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Abstract: Background: The rising incidence rate of prostate cancer (PCa) has promoted the develop-
ment of new diagnostic and therapeutic radiopharmaceuticals during the last decades. Promising im-
provements have been achieved in clinical practice using prostate specific membrane antigen (PSMA) 
labeled agents, including specific antibodies and small molecular weight inhibitors. Focusing on mo-
lecular docking studies, this review aims to highlight the progress in the design of PSMA targeted 
agents for a potential use in nuclear medicine. 

Results: Although the first development of radiopharmaceuticals able to specifically recognize PSMA 
was exclusively oriented to macromolecule protein structure such as radiolabeled monoclonal antibod-
ies and derivatives, the isolation of the crystal structure of PSMA served as the trigger for the synthesis 
and the further evaluation of a variety of low molecular weight inhibitors. Among the nuclear imaging 
probes and radiotherapeutics that have been developed and tested till today, labeled Glutamate-ureido 
inhibitors are the most prevalent PSMA-targeting agents for nuclear medicine applications.  

Conclusion: PSMA represents for researchers the most attractive target for the detection and treatment 
of patients affected by PCa using nuclear medicine modalities. [99mTc]MIP-1404 is considered the tracer 
of choice for SPECT imaging and [68Ga]PSMA-11 is the leading diagnostic for PET imaging by general 
consensus. [18F]DCFPyL and [18F]PSMA-1007 are clearly the emerging PET PSMA candidates for 
their great potential for a widespread commercial distribution. After paving the way with new imaging 
tools, academic and industrial R&Ds are now focusing on the development of PSMA inhibitors labeled 
with alpha or beta minus emitters for a theragnostic application. 
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1. INTRODUCTION 

Prostate cancer is the second cause of cancer death and 
the most frequently diagnosed cancer among males, with 
almost 1,3 million new cases per year worldwide [1]. Despite 
the 359,000 associated deaths in 2018, PCa mortality has 
been decreasing in many developed countries, mostly attrib-
uted to the widespread use of prostate-specific antigen (PSA) 
blood testing [2]. 

PSA has been revolutionizing PCa screening since it is 
recognized to be effective in the detection of recurrent dis-
ease after primary curative treatment such as Radical 
Prostatectomy (RP) or local definitive Radiotherapy (RT). 
This disease state, also defined as Biochemical Recurrence  
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(BCR), is characterized by rising PSA levels after initial 
curative treatment of PCa [3].  

Beside the clinical relevance, PSA screening is still de-
bated because the number of new diagnoses as a result of 
screening is not always correlated with the extent of the dis-
ease and PCa mortality rate. Furthermore, other dysfunctions 
such as benign prostatic hyperplasia, prostatitis, inflamma-
tion or other conditions may lead to high serum PSA levels 
[4, 5]. 

During the last decades, new diagnostic/prognostic tools 
have been introduced in clinical practice to best support the 
management of prostate cancer patients and in order to over-
come PSA measurement constraints.  

Multiparametric Prostate Magnetic Resonance (MRI) 
remains the imaging modality of choice in this context for 
detecting, characterizing and staging the extent of disease. 
However, the use of nuclear imaging modalities associated 
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with the use of radiopharmaceuticals, gained a relevant role 
during the last years for the evaluation of urogenital diseases 
with a particular address for PCa.  

The availability of new tools to aid in the diagnosis and 
classification of the disease stage is certainly of utmost im-
portance for monitoring the recurrence and evaluating the 
treatment success over the disease [2]. Taking advantage 
from the continuous scientific discoveries and technical im-
provements novel biochemical pathways have been studied 
by researchers, as well as cell structures potentially relevant 
as targets for the disease treatment. Among these, the pros-
tate-specific membrane antigen is continuously increasing in 
importance as “platform” for the development of specific 
agents for both pharmaceutical and radiopharmaceutical ap-
plications. 

This review proposes to highlight the progress in the de-
sign of PSMA targeted agents for potential use in nuclear 
medicine over 20 years, from the endogenous substrate of 
the enzyme up to the radiopharmaceuticals which reached 
clinical trial setting for PCa imaging and therapy.  

Making a comparison with the parallel research in phar-
maceutical R&D and focusing on molecular docking studies, 
this work is aimed to elucidate the structural features respon-
sible to improve both binding and pharmacokinetic proper-
ties, which permitted to develop the most promising agents. 

2. METHODS 

A literature research of studies on prostate cancer, GCPII 
crystal structure and PSMA inhibitors used in PCa imaging 
and therapy, was carried out in the period 1995-2019. Pub-
Med, SciFinder, and ScienceDirect databases were consulted 
for this purpose. Boolean search criteria included the follow-
ing terms: prostate cancer, PSMA, PET, SPECT, imaging, 
therapy. RCSB protein data bank (PDB) and UCFS Chimera 
were also used for studies of molecular docking on the crys-
tal structure of PSMA. American and European CT data-
bases, ClinicalTrials.gov and Clinicaltrialregister.eu were 
consulted in order to identify radiopharmaceuticals currently 
tested in clinical studies.  

3. ESTABLISHED AND EMERGING NUCLEAR 
MEDICINE MODALITIES FOR THE PROSTATE 
CANCER: THE CENTRAL ROLE OF PSMA 

Current clinical imaging modalities include transrectal ul-
trasonography (TRUS), used for biopsy guidance and 
brachytherapy seed placement, magnetic resonance imaging 
(MRI) and computed tomography (CT) for PCa staging and 
metastatic spread detection and bone scintigraphy for the 
evaluation of bone metastases. These traditional imaging 
techniques suffer from poor sensitivity and specificity for the 
detection of early/subtle recurrence or metastasis, e.g., lymph 
nodes and sclerotic bone metastases [6]. 

More recently, Positron Emission Tomography (PET/CT) 
has gained a significant role in diagnostic imaging of PCa. 
Since [18F]fluoro-deoxyglucose ([18F]FDG), the most widely 
employed radiotracer, has been proved suboptimal in PCa 
diagnosis because of the relatively low glycolytic rate of the 
disease [7], other agents have been investigated and later 
introduced in the daily nuclear medicine practice. 

The most effective PET radiopharmaceuticals in this 
clinical context have been demonstrated to be choline deriva-
tives, in particular [11C]choline and [18F]fluoromethy- 
lcholine, which rationale of use is based on the increased 
phospholipid metabolism in proliferating cancer cells [8]. 
For the detection of primary prostate cancer, [11C]choline 
takes advantage of the lower urinary excretion, which favors 
the observation at the prostatic lodge level. On the other 
hand, its use is affected by the short half-life (20 min) [9] 
and the limited production and use by cyclotron-based facili-
ties. In addition, an undesired overlap with the uptake in 
prostatitis or benign prostatic hypertrophy has been observed 
[10]. Conversely [18F]fluoromethylcholine, allows a more 
comfortable procedure in a large number of PET centers, due 
to the favorable half-life of 110 min. Unfortunately 
[18F]fluoromethylcholine has a higher urinary excretion than 
[11C]choline, which makes more difficult the diagnosis of 
local relapse [9]. 

The emerging tracer [18F]fluciclovine, a synthetic amino 
acid which targets overexpressed multiple sodium-dependent 
and independent channels, seems to outperform labeled cho-
line derivatives in clinical settings. Favorable emitting prop-
erties of fluorine-18 and the minimized urinary excretion 
facilitate the evaluation of the prostate bed and surrounding 
structures including bladder and urethra, making this novel 
radiotracer a valuable tool [11]. However, further investiga-
tion is warranted to validate these recent results and until 
now, [18F]fluoromethylcholine and [11C]choline remain the 
gold standard in PET/CT for patients with recurrent PCa, due 
to the widespread clinical use and the large available litera-
ture. 

Their established use also confirmed some heavy limita-
tions of the method, such the relatively poor sensitivity and 
specificity, especially at low PSA levels and high Gleason 
scores [12], making the development of alternative diagnos-
tic agents an attractive challenge for radiochemists and ra-
diopharmacists.  

More specific markers for the disease than metabolic 
hallmark, including cell surface proteins, glycoprotein, re-
ceptors, enzymes and peptides, have therefore received in-
creased attention during the past years. 

Among a large number of candidates, prostate-specific 
membrane antigen (PSMA) has been studied for more than 
two decades as a model for the development of PCa diagnos-
tic and therapeutic agents. 

PSMA, also known as folate hydrolase I (FOLH1) and 
glutamate carboxypeptidase II (GCPII), is a 750-aminoacide 
type II transmembrane glycoprotein constitutively expressed 
in healthy human tissue such as lacrimal and salivary glands, 
epididymis, ovary, normal human prostate epithelium, astro-
cytes and Schwann cells in the nervous central system (CNS) 
and within the brush border of the jejunum in the small intes-
tine [6, 10, 13]. PSMA exhibits two predominant enzymatic 
activities: the hydrolytic cleavage of γ-linked glutamates 
from poly-γ-glutamyl folate and the proteolysis of the neu-
ropeptide N-acetyl-L-aspartyl-L-glutamate (NAAG) [10]. 

The cleavage of folic acid from poly-γ-glutamyl folate in 
the small intestine, increases the intestinal uptake of folate, 
while the hydrolysis of NAAG to N-acetyl-L-aspartate 
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(NAA) and L-glutamate, modulates neuron-neuron signal 
transduction and facilitates communication between neurons 
and support cells (astrocytes, Schwann cells) [14]. The con-
trol of glutamatergic neurotransmission mediated by PSMA 
inhibition has been proved to be a promising pharmacologic 
approach for the treatment of stroke, amyotrophic lateral 
sclerosis, inflammatory and neuropathic pain and other neu-
rological disorders associated with glutamate excitotoxicity 
[15].  

In addition to its enzymatic functions, PSMA is up-
regulated (1000-fold higher than physiologic levels) [16] and 
strongly expressed in prostate cancer cells, especially in 
hormone refractory PCa, and in the lymph nodes, bone, rec-
tum, and lung metastasized tumor tissues [6, 10, 13, 14]. 

Not least importantly, PSMA is also expressed in the en-
dothelium of tumor-associated neovasculature of multiple 
non-prostatic solid tumor (transitional cell carcinomas, renal 
cell carcinomas, colon, oesophageal, thyroid, lung and brain 
cancer), yet largely absent in the vasculature of healthy tis-
sues [6, 10, 13, 14].  

The dual nature of PSMA to act as a tumor marker as 
well as an enzyme, characterized by an active site in a large 
extracellular domain, boosted the interest for the develop-
ment of molecular probes with high affinity and specificity 
for cancer cell targeting [17].  

Two distinct approaches have been used during the last 
twenty years for targeting PSMA and for the development of 
new radiotracers. In the beginning, the research was mainly 
focused on the macromolecular protein structure of PSMA to 
provide specific monoclonal antibodies directed to an epi-
tope of PSMA.  

More recently with the isolation of the crystal structure of 
PSMA in 2005 [18], a dramatic change in strategy occurred, 
as the enzymatic activity of PSMA served as the trigger for 
the synthesis and the further evaluation of a variety of anti-
PSMA inhibitors of low molecular weight, with the potential 
to be used as nuclear imaging probes and therapeutic agent 
[17]. 

The latter approach is currently the most dynamic and 
generally applied with a large number of agents involved in 
clinical trials although the use of monoclonal antibodies and 
derivatives has been never abandoned, collecting a long ex-
perience of failures and successes and thanks to the more and 
more sophisticated biological techniques.  

4. DEVELOPMENT OF ANTI-PSMA MONOCLONAL 
ANTIBODIES, ANTIBODIES FRAGMENTS AND AP-
TAMERS 

The first PSMA targeted radiotracer to find a clinical ap-
plication has been [111In]capromab pendetide, better known 
with trade mark ProstaScint™. Capromab (7E11-C5) is a 
monoclonal antibody developed by the cell membrane of a 
human prostate cancer cell line, LNCaP [19], functionalized 
with the open chelator diethylenetriaminepentaacetic acid 
(DTPA) and labeled with indium-111 [20]. 

ProstaScint™ was approved by the Food and Drug Ad-
ministration (FDA) in 1997 as an imaging agent for PSMA, 
with the primary indication for use in patients with negative 

bone scans who are at high risk for metastases [8], mainly 
pelvic lymph node metastasis [10]. It has also been em-
ployed in post-prostatectomy patients with rising PSA and 
negative or equivocal standard metastatic evaluation in high 
clinical suspicion of occult metastatic disease [8, 10].  

Although ProstaScint™ showed to be useful for the iden-
tification of recurrent metastatic prostate cancer not detect-
able by conventional anatomic imaging [6], its efficacy is 
hampered by some intrinsic drawbacks that have been limit-
ing its clinical application. 7E11-C5 binds a six amino acid 
sequence on the intracellular epitope that are exposed upon 
cell death. As a consequence, capromab can be effective in 
targeting PSMA only through the disruption of the cell 
membrane, which typically occurs in states of necrosis and 
apoptosis. In tissues such as bone, where access to the target 
is even more limited than in soft tissue, ProstaScint™ has 
proved unable to reliably detect metastases [10]. In addition 
[111In]capromab pendetide exhibits a long blood clearance 
and a marked retention in the liver, kidney, and other non-
prostate sites, especially in the lower abdomen and pelvis, 
which creates background signal that often masks the pros-
tate [10].  

Other monoclonal antibodies and antibody derivatives 
targeting PSMA have been tested as a second generation 
class of agents with improved kinetic properties beyond 
ProstaScint™ [6], and among these, J591 has been by far the 
most widely investigated. This de-immunized monoclonal 
antibody binds with high affinity to viable cells expressing 
PSMA on the outside of the cell membrane, overcoming the 
capromab major constraint [10].  

The conjugation with 1,4,7,10-tetraazacyclododecane-
1,4,7,10- tetraacetic acid (DOTA), a cyclic chelator suitable 
for the stabilization of a large variety of radiometals, allowed 
the use of J591 for both imaging and therapeutic purpose. 
Functionalized J591 antibody has been successfully radiola-
beled with 111In,99mTc and 89Zr for imaging and with 
90Y,177Lu and 225Ac for therapy [21-24]. 

Unfortunately, similar to ProstaScint™, an undesired up-
take in non-target organs (such as liver, kidneys, and spleen 
which is a common distribution pattern for antibodies) has 
been observed [22]. Despite the general advancements anti-
body-mediated imaging confirmed to endure from intrinsi-
cally suboptimal pharmacokinetics including poor tumor 
penetration and slow clearance from normal tissues, that 
produce significant background radioactivity [25]. Other 
significant drawbacks are the high cost associated with their 
production and conjugation with a suitable chelating system, 
as well as a problematic labeling chemistry [26]. 

A common strategy to optimize the pharmacokinetics of 
the monoclonal antibodies is to reduce the overall dimension 
generating antibody fragments with a maintained affinity for 
the epitopes, such as minibodies or nanobodies [17]. IAB2M, 
an 80-kDa minibody genetically engineered from the anti-
body J591 faced at the clinical status [27]. A phase I dose-
escalation study (ClinicalTrials.gov, NCT02349022) with 
89Zr-desferrioxamine-IAB2M ([89Zr]IAB2M), in patients 
with metastatic prostate cancer showed a favorable biodis-
tribution and the ability to target both bone and soft-tissue 
lesions [28]. 
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Nanobodies contain antibody-derived fragments of 15 
kDa (typically the variable domain of heavy chain antibod-
ies) that largely retain the specific antigen binding properties 
of the original antibodies, but with more rapid pharmacoki-
netics and lower immunogenic potential [27]. Several nano-
bodies radiolabeled with 99mTc have been tested and com-
pared for cell binding as internalization, as well as in vivo 
distribution, on PSMApos LNCaP and PSMAneg PC3 cell lines 
and tumor-bearing xenografts [29]. 

Among these nanobodies, PSMA30 stands out for the 
specific recognition of cell-expressed PSMA, the efficient 
internalization, the fast clearance and relatively high uptake 
in PSMA-positive tumors, thus generating high tumor-to 
organ ratios [29]. 

Another strategy for overcoming the general poor phar-
macokinetics of antibodies relays in the use of aptamers as 
PSMA targeting agents [10]. Aptamers are short DNA, RNA 
or peptide oligomers able to assume a specific and stable 
three-dimensional shape in vivo. They exhibit high affinity 
and specificity for the target, similar to antibodies, achieved 
by a three-dimensional conformation complementary to the 
epitope surface [27]. Consisting of 8-15 kDa weight, aptam-
ers are close in size to peptides (1-5 kDa) and slightly 
smaller than single-chain variable-fragment antibodies 
(scFvs, 25 kDa) [30, 31].  

Recently, two synthetic RNA aptamers, A9 and A10, 
able to bind the extracellular portion of PSMA with low 
nanomolar affinity, have been developed and evaluated as 
potential specific targeting agents of prostate cancer [32]. 
The small size and polyanionic nature of aptamers lead to 
rapid blood clearance and tissue uptake and minimize the 
persistence in liver and kidney, thus it is believed to provide 
some potentially useful features for imaging and radiother-
apy [31]. 

5. PSMA INSIGHT: DESIGN OF SMALL-LIGANDS 
WITH AN AFFINITY FOR THE ENZYMATIC 
POCKET  

Low-molecular-weight ligands have several advantages 
over antibodies, which are more frequently used for specific 
cell targeting. Small ligands are generally easy to prepare on 
a large scale, display favorable pharmacokinetic properties 
(such as bioavailability, biological half-life, etc.), and might 
also penetrate the blood-brain barrier. A great number of 
potent (below nanomolar) inhibitors have been developed 
from the insight of PSMA enzymatic pocket [14]. 

The isolation of PSMA crystal structure was a crucial 
discovery, providing an un-precedent understanding of the 
critical interactions of potent agonists and antagonists within 
the active site. PSMA belongs to the superfamily of zinc-
dependent exopeptidases and it consists of a symmetric di-
mer with each polypeptide chain containing three domains 
(Fig. 1A) a protease domain (residues 56-116 and 352-591), 
an apical domain (residues 117-351), and a helical domain 
(residues 592-750). A large cavity at the interface between 
the three domains contains the dinuclear zinc(II) active site 
[18]. The two zinc ions, separated by almost 3.2 Å, are each 
coordinated by three endogenous aminoacidic ligands  
(Fig. 1B) the catalytic Zn2+ is coordinated by His-553 and 

Glu-425, while the co-catalytic Zn2+ is engaged by His-377 
and Asp-453. The Asp-387 side chain bridges both zincs in a 
bidentate state. The presence of the bridging hydroxide anion 
is of utmost importance for the PSMA enzymatic properties 
(at the distance of 1.79 Å and 2.26 Å from the co-catalytic 
and catalytic zinc, respectively) and the Glu-424 proton shut-
tle [13, 33]. 

The substrate binding cavity might be simply described 
as a funnel-shaped accessory tunnel [6] terminated at the 
bottom by a bulging pharmacophore pocket (S1' pocket) 
(Fig. 1C) [33], but an extensive description is needed to help 
in understanding the reasons which lead to the design of 
chemical scaffolds in the development of new PSMA tracers. 

The pharmacophore pocket S1’ has high affinity for glu-
tamate and glutamate-like chemical moieties, as demon-
strated by the known natural GCPII substrates (NAAG and 
folyl-poly-γ-glutamates), which includes a glutamate as the 
C-terminal residue. As consequence, many PSMA-specific 
inhibitors have been developed from the glutamate (or 
NAAG) scaffolds [13] and the molecule region, which inter-
act with the S1’ pocket is conventionally named as P1’ 
group. 

The internal cavity can be shielded from the external 
space by the entrance lid, a flexible loop containing amino 
acids Trp-541 and Gly-548. Crystallographic studies re-
vealed two major conformations of the entrance lid, defined 
as open and closed. The transition between the two confor-
mations is enabled by flipping of the peptide bond between 
Asn-540 and Trp-541 at one hinge, and flexibility of  
Gly-548 at the other one [33]. 

In the closed conformation the entrance lid forms a 
capped precluding communication between the enzyme inte-
rior and the external space, thus hampering any interaction 
with the zinc active site. On the contrary the open conforma-
tion is observed in GCPII complexes with inhibitors featur-
ing extended moieties, where the closed conformation would 
be sterically prohibited due to the interference of bulky in-
hibitor moieties [33].  

The S1 pocket, defined as the “non-pharmacophore 
pocket”, encompasses the whole funnel from its narrow  
(approximately 8 Å) base at the active-site zinc ions to the 
funnel rim or entrance lid residues in closed conformation 
[33-35]. This includes an extended, positively charged  
surface area termed the "arginine patch", which is a spatial 
arrangement of three arginines (Arg-463, -534, and -536), 
clustered within 4.5 Å of each other and located 6-12 Å from 
the nearest zinc ion [18].  

The arginine patch is supported by the presence of a chlo-
ride ion that stabilizes the side chain of Arg-534 in an invari-
ant, though energetically unfavorable, ‘all-gauche’ confor-
mation. Differently the remaining arginine residues are char-
acterized by positional variability, thus becoming an attrac-
tive feature for the inhibitor design [33]. 

The Arg-536 side chain can adopt two distinct conforma-
tions referred to as “stacking” in the ligand-free form of the 
enzyme and “binding” when a ligand (inhibitor or substrate) 
is bound. The transition between these two states is associ-
ated with the Arg-463 side chain switch, defined as “up” and 
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“down” positions [34]. The binding conformation of Arg-
536 and the simultaneous relocation of the Arg-463 side 
chain form the S1 hydrophobic accessory pocket (previously 
hidden) of 7 Å x 8.5 Å x 9 Å [33]. 

The third and last prominent structural feature that can 
play an important role in interactions with GCPII ligands is 
the arene-binding site (ABS), a simple structural motif 
shaped by the side chains of Arg-463, Arg-511, Trp-541 and 
part of the GCPII entrance lid. The arene-binding site to-
gether with the hydrophobic accessory pocket, determines 
the structural plasticity in the S1 site/entrance funnel of 
GCPII [35]. 

With these premises pharmaceutical and radiopharma-
ceutical R&D addressed their strength many small molecule 
substrates and inhibitors with high specificity for the enzyme 
pocket S1’. 

In the beginning, efforts regarded extensive structure-
activity relationships (SAR), mainly aimed at identifying 
suitable substitutions of the terminal glutamate that would 
improve the physicochemical and biologic features of target 
ligands. However, all such substitutions have failed to pro-
vide viable leads and instead have resulted in compounds 
with substantially lower PSMA affinities.  

Consequently, the research of low molecular weight 
ligand shifted from the modification of glutamate itself to a 
more comprehensive approach: the development of a suitable 
zinc binding coordinating motif preserving the glutamate or 
including a glutamate isostere. 

Three families of compounds are herein presented and 
discussed: (1) phospho(i)nate compounds and thiols; (2) glu-

tamate-phosphoramidates; and (3) glutamate-ureido deriva-
tives (Fig. 2) [10].  

At first, among phospho(i)nate and thiol derivatives, new 
molecular entities with a PSMA specific interaction were 
developed by academies and pharmaceutical industry for 
applications other than nuclear medicine, as a milestone for 
further advancements.  

Glutatamate-phophoramidate and ureido-based PSMA 
inhibitors have been studied for nuclear medicine applica-
tion. Among these compounds, the ureido-based inhibitors 
are currently the most employed PSMA-targeting agents 
both for imaging and therapeutic applications [36]. 

Considering the utmost importance of the latter group of 
compounds, further classification is proposed, guiding the 
reader among the discovery of the most employed labeled 
compounds. Among them, special mentions are dedicated to 
fluorine-18 derivatives and the agents for conventional imag-
ing, as well as for gallium-68 compounds which paved the 
way towards the endotherapy applications.  

6. PHOSPHO(I)NATE AND THIOL-BASED INHIBI-
TORS 

In the early 2000s studies on GCPII inhibitors aimed to 
find a treatment for neurological disorders associated with 
glutamate excitotoxicity [37-39].  

Based on the substantial evidence that GCPII is a metal-
lopeptidase, pharmaceutical researchers originally focused 
on the synthesis of small molecules containing functional 
groups with known capability to inhibit metallopeptidases, 
such as hydroxyphosphinyl derivatives, thiol derivatives, and 
hydroxamic acids [37].  

 

Fig. (1). Crystal structure of human GCPII homodimer. A, the surface rendering shows protease domain (green), apical domain (blue), heli-
cal domain (yellow) and the active-site zinc ions (red spheres). PSMA active-site is encircled. B, interactions of zinc ions (purple spheres) 
with water (red sphere) and residues lining the active site of PSMA. C, internal cavity of human GCPII: surface representation of the S1’ 
pocket (yellow), the active-site (green), the arginine patch (cyan) and the entrance lid (orange) (realized by UCSF Chimera, PDB code 
1Z8L).
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Among these compounds, 2-(phosphonomethyl)pentan- 
edioic acid (2-PMPA) showed the highest pharmacologic 
activity, more than 1000 folds potent than previously de-
scribed inhibitors [37]. Its exceptional efficacy is attributed 
to the strong chelation of the phosphonate group to the zinc 
ion active-site, as well as the interaction of the glutarate 
(pentanedioic acid) moiety of the inhibitor (P1’ region) with 
the glutamate recognition site of GCPII (S1’ pocket) [38]. 

Despite the optimal premises as a candidate for the in-
hibitor of the enzyme, penetration into the brain through the 
blood-brain barrier was found to be limited, likely hampered 
by the polar nature of 2-PMPA. In order to obtain more lipo-
philic compounds and hopefully, a more favorable pharma-
cokinetics profile, extensive SAR studies using 2-PMPA as a 
template were carried out, generating a new class of potent 
phosphinate-based inhibitors of GCPII [39]. The relatively 
poor pharmacokinetics of these compounds and their limited 
potential as therapeutics, induced researchers to shift their 
efforts on different classes of molecules with an enhanced 
oral bioavailability [38]. Considering that thiols are among 
the most extensively and successfully studied metalloprote-
ase inhibitors, as showed by inhibitors of angiotensin con-
verting enzyme (e.g. captopril), studies were driven in order 
to replace the phosphonomethyl group of 2-PMPA with 
thioalkyl groups [38].  

These investigations led to the development of 2-
(thioalkyl)pentanedioic acids and other analogues. The 
GCPII inhibitory potency of these compounds was found to 
be dependent on the number of methylene units between the 
thiol group and pentanedioic acid [38].  

From this initial lesson after the above mentioned studies 
on phosphonate-, phosphinate- compounds and thiols at least 
two features are essential for the development of potent in-
hibitors of PSMA: a strong zinc binding group for the inter-
action with the active-site of the enzyme and a glutarate 
moiety in the P1’ position for the binding with the S1' pocket 
[15]. Certainly much work needs to be done for approaching 
at an efficient drug discovery, but all these information have 
been useful for the design of the other class of inhibitors.  

7. GLUTAMATE-PHOSPHORAMIDATE INHIBITORS 

The identification of the hydrophobic accessory pocket 
using a series of phenylalkylphosphonamidate derivatives of 
glutamic acid as hydrophobic probes, inspired the explora-
tion of substituted phosphoramidates as transition-state ana-
log inhibitors of PSMA [40]. 

As previously mentioned above, a glutamate residue at 
P1' appears essential to ensure the interaction between the γ-
carboxylate and Asn-257 and Lys-699, as well as the α-
carboxylate group with Arg-210 [40]. 

The incorporation of the phosphoramidate function, as a 
zinc-coordinating group for the PSMA active site, was ob-
served to promote the binding affinity if compared to phos-
phonates and phosphinates. This is likely due to the presence 
of two additional hydrogen bonds between the phosphorami-
date nitrogen and carboxylate of Glu-424 and the Gly-518 
carbonyl oxygen, respectively [35]. P1′ glutamate residue 
and the phosphoramidate showed to be critical for ensuring 
the binding, the P1 group (which specifically interacts with 
the S1 pocket) was found to be important to define the 
PSMA inhibition level [40]. 

Liu et al. [41] demonstrated that inhibitors including a 
hydrophobic residue and a carboxylate in the P1 moiety ex-
hibit pseudo-irreversible inhibition of PSMA activity, while 
phosphoramidate peptidomimetics lacking either a P1 car-
boxylate or hydrophobic group exhibit a moderately reversi-
ble inhibition.  

In the details, as revealed by docking studies, the pres-
ence of a P1 hydrophobic group induces π-stacking or hy-
drophobic interactions with nearby aromatic residues (Tyr-
234, Tyr-549, Tyr-552 and Tyr-700) while the P1 carboxy-
late provides an additional interaction with Arg-536 [40, 41]. 

An irreversible binding profile is desirable because it 
might induce a higher rate of internalization than weaker 
interaction and consequently, rapid in vivo tumor uptake 
after the administration and greater contrast with the back-
ground tissues [42]. Conversely, reversible binding may ex-
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plain the tumor washout over several hours observed with 
urea-based inhibitors [43]. 

As an exception to the above criteria based on in silica 
studies, CTT54 is an interesting inhibitor lacking a hydro-
phobic residue in the P1 moiety, but including a glutamate 
residue linked by the γ-carboxylate to the serine via the pep-
tide bond. Despite its intrinsic flexibility, the γ-glutamate 
linker position is defined by a network of interactions with 
residues lining the GCPII binding cavity (Fig. 3). In addition, 
the free N-terminal group allows CTT54 conjugation with 
groups with different physicochemical characteristics leading 
to the increase of inhibitor affinity towards GCPII [35].  

Several CTT54 derivatives have been radiolabeled with 
18F and 99mTc in order to obtain potential PET [42-44] and 
SPECT [45] imaging agents for PCa respectively.  

Ganguly et al. synthesized a promising derivative 
[18F]CTT1057 including a p-Fluorobenzoyl-aminohexanoate 
and a 2-(3-hydroxypropyl)glycine into the PSMA-targeting 
scaffold. X-ray crystallography revealed π-stacking and 
π−cationic interaction of the fluorobenzamido (FB) ring 
with the Arg 511/Try 541 and Arg 463 residues, at the 
arene-binding site (ABS) (Fig. 3). This additional and pe-
culiar interaction was thought to be responsible for en-
hanced PSMA affinity and favorable in vivo characteristics 
of this radiotracer compared to other previous reported 
[42]. 

A series of FB ring-containing compounds derivative of 
CTT1057 were designed in order to further understand the 
SAR of phosphoramidates respect to the interactions within 
the ABS and to evaluate their corresponding in vivo pharma-
cokinetics and biodistribution [43]. 

Detailed information regarding the modality of interaction 
was collected, however, [18F]CTT1057 remained the most 
prominent tracer of this class, due to its optimal binding, tumor 
uptake and retention, and remarkable tumor-to-blood ratios. 

A phase I study (ClinicalTrials.gov, NCT02916537) is al-
ready completed in patients with prostate cancer prior to 
radical prostatectomy and in patients with metastatic castra-
tion resistant prostate cancer (mCRPC). [18F]CTT1057 de-
tected mCRPC lesions in the soft tissue and bone at greater 
sensitivity than conventional imaging and showed similar 
biodistribution to ureido-based PSMA-targeted agents, with 
preliminary evidence of lower uptake in the salivary gland 
and kidney [46]. 

8. GLUTAMATE-UREIDO-BASED INHIBITORS  

Glutamate-ureido (Glu-ureido) based inhibitors are by far 
the most explored class of PSMA agents. Several radio-
ligands have already entered advanced clinical settings both 
in diagnosis and in therapy, although to date a full approval 
by regulatory authorities has not yet reached neither in 
Europe nor in USA.  

 

Fig. (3) contd…. 
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Inspired by NAAG structure, Kozikowski et al. designed 
and synthesized a dually acting ligand, 4,4′-phosphinicobis-
(butane-1,3-dicarboxylic acid), which acts both as a selective 
agonist for the metabotropic glutamate receptor (mGluR3) 
and as a potent inhibitor of GCPII [47]. From this lead com-
pound, the phosphinic core H2P(O)(OH)CH2, was replaced 
by an ureido group [47] in order to mime a planar peptide 
bond of a GCPII substrate, such as NAAG, but with im-
proved resistance to enzymatic hydrolysis [34]. 

Based on this design framework N-[N-[(S)-1,3-dicarboxy- 
propyl]carbamoyl]-(S)-[11C]methyl-L-cysteine ([11C]DCMC) 
has been the first reported radiolabeled inhibitor [6].  

The constraints due to the short physical half-life of car-
bon-11, suggested to shifting towards radioligands contain-
ing a different radioisotope. Therefore, [11C]DCMC has been 
rapidly followed by N-[N-[(S)-1,3-dicarboxypropyl]carba- 
moyl]-(S)-3-[125I]iodo-L-tyrosine ([125I]DCIT), a SPECT 
tracer more suitable for clinical application. Iodide-125 (t1/2 
= 59.49 days) was chosen for its low cost and availability 
[25], and more interestingly, because its labeling chemistry 
can be easily switched to Iodide-123 or Iodide-124 for hu-
man SPECT or PET, respectively [7], or to iodide-131 for a 
theragnostic approach. 

Both [11C]DCMC and [125I]DCIT exhibited specific up-
take in human prostate cancer xenografts thus generating 

attention for this class of new compounds, and for its great 
potential for nuclear medicine applications [48]. These first 
results promoted the development of other Glu-ureido-based 
inhibitors, which came in quick succession without a break 
during the following years. 

8.1. Fluorine-18 Glu-Ureido Based Derivatives 

[18F]fluorobenzyl-derivative of DCMC, N-[N-[(S)-1,3-
dicarboxypropyl]carbamoyl]-(S)-4-[18F]fluorobenzyl-L-
cysteine or [18F]DCFBC, was synthesized in order to exploit 
the characteristics of fluorine-18 for clinical translation. 
[18F]DCFBC enabled visualization of PSMA positive PC3 
PIP tumor xenografts with negligible non-target organ up-
take, except for kidney and limited radioactive accumulation 
within the bladder [6].  

Unfortunately, a relevant [18F]DCFBC drawback is the 
strong binding with serum proteins, determining a long 
blood clearance time, which reduces tumor-to-background 
ratio [49]. 

A second generation agent, the 2-(3-{1-carboxy-5-[(6-
[18F]fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-
pentanedioic acid, known as [18F]DCFPyL, was developed to 
overcome this limitation [50]. It contains a 6-[18F]fluoroni- 
cotinamido group on a lysine-glutamate urea and demon-
strated not only a lower permanency in the blood pool, but 

 

Fig. (3). CTT54 (PDB code 4P4B) and CTT1057 (PDB code 4JYW) interactions with the main residues lining the internal cavity of human 
GCPII. Inhibitors are coloured in red; the S1’ pocket residues in yellow; the active site in green; the arginine patch in cyan and the entrance 
lid in orange. All the residues and the ligands are in stick representation. The figure shows the CTT1057 interactions with the ABS residues 
inside the entrance lid, responsible of the its enhanced PSMA affinity (realized by UCSF Chimera).
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also a substantially greater binding affinity for PSMA and a 
higher tumor uptake, if compared to [18F]DCFB [50, 51]. 

DCFBC and DCFPyL, as well as DCMC and DCIT 
structures belong to the same class of non-hydrolysable ana-
logues of NAAG, which differ for the N-acetylaspartate 
moiety replaced by four different side chains.  

The common features and the peculiarities of interaction 
for each compound within the enzymatic pocket have been 
highlighted through SAR studies using recombinant human 
GCPII (rhGCPII) (Fig. 4) [34]. 

First, the interactions of α- and γ-carboxylate groups of 
the urea inhibitors with the side chains of amino acids in the 
S1’ pocket are virtually identical to those observed for com-
plexes of rhGCPII with free glutamate and phospho(i)nate 
analogues of glutamate/NAAG. This observation confirms 
that the S1′ pocket is “optimized” for glutamate binding, and 
glutamate-like residues are the best choice if positioned at 
the C-terminus of GCPII inhibitors.  

Secondary the active-site re-arrangement of the rhGCPII-
ureido complexes reflects the situation of the native rhGCPII 
(E424A)/NAAG complex with the distance between the two 
active-site zinc ions ~3.3 Å and an activated water molecule 
positioned symmetrically in between them (2.0 Å). This 
finding validates the prediction of the urea biostere as a sur-
rogate of the peptide bond. 

In conclusion, the C-terminal glutamate and the ureido 
group of all four inhibitors structurally overlap and the dif-

ferent behaviors are related to some substantial differences 
within the S1 “hydrophobic pocket” of the enzyme.  

The only common feature of the S1 sites in the four com-
plexes concerns the interactions of the P1 carboxylate with 
the side chains of Asn-519, Arg-534 and Arg-536 and two 
water molecules. Except for the P1 methylcysteine side chain 
of DCMC for which no significant interactions into the “hy-
drophobic pocket” of the S1 pocket were observed, DCIT, 
DCFBC, and DCIBzL showed a phenyl ring as a terminal 
part of their P1 side chain. They differ in the length of the 
linker connecting the ring to the ureido group: the linker in 
DCIT consists of only one methylene group, while those of 
DCFBC and DCIBzL include three and six methylene 
groups, respectively. Consequently, the phenyl groups of 
DCFBC, and especially of DCIBzL, have more positional 
freedom and could extend further into the hydrophobic 
pocket of S1 site (Fig. 4). 

[18F]DCFBC application has been investigated in a  
limited number of Clinical trials (ClinicalTrials.gov, 
NCT01417182, NCT01815515, NCT01496157, NCT02190279) 
[49, 52, 53], while [18F]DCFPyL is by far the most studied 
being used in more than 30 ongoing studies. 

More recently, a novel fluorinated compound with a dif-
ferent rationale in the design, and peculiar biological proper-
ties, has been introduced in the clinical setting. [18F]PSMA-
1007 development is based on the chemical structure of 
PSMA-617 (which will be discussed later) (Fig. 5). It shares 
the Glu-urea-Lys motif targeting the PSMA enzymatic 

 

Fig. (4). Hydrophobic accessory pocket of GCPII in complex with DCMC, DCIT, DCFBC and DCIBzL (realized by UCSF Chimera. PDB 
code 3D7G, 3D7F, 3D7D, 3D7H). Pocket residues (R463, R534, R536, D465, E457) are shown as spheres (cyan) and inhibitors are in stick 
representation (red). The figure shows the Arg-463 side chain switch from “down” to “up” position in DCFBC and DCIBzL structures, due 
to the presence of longer P1 spacer.
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pocket S1’ and the naphthalene-based linker region consid-
ered to co-target the hydrophobic accessory pocket S1. The 
main difference relies on the radiolabel-bearing moiety, 
where two glutamic acids were added to mimic the carbox-
ylic acid groups of the DOTA chelator [54]. 

The ligand showed promising binding and internalization 
properties in vitro as well as high and specific uptake in vivo 
[55]. Furthermore, PSMA-1007 presents a unique biodis-
tribution compared to the other known PSMA-ligands, be-
cause excretion follows almost exclusively the hepatobiliary 
pathway. This might represents facilitation in the differentia-
tion of lymph node metastases of recurrent PCa from urinary 
activity or for the differentiation of local relapse from the 
urinary bladder [56, 57]. [18F]PSMA-1007 might also be 
ideally used as a theragnostic match pair with [177Lu]PSMA-
617, thanks to chemical structure and in vivo distribution 
similarities. Further studies will define the importance of this 
radioligand, which appears very promising for an application 
in the clinical setting [55, 56, 58, 59].  

8.2. Glu-Ureido Based Derivatives for Nuclear Medicine 
Conventional Imaging 

During the last decade, researchers turned their attention 
to modifications at the linker/functional spacer/effector por-
tion of Glu-ureido based ligands [36]. Unlike the constricted 
S1' glutamate recognition pocket, the entrance funnel is able 
to accommodate several chemical groups with different ca-
pabilities of modulating the binding affinities. The amino-
hexanoyl moiety was typically used as the proximal segment 
of the linker to form 2-[3-(5-amino-1-carboxy-pentyl)-
ureido]- pentanedioic acid (Lys-C(O)-Glu- or KuE) deriva-
tives [7]. Its flexibility enables “optimized positioning” of 
coupled functional spacers or effector moieties within the 
amphipathic entrance funnel. Additionally, the engagement 
of these moieties with structurally defined pockets in the 
entrance funnel is facilitated (i.e. for the S1 accessory hydro-
phobic pocket or the arene-binding site), thus contributing to 
the increased affinity of such PSMA ligands [36]. 

The conjugation between the KuE linker and suitable ra-
diolabeled prosthetic groups (4-[125I]iodo-benzoyl, 4-
[18F]fluoro-benzoyl and the 5-[125I]iodo-3-carbonyl-pyridine) 
by the reaction on the ε-amino group of lysine, led to the 
development of several radiohalogeneted agent both for 
SPECT and PET imaging, as described by Chen et al. [7]. 

MIP-1072 ((S)-2-(3-((S)-1-carboxy-5-(4-iodobenzylamino) 
pentyl)ureido) pentanedioic acid) and MIP-1095 ((S)-2-(3-
((S)-1-carboxy-5-(3-(4-iodophenyl)ureido)pentyl)ureido) 
pentanedioic acid) (Fig. 6) [48] were identified as potential 
ligands for targeting PSMA, indicating a new direction to-
wards the development of clinically viable labeled PSMA 
agents.  

The labeled derivatives [123I]MIP-1072 and [123I]MIP-
1095 showed a rapid detection of lesions in soft tissues, 
bone, and prostate gland in patients with histopathology or 
radiologic evidence of metastatic PCa [60]. The excellent 
affinities (very low nanomolar) and selective binding exhib-
ited by this class of new inhibitors led to investigate the fea-
sibility in developing 99mTc-labeled urea-based inhibitors as 
PCa imaging agents [61]. 

99mTc remains the radionuclide of choice for scintigraphy 
because of its favorable physical properties (t1/2 = 6h), low 
cost, and widespread availability. Several 99mTc-PSMA 
agents including the KuE motif were developed and tested. 
Structural variations involved (a) the length of the linker 
between the chelator and the amide carbonyl attached to the 
lysine moiety, (b) the nature of chelator, (c) the presence of a 
second amide group between the chelator and the first am-
ide-to the lysine moiety, and (d) the presence of a carboxyl 
group either adjacent to the chelator or to the second (linker) 
amide group [62]. 

Moreover from in vitro binding studies emerged the need 
to insert a functionalized methylene linker (>20 Å), long 
enough to preserve the urea moiety binding to the active site 
and keeping the bulky metal chelated part on the exterior of 
the enzyme [61, 62]. 
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At least three different class of 99mTc complexes were de-
veloped to investigate the chelator impact on the biodistribu-
tion and PCa tumor uptake, including 99mTc(I)tricarbonyl core 
([99mTc(CO)3]

+) using hydrophilic ligands, 99mTc(V)-oxo 
([99mTcO]3+) core via traditional NxSy-based chelating agents 
and 99mTc(III)-organohydrazine(99mTc-hynic) - labeling [63]. 

The most successful class of 99mTc-PSMA agents was 
developed by Hillier et al. whom synthesized and evaluated 
a series of novel Single-Amino-Acid Chelators (SAACs), 
including carboxylic acid-substituted imidazoles, with im-
proved pharmacokinetic properties [64].  

The Glu-urea-Glu or Glu-urea-Lys pharmacophores were 
conjugated with two different SAACs, CIM (2,2'-(2,2'-
(azanediylbis(methylene))bis(1H-imidazole-2,1-diyl)) diace-
tic acid) and TIM (2,2',2'',2'' '-((2,2'-(2,2'-(azanediylbis 
(methylene))bis(1Himidazole-2,1-diyl))bis(acetyl))bis(azan- 
etriyl)) tetraacetic acid). The resulting ligands were then ra-
diolabeled with technetium-99m tricarbonyl core: the struc-
tures of [99mTc]MIP-1405 and [99mTc]MIP-1427 incorporate 
the CIM chelate, while the structures of MIP-1404 and MIP-
1428 contain the TIM chelate (Fig. 7). 

All compounds exhibited high affinity and specificity for 
PSMA and internalization upon binding to PSMA in LNCaP 
cells. However the more hydrophilic TIM chelate, containing 
an additional carboxylic acid group with respect the CIM 
structure, was synthesized in order to enhance renal clear-
ance and further decrease of non-target signal [64].  

Among the examined compounds, [99mTc]MIP-1404 dis-
played the best performances as diagnostic agents, becoming 
a promising candidate for approaching to a clinical applica-
tion [64]. [99mTc]MIP-1404, also known as Trofolastat™, has 
been investigated in several clinical trials resulting as the 
first PSMA imaging agent to finalize phase 3 clinical trials 
(ClinicalTrials.gov, NCT02615067). It is therefore expected 
that [99mTc]MIP-1404 (Trofolastat), available as a “techne-
tium instant kit”, will be likely launched on the market very 
soon. 

8.3. Gallium-68 Glu-Ureido Based Derivatives 

The successfully experience with the Lys-Urea-Glu moi-
ety have been also extended towards the development of 

68Ga-based PET agents for PCa imaging [65]. In recent 
years, gallium-68 has gained importance in molecular imag-
ing due to the favorable emitting properties, the established 
Ga3+ coordination chemistry and the widespread presence 
of68Ge/68Ga generator in radiopharmacies [66]. A number of 
chelators are currently used for gallium-68 stabilization and 
the concomitant conjugation with carrier molecules for clini-
cal and preclinical diagnostics, as well as in therapeutics 
[67]. 

Among these, DOTA is still considered the gold standard 
for gallium-68 because of its availability, flexibility and a 
well-known coordination chemistry [66]. Banerjee et al. syn-
thesized two [68Ga]DOTA-conjugated PSMA inhibitors, 
differentiated by the linker between the Lys-Urea-Glu moi-
ety and the chelator with maintained specificity for the 
PSMA enzymatic pocket. Similarly to the case of technetium 
PSMA agents, the presence of the linker is recognized as 
critical to direct the gallium complex through the 20 Å tun-
nel away from the active site [65]. This is not just because of 
the structural requirements of the S1 hydrophobic pocket, but 
also for the considerable dimension of the whole metal com-
plex, which is clearly bulky if compared with a radiohalogen.  

A compromise in between the structural manipulation of 
the linker and the stabilization of the gallium-metal core has 
been achieved with the design of new ligands, implemented 
with the more efficient chelator, but less explored, HBED-
CC (N,N'-Bis[2-hydroxy-5-(carboxyethyl)- benzyl]ethylen- 
ediamine-N,N'- diacetic acid) [67]. 

Due to its capability to enhance the overall lipophilicity 
of the resulting radioligand, which corresponds to increased 
binding properties, HBED-CC became quickly the chelator 
of choice for gallium-68 based PSMA tracers [26].  

The most prominent example of PSMA-specific agent is 
the amphiphilic tracer [68Ga]PSMA-11 (also known as 
[68Ga]PSMA-11 or [68Ga]Glu-Urea-Lys(Ahx)-HBED-CC), 
consisting of the urea-based pharmacophore and the 
[68Ga]HBED-CC complex (Fig. 8), able to directly interact 
with the hydrophobic binding pocket S1.  

[68Ga]PSMA-11 exhibited a similar binding affinity if 
compared to the two [68Ga]DOTA-PSMA inhibitors previ-
ously reported, but a concomitant reduced non-specific bind-
ing and considerable higher internalization in LNCaP cells 
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[67]. Hydrophobic interactions of aromatic residues of 
HBED-CC complex seem to be responsible for the improved 
binding properties of [68Ga]PSMA-11, while the rate of in-
ternalization depends on the conformational changes of 
PSMA induced by inhibitor binding at the S1’ pocket.  

All these in vitro evidences were also confirmed by in 
vivo studies, where the radiolabeled compound exhibited fast 
blood and organ clearances, low liver accumulation, and 
high specific uptake in PSMA expressing organs and tumor 
[67]. 
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In addition to the optimal kinetic performances, there are 
some technical aspects which corroborate the use of 
[68Ga]PSMA-11 in the clinical practice. PSMA-11 can be 
easily radiolabeled with 68Ga(III) at room temperature in few 
minutes in high yield and purity [6], using remote controlled 
synthesizers or “instant kits”, which have been already de-
veloped although not yet commercially available. 

As a major consequence [68Ga]PSMA-11 has been 
largely investigated as a diagnostic agent in all stages of PCa 
and it is notably that a monograph for [68Ga]PSMA-11 is 
currently under evaluation by the European Pharmacopoeia 
(EDQM, European Directorate for the Quality of Medicine), 
pending for final approval hopefully within the next year.  

8.4. Glu-Ureido Based Derivatives for Nuclear Medicine 
Endoradiotherapy  

Despite [68Ga]PSMA-11 proved to be a successful tracer 
for PET imaging, the employed ligand PSMA-11 is not suit-
able for radiolabeling with therapeutic radiometals such as 
177Lu or 90Y [68]. In order to overcome this constraint, 
Benešová et al. reported the synthesis and preclinical evalua-
tion of PSMA-617, a theragnostic ligand, in which the chela-
tor DOTA was conjugated to the pharmacophore Glu-urea-
Lys by a naphthalic spacer [68]. The study showed that the 
insertion of the naphthyl function in the linker has a signifi-
cant impact on the tumor-targeting, as well as on the phar-
macokinetics, thus resulting in an improved imaging con-
trast. Regarding the therapeutic applications, at the beginning 
mainly with lutetium-177, the high binding affinity and in-
ternalization, together with a prolonged tumor uptake and 
rapid kidney clearance suggested that PSMA-617 repre-
sented a marked advance if compared with previously pub-
lished DOTA-based PSMA inhibitors. In summary, PSMA-
617 seems to be more suitable for endoradiotherapy (ERT) 
because of its higher tumor uptake at later time points, lower 
spleen accumulation, and highly efficient clearance from the 
kidneys [68]. 

[177Lu]PSMA-617 has been evaluated in phase I studies 
for its dosimetry, safety, and efficacy as a diagnostic agent, 
as well as response and tolerability in its therapeutic applica-
tion [69-72]. Its use for radionuclide treatment in metastatic 
castration-resistant PCa has been considered promising, par-
ticularly in patients with a progression of the disease after 
standard treatments [71, 72]. PSMA-617 is being commonly 

investigated due to its versatility for both diagnostic (with 
gallium-68 and fluorine-18, see the development of PSMA-
1007 described before) and therapeutics. 

However, some studies have demonstrated a general 
lower tumor uptake, mainly if compared with HBED-CC 
chelated agents [67]. 

In order to further improve ligand pharmacokinetics and 
obtain labeled derivatives with higher affinity, a Lys-Urea-
Glu (KuE) scaffold coupled to the spacer Phe-Phe-Lysine-
suberoyl (L-amino acid spacer, FFK-Sub), was functional-
ized with the chelator 1,4,7,10-tetraazacyclododececane,1-
(glutaric acid-4,7,10-triacetic acid (DOTAGA), termed DO-
TAGA-FFK(Sub-KuE) [73]. 

[68Ga]DOTAGA-FFK showed a fast metabolism in vivo, 
resulting in discontinuous clearance kinetics and low tumor 
accumulation, which is consistent with in vivo results ob-
tained with other PSMA ligands including in the structure L-
amino acid spacers [73]. Since this problem is believed to 
rely on a rapid proteolytic cleavage, the L-amino acid spacer 
was replaced by its D-amino acids counterpart resulting in a 
ligand with high metabolic stability in vivo. In addition, DO-
TAGA-conjugated ligands showed a significantly increased 
affinity towards PSMA on LNCaP cells compared to the 
DOTA analogues [73]. 

The further substitution of the D-phenylalanine residues 
in the peptidic linker by 3-iodo-D-tyrosine enhanced the in-
teraction with the binding site, leading to the optimized 
ligand DOTAGA-(I-y)fk(Sub-KuE) (Fig. 9) [74]. It is also 
known as PSMA I&T (PSMA I&T for Imaging &Therapy), 
since it can be labeled with both the diagnostic radionuclide 
68Ga and the therapeutic radionuclide 177Lu. 

This agent, like PSMA-617, allows a theragnostic ap-
proach to prostate cancer diagnosis and treatment. The clini-
cal efficacy of [68Ga]PSMA-I&T appears equivalent to 
[68Ga]PSMA-HBED though imaging characteristics appear 
slightly better for the latter imaging agent [75]. Both tissue 
distribution pattern and time of accumulation are comparable 
to PSMA-11. Furthermore, similar to [68Ga]PSMA-11, 
[68Ga]PSMA-I&T demonstrates predominantly renal excre-
tion [74]. 

Some clinical trials have been assessed the use of 
[68Ga]PSMA-I&T PET/CT for the detection of primary PCa 
before prostatectomy [76] and BCR [77-78]. 
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CONCLUSION 

PSMA represents the most attractive target for the detec-
tion and treatment of patients affected by PCa using nuclear 
medicine modalities. Due to a dramatic scientific advance-
ment in the knowledge of PSMA structural conformation and 
interaction mechanism with synthetic inhibitors, a variety of 
radiometal and radiohalogen-based PSMA ligands for PET 
as well as SPECT imaging have been developed and tested 
till date. 

[99mTc]MIP-1404 (99mTc-Trofolastat) seems to be the 
tracer of choice for SPECT imaging of prostate cancer, while 
[68Ga]PSMA-11 was identified as a leading diagnostic can-
didate for non-invasive PET imaging of prostate cancer.  

[18F]DCFPyL and [18F]PSMA-1007 are also considered 
promising PET PSMA tracer, with the potential of commer-
cial distribution and a more capillary distribution to PET 
centers without cyclotron or gallium-68 technology. Favored 
by a delayed renal excretion, their employment might be 
useful for patients in which local recurrence cannot be dif-
ferentiated from activity by urinary tracer excretion.  

More recently, researches are also focusing on the devel-
opment of PSMA inhibitors for a theragnostic application, 
suitable for both radiolabeling with diagnostic (Gallium-68, 
Fluorine-18) and therapeutic radionuclides (Lutetium-177, 
Actinium-225). 

To date, both [68Ga]PSMA-11 and PSMA-617 (177Lu or 
225Ac labeled) principally cover the diagnostic and therapeu-
tic aspects of clinical prostate cancer care. 
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