direct 
comparison with [99mTc]Tc-PSMA-I&S, [99mTc]Tc-
N4-PSMA-12 showed increased TBR for every analyzed 
organ and blood, thus demonstrating its notably supe-
rior clearance properties. In particular, a threefold T/
blood-ratio (658 ± 147 vs 219 ± 62) and an even 20-fold 
T/kidney-ratio (1.64 ± 1.29 vs 0.08 ± 0.01) represent 
important advances towards optimized pharmacokinet-
ics. Although less pronounced, improvements were also 
found for the TBR of [99mTc]Tc-N4-PSMA-13 and [99mTc]
Tc-N4-PSMA-21. A tabular overview of TBR is provided 
in Additional file 1: Table S4.

Discussion
With the N4-PSMA ligand design we aimed to create a 
versatile structural platform that ensures high PSMA 
affinity and reliable complexation of technetium-99m 
while also allowing for flexible modifications to adjust 
the pharmacokinetic profile of the entire ligand. To 
reach this goal we followed our expertise acquired in 
the development of theranostic rhPSMA ligands, where 
the combination of an EuE binding motif and a SiFA-
moiety addressing the remote arene binding site has led 
to a series of highly potent PSMA tracers for imaging 
and therapy [23, 24]. To retain high affinity, while ensur-
ing low lipophilicity of the new tracers, a less lipophilic 
SiOH-moiety (formally a hydrolyzed SiFA) was preferred. 
For complexation of technetium-99m a tetraamine (N4) 
chelator was chosen, as this chelating system exhibits 
excellent in  vivo stability and confers high hydrophilic-
ity to peptidic radioligands [29, 30]. A further advantage 
over N3S-based chelating systems such as mercaptoa-
cetyltriserine is the absence of chemically reactive thiol-
groups which might limit the shelf-live of radioligand 
precursors, an oftentimes neglected aspect in early radio-
ligand development. Finally, the incorporation of a vari-
able amino acid afforded three novel ligands with distinct 
properties in vitro and in vivo.

Slow whole-body clearance and in part hepatobil-
iary excretion of [99mTc]Tc-PSMA-I&S is assumed to 
be caused by high PPB and increased lipophilicity com-
pared to other PSMA-addressing radiometal chelates 
[15]. Therefore, a main focus in the design of the novel 

Fig. 4  Static µSPECT/CT images (maximum intensity projections) of 99mTc-labeled N4-PSMA-derivatives and [99mTc]Tc-PSMA-I&S in LNCaP 
tumor-bearing mice. Animals were sacrificed at 6 h p.i. and imaged directly after blood collection for 45 min on a VECTor4 small-animal SPECT/PET/
OI/CT. Tracer uptake in tumor and kidneys (in percent of the injected dose/gram, (% ID/g)) was determined from subsequent biodistribution studies
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ligands was set on reduced lipophilicity and PPB. Fortu-
nately, these objectives were met by all three N4-PSMA 
compounds. As expected, the intrinsic lipophilicity of 
the variable amino acid (logP: Phe > (4-NH2)-Phe > Glu) 
[31] translated into similar trends for lipophilicity and 
PPB of the corresponding radioligands (logD7.4 and PPB: 
[99mTc]Tc-PSMA-I&S > [99mTc]Tc-N4-PSMA-13 > [99mTc]
Tc-N4-PSMA-21 > [99mTc]Tc-N4-PSMA-12). Especially 
[99mTc]Tc-N4-PSMA-12 combines a favorable lipophi-
licity, comparable to diagnostic rhPSMA compounds 
[23], and a PPB that is significantly lower than for [99mTc]
Tc-PSMA-I&S, [68Ga]Ga/[177Lu]Lu-PSMA-I&F [32] or 
[99mTc]Tc-EuK-(SO3)Cy5-mas3 [25] (all ligands developed 
for PSMA-guided surgery) and comparable to fast-clear-
ing [177Lu]Lu-PSMA-617 [33]. In agreement with many 
prior studies [25–27], these findings underline how the 
pharmacokinetically relevant properties of a radioligand 
can be shaped in a rational fashion by thoughtful struc-
tural modifications.

Even though [99mTc]Tc-PSMA-I&S showed favora-
ble dosimetry in patients [21] and application in RGS 
suggests superiority over conventional salvage surgery 
[17], we have to admit that [99mTc]Tc-PSMA-I&S is not 
yet the optimal radioligand for RGS. This is exempli-
fied by a study among 31 patients by Maurer et al. who 
reported successful resection of all lesions detected on 

prior PSMA-PET and even additional lesions as small 
as 3 mm [13]. However, the same study revealed that in 
12 of 86 resected tissue specimens that were classified 
PSMA-negative according to γ-probe measurements, 
histochemical analysis discovered previously unidentified 
metastatic lesions.

The obvious need for higher sensitivity in RGS is, from 
a radiopharmaceutical perspective, a need for an opti-
mized radioactive probe providing higher TBR during 
surgery. Thus, to assess TBR of our novel 99mTc-labeled 
N4-PSMA ligands, biodistribution studies at 6 h p.i. were 
performed. This rather long distribution time comes 
with the limitation of scarce comparability with litera-
ture, where mostly time-points of 1 h or 4 h were inves-
tigated. However, RGS is performed around 20–24 h p.i. 
in patients [13, 19, 36] and, based on the rule of thumb of 
approximately fourfold faster metabolism in mice com-
pared to men, we chose a distribution time of 6 h to sim-
ulate TBR at the time of surgery as accurately as possible. 
In that context, our preclinical findings on the in  vivo 
performance of [99mTc]Tc-N4-PSMA ligands represent a 
remarkable development. While similar high uptake in 
LNCaP-xenografts was observed at 6 h p.i., the clearance 
of the novel ligands from most background tissue was 
significantly improved compared to [99mTc]Tc-PSMA-
I&S. In addition, drastically and favorably reduced kidney 

Fig. 5  Tumor-to-background ratios (TBR) of 99mTc-labeled N4-PSMA compounds and [99mTc]Tc-PSMA-I&S at 6 h p.i. in male LNCaP tumor-bearing 
CB17-SCID mice. Data are given as mean ± standard deviation (n = 4–5). Mean values were determined from TBR calculated for individual animals. 
gl.: gland; submand.: submandibular
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retention compared to [99mTc]Tc-PSMA-I&S was found 
to be a common feature of the new ligands, which can 
probably be attributed to their shared molecular scaffold 
derived from rhPSMA-compounds [23, 24], while being 
pronounced by the use of the hydrolyzed SiFA moiety. 
This finding is of particular interest, as high renal activity 
accumulation may interfere with accurate lesion detec-
tion during RGS [36]. Nevertheless, clinical studies are 
necessary to validate whether our preclinical findings 
also apply to the human situation. To an even greater 
extend, incomplete clearance of [99mTc]Tc-PSMA-I&S 
from the blood pool and thus a suboptimal T/blood-
ratio can affect the accuracy of RGS [15]. In this regard, 
the 3.6-fold decreased blood activity at 6 h p.i. represents 
another distinct advantage of [99mTc]Tc-N4-PSMA-12 
and emphasizes the positive influence of the negatively 
charged amino acid d-Glu towards accelerated clearance 
kinetics. Compared to [99mTc]Tc-N4-PSMA-12, slightly 
higher uptake in blood and several background organs 
such as heart, lung, liver, parotid gland and submandibu-
lar gland were observed for [99mTc]Tc-N4-PSMA-13 and 
[99mTc]Tc-N4-PSMA-21, which can be attributed to the 
incorporation of the aromatic amino acids d-Phe and 
d-(4-NH2)Phe conferring higher lipophilicity and plasma 
protein binding to these compounds. A further possible 
limitation of [99mTc]Tc-PSMA-I&S is background activ-
ity in the bowel hampering the detection of lesions with 
low signal strength during surgery. In this regard, when 
completely ignoring the significantly improved T/kid-
ney ratio of [99mTc]Tc-N4-PSMA-12 and when taking 
into account only the hepatic and intestinal uptake of 
[99mTc]Tc-PSMA-I&S and [99mTc]Tc-N4-PSMA-12 (no 
statistically significant difference observed, P > 0.19 and 
P > 0.36, respectively), we would expect at least similar 
performance of [99mTc]Tc-PSMA-I&S and [99mTc]Tc-
N4-PSMA-12 in men. Beyond that, the finding that TBR 
of blood and all analyzed organs (see Fig.  5) obtained 
with [99mTc]Tc-N4-PSMA-12 are higher than that of 
[99mTc]Tc-PSMA-I&S clearly demonstrates the superior 
pharmacokinetic profile of that radioligand. Finally, as the 
only apparent advantage of [99mTc]Tc-N4-PSMA-13 and 
[99mTc]Tc-N4-PSMA-21 over [99mTc]Tc-N4-PSMA-12, 
namely a slightly decreased kidney retention, was not 
statistically significant (P > 0.81), and based on the afore-
mentioned superior overall pharmacokinetic profile of 
[99mTc]Tc-N4-PSMA-12, the latter was identified as most 
promising compound.

Besides [99mTc]Tc-PSMA-I&S, the feasibility of PSMA-
targeted RGS using [99mTc]Tc-MIP-1404, a tracer 
originally developed for SPECT-imaging, was recently 
described in a small cohort of nine patients [34]. In a pre-
clinical evaluation by Hillier et al. this tracer had shown 
a tissue distribution profile at 4  h p.i. which is highly 

similar to our data for [99mTc]Tc-N4-PSMA-12 (see Addi-
tional file  1: Fig.  S2) [37]. Surprisingly and in contrast 
to the pharmacokinetics observed in mice, biodistribu-
tion studies in patients revealed high hepatic uptake and 
delayed clearance for [99mTc]Tc-MIP-1404 [35] indicating 
limited transferability of preclinical data to the human 
situation for this radioligand. Consistent with the similar 
patient dosimetry reported for [99mTc]Tc-PSMA-I&S and 
[99mTc]Tc-MIP-1404 [21, 35], the latter yielded compa-
rable results in the recent RGS study [34]. This example 
underlines not only the need for an optimized radioac-
tive probe in PSMA-targeted RGS but also that, ulti-
mately, clinical studies will be needed to assess whether 
the promising performance of [99mTc]Tc-N4-PSMA-12 in 
mice will also translate into improved outcomes of RGS 
in patients.

To facilitate future clinical translation, we developed a 
protocol for GMP-production of [99mTc]Tc-N4-PSMA-12 
(see Fig.  6). As the simple, reliable, one-step process 
complies with basic nuclear medicine infrastructure and 
established clinical workflows and procedures, it pro-
vides an important basis for widespread availability of 
[99mTc]Tc-N4-PSMA-12 and may contribute to minimize 
the logistic hurdle for a first clinical application.

In summary, the rational design, development and 
comparative preclinical evaluation of three novel 99mTc-
labeled PSMA inhibitors resulted in the identification 
of [99mTc]Tc-N4-PSMA-12 as lead candidate. Compared 
to [99mTc]Tc-PSMA-I&S, this novel radioligand showed 

Fig. 6  Suggested work-flow for clinical production of [99mTc]
Tc-N4-PSMA-12. Patient scale production is completed within 35 min 
post generator elution under non-optimized laboratory conditions. 
Optimization for clinical routine synthesis will further reduce the time 
of production. RT: room temperature; SPE: solid phase extraction
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a significantly improved pharmacokinetic profile, 3.6-
fold reduced blood activity, 15-fold decreased kidney 
activity and improved TBR for blood and all organs. 
Furthermore, a clinically suited radiolabeling process is 
suggested rendering [99mTc]Tc-N4-PSMA-12 a highly 
attractive candidate for clinical application in RGS.

Conclusion
Based on the promising data presented in this pre-
clinical work, a first clinical study with [99mTc]Tc-
N4-PSMA-12 is highly warranted. It can be expected 
that this tracer has the potential to overcome current 
limitations obtained with [99mTc]Tc-PSMA-I&S and 
thus might pave the way towards a broader future use 
of PSMA-targeted RGS in the therapy of patients with 
biochemical recurrent PCa.
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General Information  

Protected amino acids for peptide synthesis were purchased from Carbolution (St. Ingbert, Germany) 

and Iris Biotech (Marktredwitz, Germany). The 2-Chlorotrityl chloride polystyrene (TCP) resin was 

obtained from Sigma-Aldrich (Steinheim, Germany). Solvents and all other organic and inorganic 

reagents were purchased from Alfa Aesar (Karlsruhe, Germany), Fluorochem (Hadfield, United 

Kingdom), Sigma-Aldrich (Steinheim, Germany) or VWR (Darmstadt, Germany) and used without 

further purification. Radioactive [99mTc]TcO4
- was obtained from a Ultra-Technekow FM 2 (15 - 43.00 

GBq) generator (Curium, Petten, Netherlands). 

Solid phase peptide synthesis (SPPS) was carried out manually in syringe reactors for peptide synthesis 

(Carl Roth, Karlsruhe, Germany) using a MX-RD-Pro syringe shaker from SCILOGEX (Rocky Hill, 

United States). Analytical and preparative reversed-phase high-performance liquid chromatography 

(RP-HPLC) was performed using Shimadzu gradient systems (Shimadzu, Neufahrn, Germany) each 

equipped with a SPD-20A UV/Vis-detector (detection at λ = 220 nm) and LC-20AD solvent pumps. 

Eluents for all chromatographic procedures were water (solvent A, 0.1% TFA (v/v)) and acetonitrile 

(solvent B, 0.1% TFA (v/v), 2% or 5% water (v/v) in analytical or preparative procedures, respectively). 

For analytical measurements a MultoKrom 100-5 C18 column (150 mm x 4.6 mm, CS 

Chromatographie-Service, Langerwehe, Germany) was used at a constant flow rate of 1 mL/min. 

Preparative RP-HPLC was performed on a MultoKrom 100-5 C18 column (250 mm x 20 mm, CS 

Chromatographie-Service) applying a constant flow rate of 10 mL/min. Reversed-phase high 

performance flash chromatography (RP-HPFC) was performed on an SP HPFC system with SNAP 

cartridges (KP-C18-HS, 12 g) from Biotage (Charlottesville, United States) applying  water (solvent A, 

0.1% TFA (v/v)) and acetonitrile (solvent B, 0.1% TFA (v/v)) as eluents. Electrospray ionization (ESI) 

mass spectra and atmospheric pressure chemical ionization (APCI) mass spectra for compound 

characterization were acquired on an expressionL CMS mass spectrometer from Advion (Harlow, United 

Kingdom). 1H-NMR-spectra were acquired on an AVHD 400 from Bruker (Billerica, United States) at 

300 K. Chemical shifts (δ) are given in parts per million (ppm), spectra are calibrated to the residual 1H 

solvent signal of DMSO-d6 at 2.50 ppm and signal multiplicities are described as: s = singlet, 

m = multiplet. 

Analytical and preparative radio RP-HPLC was performed on a Shimadzu system equivalent as stated 

above and additionally equipped with a SIL-20A HAT autosampler using a MultoKrom 100-5 C18 

column (125 mm x 4.6 mm) from CS Chromatographie-Service at a constant flow rate of 1 mL/min. A 

HERM LB 500 NaI scintillation detector (Berthold Technologies, Bad Wildbad, Germany) was 

connected to the outlet of the UV-photometer for the detection of radioactivity. Radio thin layer 

chromatography (TLC) was performed on iTLC-SG stripes (Agilent Technologies, Waldbronn, 

Germany) using butanone or NH4OAc (1 M in water) with DMF (1/1 (v/v)) as mobile phase for 

quantification of free [99mTc]TcO4
- or colloidal technetium-99m, respectively. Radio-TLC stripes were 

analyzed using a Scan-RAM Radio-TLC detector from LabLogic Systems (Sheffield, United Kingdom). 



Activity quantification of radioactive probes was carried out using a 2480 WIZARD2 automatic gamma 

counter (PerkinElmer, Waltham, United States). 

Centrifuges  used for the determination of lipophilicity and binding to human plasma were a HERAEUS 

Pico 17 and a HERAEUS Megafuge 16R, respectively (Thermo Scientific, Osterode, Germany). 

 

 

Solution state synthesis of building blocks for SPPS 

(tBu)2EuE(tBu): 

The tert-butyl protected Glu-urea-Glu binding motive was synthesized in analogy to the synthesis of 

tert-butyl protected Lys-urea-Glu reported in literature [1, 2]. 

 

4-(Di-tert-butylhydroxysilyl)benzoic acid (SiOH-BA): 

4-(Di-tert-butylhydroxysilyl)benzoic acid (SiOH-BA) was obtained by hydrolysis of 4-(Di-tert-

butylfluorosilyl)benzoic acid (SiFA-BA). The latter was synthesized according to a published 

procedure [3]. To a stirring solution of SiFA-BA (114 mg, 403 µmol, 1.0 eq.) in DMF (4 mL) a solution 

of KOH (113 mg, 2013 µmol, 5.0 eq.) in TP-water (1 mL) was added at room temperature and stirred 

for 1 h. The solution was acidified (pH 4-5) by addition of 2.013 mL 1 M HCl(aq) and extracted with 

diethyl ether (5x 5 mL). The combined organic phases were dried over MgSO4 and solvents were 

evaporated in vacuo. Residual DMF was removed via lyophilization to obtain the product as colorless, 

amorphous solid (96%). 

RP-HPLC (50-100% B in 15 min): tR = 5.8 min, K’ = 2.90. Calculated monoisotopic mass 

(C15H24O3Si): 280.2; found: m/z (APCI) = 279.0 [M-H]-. 

 

N,N’,N’’,N’’’-Tetrakis(tert-butyloxycarbonyl)-6-carboxy-1,4,8,11-tetraazaundecane ((tBu)4N4): 

N-Boc-ethylenediamine (4.0 eq.) was slowly added to a solution of 3-bromo-2-(bromomethyl)-

propionic acid (1.0 eq.) in THF (25 mL/mmol) and stirred for 24 h at room temperature. The solvent 

was removed in vacuo and the crude residue dissolved in acetone/H2O (1/1 (v/v), 25 mL/mmol). The 

solution was cooled to 0°C and triethylamine (3.0 eq.) was added. After 5 min di-tert-butyl dicarbonate 

(4.0 eq.) was added and the stirring mixture was left to warm up to room temperature within 15 h. 

Solvents were removed in vacuo, the raw product was purified via RP-HPFC (35-71% B in 15min) and 

the desired product was obtained as colorless, amorphous solid. 

ESI-MS: calculated monoisotopic mass (C28H52N4O10): 604.4; found: m/z (ESI) = 605.5 [M+H]+. 

1H-NMR (400 MHz, DMSO-d6) δ = 7.17-6.19 (m, 2H, NH), 3.28-3.17 (m, 6H, CH2), 3.10-2.95 (m, 6H, 

CH2), 2.94-2.90 (m, 1H, CH), 1.38 (s, 18H, CH3), 1.36 (s, 18H, CH3). 



Synthesis of PSMA ligands 

Chemical synthesis of novel N4-bearing PSMA-ligands was carried out via Fmoc-based standard solid 

phase peptide synthesis (SPPS). Reference compound PSMA-I&S was synthesized as described 

earlier [4]. Purity of all labeling precursors was determined via RP-HPLC (UV-detection at 220 nm) and 

was >98% in all cases. 

General procedures (GP) for solid phase peptide synthesis: 

All synthetic steps were carried out in a syringe reactor for peptide synthesis at room temperature. After 

each coupling or deprotection step, the resin was thoroughly washed with DMF (5 mL/g resin) six or 

eight times, respectively. 

TCP-resin loading (GP1): The amino acid (2.0 eq.) and DIPEA (3.75 eq.) are dissolved in DMF (5 mL/g 

resin) and added to the TCP resin. After 2.5 h, methanol (2 mL/g resin) is added for capping of remaining 

trityl chloride groups. Subsequently, the resin is washed thoroughly with DMF (6x 5 mL/g resin), DCM 

(3x 5 mL/g resin) and methanol (3x 5 mL/g resin) and dried in vacuo. The loading 𝑙 of the amino acid 

is determined by the equation 

𝑙 [
𝑚𝑚𝑜𝑙

𝑔
] =

(𝑚2 −𝑚1) · 1000

(𝑀𝐴𝐴 −𝑀𝐻𝐶𝑙) · 𝑚2
 

with 𝑚1 = mass of unloaded resin [g], 𝑚2 = mass of loaded resin [g], 𝑀𝐴𝐴 = molecular weight of amino 

acid [g/mol] and 𝑀𝐻𝐶𝑙 = molecular weight of HCl [g/mol]. 

On-resin amide bond formation (GP2): For the conjugation of Fmoc-protected amino acids and other 

building blocks, their carboxylic acid functionality is preactivated by addition of TBTU (2.0 eq.), HOAt 

(2.0 eq.) and DIPEA (6.0 eq.) in DMF. After 5 min the solution is added to the resin and left to react for 

2.5 h (differing coupling times are mentioned in the synthesis protocol). Coupling of Fmoc-D-

Dap(Dde)-OH is performed with 2,4,6-trimethylpyridine (6.7 eq.) as base instead of DIPEA to prevent 

racemization. 

On-resin Fmoc-deprotection (GP3): Deprotection of Fmoc-protecting groups is achieved by addition of 

20% piperidine in DMF (8 mL/g resin) for 5 min and subsequently for 15 min. 

 

N4-PSMA ligands: 

Fmoc-D-Orn(Dde)-OH was loaded to the TCP resin as first building block according to GP1, and after 

subsequent Fmoc cleavage (GP3), (tBuO)EuE(OtBu)2 was conjugated for 4.5 h (GP2). Deprotection of 

Dde was carried out using a solution of 2% hydrazine monohydrate in DMF (5 mL/g resin) for 20 min. 

Subsequently, a solution of succinic anhydride (7 eq.) and DIPEA (7 eq.) in DMF was added and left to 

react for 2.5 h. The resin bound carboxylate was then preactivated by addition of TBTU (2.0 eq.), HOAt 



(2.0 eq.) and DIPEA (6.0 eq.) in DMF for 30 min and Fmoc-D-Lys-OtBu (2.0 eq.) in DMF was added 

for conjugation for 2.5 h. Subsequent Fmoc deprotection (GP3) was followed by conjugation of Fmoc-

D-Dap(Dde)-OH (GP2). Orthogonal deprotection of Dde was carried out using hydroxylamine 

hydrochloride (1.26 g/g resin) and imidazole (0.92 g/g resin) in a mixture of DMF (1 mL/g resin) and 

NMP (5 mL/g resin) for 3.5 h. Subsequently, SiOH-BA was conjugated (GP2) and the remaining Fmoc 

protecting group was cleaved according to GP3. In the following step, either Fmoc-D-Glu(OtBu)-OH 

(in N4-PSMA-12), Fmoc-D-Phe-OH (in N4-PSMA-13) or Fmoc-D-Phe(4-NHBoc)-OH (in N4-PSMA-

21) was coupled according to GP2. After subsequent Fmoc-deprotection (GP3), the tert-butyl protected 

N4-chelator was conjugated according to GP2. Cleavage from the resin and simultaneous deprotection 

of the ligand was performed in TFA (+2.5% TIPS, +2.5% H2O) for 1 h. After purification by 

semipreparative RP-HPLC, N4-PSMA-12, N4-PSMA-13 and N4-PSMA-21 were obtained as colorless, 

amorphous solids in yields of 29%, 25% and 21%, respectively (yields refer to the amount of substance 

of resin-bound Fmoc-D-Orn(Dde) at the start of solid phase synthesis). 

N4-PSMA-12: RP-HPLC (10-60% B in 15 min): tR = 9.3 min, K’ = 3.72. Calculated monoisotopic 

mass (C57H95N13O21Si): 1325.7; found: m/z (ESI) = 1326.5 [M+H]+, 664.0 [M+2H]2+. 

N4-PSMA-13: RP-HPLC (10-60% B in 15 min): tR = 10.2 min, K’ = 4.08. Calculated monoisotopic 

mass (C61H97N13O19Si): 1343.7; found: m/z (ESI) = 1344.4 [M+H]+, 673.0 [M+2H]2+. 

N4-PSMA-21: RP-HPLC (10-60% B in 15 min): tR = 9.0 min, K’ = 3.60. Calculated monoisotopic 

mass (C61H98N14O19Si): 1358.7; found: m/z (ESI) = 1359.7 [M+H]+, 680.5 [M+2H]2+. 

 

IBA-KuE: 

For the synthesis of IBA-KuE, the protected binding motive (OtBu)KuE(OtBu)2 was synthesized as 

previously described [1]. 4-iodo-benzoic acid (6.1 mg, 24.6 µmol, 1.2 eq.) was preactivated by addition 

of TBTU (7.9 mg, 24.6 µmol, 1.2 eq.), HOAt (3.3 mg, 24.6 µmol, 1.2 eq.) and DIPEA (12.9 µL, 

73.8 µmol, 3.6 eq.) in DMF (1 mL). After 5 min of pre-activation at room temperature, 

(OtBu)KuE(OtBu)2 (10.0 mg, 20.5 µmol, 1.0 eq.) in DMF (2 mL) was added and the solution was stirred 

overnight (21 h) at room temperature. The solvent was evaporated and upon addition of TFA (+2.5% 

TIPS, +2.5% H2O) the solution was stirred for 1 h. TFA was evaporated and the crude product dissolved 

in DMF. After purification by semi-preparative RP-HPLC (30-45% B in 20 min) the product was 

obtained as colorless, amorphous solid (48%). 

RP-HPLC (20-40% B in 20 min): tR = 11.0 min, K’ = 7.68. Calculated monoisotopic mass 

(C19H24IN3O8): 549.1; found: m/z (ESI) = 550.2 [M+H]+.  

 

 



Radiosynthesis of [99mTc]Tc-N4-PSMA-12 at patient scale 

In a 10 mL glass vial, 15 nmol N4-PSMA-12 (20 µg, 0.5 mM in DMSO) were added to a mixture of 

0.05 M Na2HPO4 (250 µL, in TP-water, pH 9.25) and 0.1 M disodium citrate sesquihydrate (30 µL, in 

TP-water) in saline. After addition of a freshly prepared solution of SnCl2 (10 µL, 1 mg/mL in ethanol), 

[99mTc]TcO4
- in saline was added and the labeling solution (final volume 2-5 mL) was heated to 95°C 

for 15 min. The labeling solution was left to cool for 10 min and, subsequently, quality control was 

performed using radio-TLC and radio-RP-HPLC. 

 

Radiosynthesis of [99mTc]Tc-PSMA-I&S 

Labeling of PSMA-I&S was carried out using 2 nmol of peptide precursor in a kit formulation as 

described by Robu et al [4]. After addition of [99mTc]TcO4
- (40 MBq/nmol) in 500 µL saline the solution 

was heated to 95°C for 20 min. Subsequently, 10 µL of 1 M sodium ascorbate (PBS) was added and 

quality control was performed using radio-TLC and radio-RP-HPLC. 

 

Radioiodination of [125I]IBA-KuE 

The synthesis of the protected stannyl-precursor, radioiodination and deprotection yielding [125I]IBA-

KuE was carried out as previously described [1]. Purification of the crude labelling product was 

performed using preparative radio-RP-HPLC with a gradient of 20-40% B in 20 min. 

 

 

Analytical data of PSMA inhibitors labeled with technetium-99m or iodine-125 

[99mTc]Tc-N4-PSMA-12: radio-RP-HPLC (10-70% B in 15 min): tR = 9.1 min, K’ = 6.36. 

[99mTc]Tc-N4-PSMA-13: radio-RP-HPLC (10-70% B in 15 min): tR = 10.0 min, K’ = 6.98. 

[99mTc]Tc-N4-PSMA-21: radio-RP-HPLC (10-70% B in 15 min): tR = 8.6 min, K’ = 5.99. 

[99mTc]Tc-PSMA-I&S: radio-RP-HPLC (10-70% B in 15 min): tR = 8.2 min, K’ = 5.76. 

[125I]IBA-KuE: radio-RP-HPLC (20-40% B in 20 min): tR = 11.0 min, K’ = 7.68.  

 

 

 



Supplementary Table 1: Detailed data on 99mTc-labeling of N4-PSMA-12 at patient scale. The volume 

of the labeling solution (V), the applied activity (A) as well as the amount of free [99mTc]TcO4
- and 

colloidal technetium-99m, as determined via radio-TLC, and the resulting radio chemical purity (RCP) 

are given for single labeling experiments. Mean values and standard deviation (SD, n = 10) are given 

for the whole data set. 

entry V 

[mL] 

A 

[MBq] 

Free 

[99mTc]TcO4
− 

[%] 

Colloidal 

Tc-99m [%] 

RCP 

[%] 

1 5.00 194 0.21 0.85 98.94 

2 5.00 810 0.40 0.44 99.16 

3 5.00 542 0.24 2.21 97.55 

4 5.00 502 0.17 1.98 97.85 

5 5.00 760 0.30 1.78 97.92 

6 3.18 634 0.23 1.12 98.65 

7 2.66 470 0.23 1.02 98.75 

8 3.02 388 0.31 0.64 99.05 

9 2.00 727 0.97 0.73 98.30 

10 4.00 501 0.28 1.31 98.41 

mean 3.99 553 0.33 1.21 98.46 

SD 1.18 187 0.23 0.60 0.55 

 

 

Supplementary Table 2: Lipophilicity of the three novel 99mTc-labeled N4-PSMA compounds and 

99mTc-labeled PSMA-I&S expressed as partition coefficient (logD7.4) using the n-octanol/PBS (pH 7.4) 

distribution system (n = 8), binding affinity towards PSMA (inverse IC50 (nM), 1 h, 4°C, n = 3), PSMA-

mediated internalization by LNCaP cells (1 h, 37°C, n = 3) as a percentage of the radiolabeled reference 

([125I]IBA)KuE) and plasma protein binding (PPB, determined by a ultrafiltration method, n = 6) of 

99mTc-labeled N4-PSMA compounds and [99mTc]Tc-PSMA-I&S. 

compound [99mTc]Tc-

N4-PSMA-12 

[99mTc]Tc-

N4-PSMA-13 

[99mTc]Tc-

N4-PSMA-21 

[99mTc]Tc-

PSMA-I&S 

logD7.4 −3.35 ± 0.05 −2.78 ± 0.05 −3.13 ± 0.05 −2.61 ± 0.08 

IC50, inv. (nM) 11.02 ± 2.80 9.98 ± 0.99 11.07 ± 1.42 11.78 ± 1.89 

internalization 

(% IBA-KuE) 
311 ± 16 164 ± 15 180 ± 4 240 ± 13 

PPB (%) 55.1 ± 2.5 88.5 ± 1.5 66.0 ± 2.3 94.4 ± 0.7 

 

 

 



Supplementary Table 3: Numeric data of the biodistribution of 99mTc-labeled N4-PSMA compounds and 99mTc-labeled PSMA-I&S at 6 h p.i. in male LNCaP 

tumor-bearing CB17-SCID mice. Data are expressed as percentage of the injected dose per gram (% ID/g), mean ± standard deviation (SD, n = 4-5). 

 
[99mTc]Tc-N4-PSMA-12 

(n = 5) 

[99mTc]Tc-N4-PSMA-13 

(n = 5) 

[99mTc]Tc-N4-PSMA-21 

(n = 4) 

[99mTc]Tc-PSMA-I&S 

(n = 4) 

uptake in % iD/g mean SD mean SD mean SD mean SD 

blood 0.0200 0.0044 0.0320 0.0100 0.1074 0.0623 0.0728 0.0072 

heart 0.0274 0.0083 0.0456 0.0090 0.0568 0.0128 0.1246 0.0252 

lung 0.0613 0.0177 0.1108 0.0186 0.1250 0.0578 1.0378 0.0612 

liver 0.1796 0.0890 0.2618 0.0556 0.5752 0.3652 0.2215 0.0234 

spleen 0.8928 0.5700 0.6314 0.1819 1.3064 0.7969 31.8636 6.0507 

pancreas 0.0206 0.0031 0.0270 0.0053 0.0335 0.0099 0.4040 0.0639 

stomach 0.0988 0.0506 0.1348 0.0441 0.1458 0.0956 0.2306 0.1018 

intestine 0.5391 0.4453 0.2661 0.1637 1.1034 1.7380 0.6415 0.3960 

kidney 12.2924 8.0491 6.5974 4.7823 4.5811 1.4363 191.560 25.7140 

adrenals 0.6570 0.2747 0.5170 0.0912 0.5759 0.1443 13.5354 2.9883 

muscle 0.0110 0.0041 0.0127 0.0018 0.0153 0.0027 0.1020 0.0290 

bone 0.0365 0.0136 0.0862 0.0139 0.0828 0.0778 0.0907 0.0157 

tumor 13.0231 3.8549 12.5347 4.0835 11.0155 2.2227 15.6183 2.8033 

parotid gland 0.0804 0.0339 0.1056 0.0262 0.1105 0.0199 1.7348 0.5573 

submandibular gland 0.1450 0.0431 0.3069 0.0642 0.3009 0.2151 0.6196 0.0695 

 

 

 

 

 

 

 



Supplementary Table 4: Tumor-to-background ratios of 99mTc-labeled N4-PSMA compounds and 99mTc-labeled PSMA-I&S at 6 h p.i. in male LNCaP tumor-

bearing CB17-SCID mice. Data are given as mean ± standard deviation (SD, n = 4-5). Mean values were determined from tumor-to-organ ratios calculated for 

individual animals. 

tumor-to-

background 

[99mTc]Tc-N4-PSMA-12 

(n = 5) 

[99mTc]Tc-N4-PSMA-13 

(n = 5) 

[99mTc]Tc-N4-PSMA-21 

(n = 4) 

[99mTc]Tc-PSMA-I&S 

(n = 4) 

ratio mean SD mean SD mean SD mean SD 

blood 657.74 146.75 409.29 158.60 125.55 62.05 218.97 62.09 

heart 484.90 122.64 276.38 87.34 201.50 62.05 127.22 20.53 

lung 216.68 56.82 113.30 35.32 99.35 36.86 15.01 2.29 

liver 79.92 30.33 50.17 21.50 23.75 10.51 71.64 19.02 

spleen 17.89 9.02 20.57 7.45 10.32 4.39 0.49 0.06 

pancreas 637.21 201.56 496.73 247.35 350.74 126.56 40.19 13.36 

stomach 158.87 78.55 101.82 47.12 114.49 101.37 76.24 27.21 

intestine 57.76 60.23 64.62 39.59 52.29 48.36 38.15 31.76 

kidney 1.64 1.29 2.45 1.45 2.57 0.77 0.08 0.01 

adrenals 22.15 9.04 24.50 8.36 19.85 4.82 1.24 0.52 

muscle 1265.34 486.05 1013.12 379.65 736.44 193.04 159.28 39.53 

bone 384.40 158.05 142.94 32.47 207.38 115.07 178.36 51.53 

parotid gland 177.38 73.36 119.35 34.53 101.59 24.83 9.87 3.90 

submandibular gland 90.45 15.58 41.60 14.26 50.80 32.33 25.44 5.00 

 

 

 

 

 

 



Analysis of biodistribution data of [99mTc]Tc-N4-PSMA-21 

We report the following data in order to comply with the ARRIVE guidelines for the reporting of 

research involving animals. The biodistribution study of [99mTc]Tc-N4-PSMA-21 was carried out with 

n = 5 animals (“data set I”). All animals were healthy and did not show any signs of pain, distress or 

change in behavior throughout the experiment. However, as depicted in supplementary figure 1, gross 

deviations in the kidney uptake and elevated tumor uptake were observed for one particular animal 

(mouse #3) as compared to the other four animals. Kidney uptake of mouse #3 (36.17 %ID/g) exceeded 

the value obtained from the other four animals (4.58 ± 1.44 %ID/g, mean ± SD) 7.9-fold or by more 

than 20 standard deviations. In addition, tumor uptake of mouse #3 (21.92 %ID/g) exceeded the value 

obtained from the other four animals (11.02 ± 2.22 %ID/g, mean ± SD) 2.0-fold or by more than 4 

standard deviations Due to the uncertainty, whether these huge deviations arise from an experimental 

error or might be related to strongly deviating metabolic processes e.g. abnormal kidney function in 

mouse #3, the study primarily presents and discusses the data set based on the other four animals (n = 4, 

“data set II”).  

A thorough evaluation and comparison was, however, also carried out including mouse #3. For both, 

“data set I” (n = 5, including mouse #3) and  “data set II” (n = 4, without mouse #3) kidney uptake of 

[99mTc]Tc-N4-PSMA-21 was significantly reduced compared to [99mTc]Tc-PSMA-I&S (both P < 0.001) 

but not statistically different from other 99mTc-labeled N4-PSMA-ligands (P > 0.92 and P > 0.81 for 

“data set I” and “data set II”, respectively). Although mouse #3 also showed an elevated tumor uptake 

(see above), no statistically significant differences in tumor uptake among the 99mTc-labeled PSMA-

ligands evaluated herein were found, regardless whether “data set I” (P > 0.69) or “data set II” (P > 0.27) 

was compared to the biodistribution data of the other radioligands. 

Supplementary Figure 1: Biodistribution of [99mTc]Tc-N4-PSMA-21 in a single mouse #3 (red) 

showing drastically increased kidney uptake and elevated tumor uptake as compared to the other four 

animals depicted by “data set II” (dark green, n = 4, without mouse #3). “Data set I” (dark red, n = 5, 

including mouse #3) represents the biodistribution of [99mTc]Tc-N4-PSMA-21 including all animals. 

Data are expressed as percentage of the injected dose per gram (% ID/g), mean ± standard deviation. 
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Supplementary Figure 2: Comparison of ex vivo biodistribution data of 99mTc-labeled MIP-1404 at 

4 h p.i. in male LNCaP tumor-bearing NCr-nu/nu mice with ex vivo biodistribution data of the three 

novel 99mTc-labeled N4-PSMA compounds and 99mTc-labeled PSMA-I&S at 6 h p.i. in male LNCaP 

tumor-bearing CB17-SCID mice. Data are expressed as percentage of the injected dose per gram 

(% ID/g), mean ± standard deviation (n = 4-5). Organs for which no data on [99mTc]Tc-MIP-1404 were 

available in literature are indicated with an asterisk. Biodistribution data of [99mTc]Tc-MIP-1404 were 

originally published in JNM (Hillier et al. 99mTc-Labeled Small-Molecule Inhibitors of Prostate-Specific 

Membrane Antigen for Molecular Imaging of Prostate Cancer. J Nucl Med. 2013;54:1369-76. 

©SNMMI)  
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