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A B S T R A C T   

Prostate specific membrane antigen (PSMA) has been the subject of several studies in recent decades as a 
promising molecular target for prostate cancer (PCa), in fact it is considered an excellent molecular target for 
both PCa imaging (both for staging and follow-up), by means of PET/CT and for radioligand therapy. Its 
interesting molecular features have enabled the development of a new diagnostic and therapeutic approach for 
PCa, called “theranostics.” Considering the abundance of PSMA-based probes that have appeared so far in the 
literature, the present work focuses the attention on radiopharmaceuticals with increasing clinical application, 
highlighting advantages and disadvantages in terms of different metabolization and excretion processes, phar
macokinetic, binding affinity and variable internalization rate, tumor-to-background ratio, residence times and 
toxicity profile.   

1. Introduction: PSMA as an excellent target for prostate cancer 
imaging 

Within the large overview of the most prevalent diseases of the last 
millennium, prostate cancer (PCa) is the second diagnosed cancer and 
the fifth leading cause of cancer death among men worldwide [1]. 
Prostate-specific antigen (PSA) is currently the most commonly used 
biomarker for PCa screening, as well as a reliable marker for disease 
recurrence after initial treatment [2]. 

Prostate-specific membrane antigen (PSMA) is up-regulated in 
poorly differentiated, metastatic and hormone-refractory PCa (CRPC), 
although it may also be low-expressed in other healthy organs, such as 
salivary and lacrimal glands, proximal small intestine, kidney, brain, 
liver and spleen thus it could be involved in other tumour pathologies or 
benign processes. For these reasons, PSMA is considered an excellent 
molecular target for PCa imaging, both for staging and follow-up pur
poses [3], by positron emission tomography/computed tomography 
(PET/CT), as well as for radioligand therapy [1]. 

Radiopharmaceuticals targeting PSMA, due to its overexpression on 
prostate cancer cells based on the stage and degree of tumour progres
sion (Gleason Score) in androgen-independent, advanced and metastatic 
disease, have been developed and transferred to the clinic. 

Prostate-specific membrane antigen (PSMA) is a transmembrane 

glycoprotein (also called glutamate carboxypeptidase II (GCPII), N- 
acetyl-L-aspartyl-L-glutamate peptidase I or NAAG peptidase), with 
glutamate carboxy-peptidase activity, able to regulate intestinal folate 
absorption and also catalysing the hydrolysis of N-acetyl-L-aspartyl-L- 
glutamate (NAAG) into N-acetyl-L-aspartate and L-glutamate, which is 
an important excitatory neurotransmitter of the central nervous system 
(CNS) [4]. 

Recent crystallographic studies of complexes between GCPII and 
low-molecular-weight ligands [5] have shown the high affinity of the 
receptor substrate PSMA for negatively charged amino acids such as 
aspartate and glutamate at the level of the S1′ pocket, which acts as a 
pharmacophore (Fig. 1) and it is composed by Arg534, Arg536 and 
Arg463, so-called “arginine patch” [4]. 

The S1 pocket of GCPII, on the other hand, is flexible and better 
suited for structural modifications of GCPII inhibitors. In fact, residue 
Arg536 can adopt two distinct conformations, referred to as the 
“stacking” conformation and the “binding” conformation. The “stack
ing” conformation of Arg536 renders this residue unavailable for sub
strate binding, forcing its guanidinium group to be embedded between 
Arg534 and Arg463. This conformation is further stabilized by ionic 
interaction with the carboxylate of Asp465 and hydrogen bonding with 
the carbonyl oxygen of Arg463 [6]. 

The transition between these two conformations of Arg 536 is asso
ciated with the side-chain shift of Arg463 among the “up” and “down” 
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positions, respectively; this flexibility likely contributes to a less strin
gent substrate specificity within the S1 site of the enzyme compared to 
the S1’ site, thus modulating the affinity of GCPII inhibitors. The for
mation of this pocket is allowed by the simultaneous positioning of 
Arg536 into the “binding” configuration and Arg463 into the “up” po
sition [7,8]. 

The structural freedom provided by the S1 pocket has been exploited 
for the development of imaging probes for prostate cancer. 

In the last few years, several radiotracers have appeared in many 
clinical trials for the diagnosis and treatment of prostate cancer, with 
radioligand-imaging, radioligand-therapy or surgery-radioguided 
objective [4], overcoming radiolabelled choline derivatives and [18F] 
DCFBC (18F-Fluciclovine or Axumin) (Fig. 2) for recurrent disease with 
low PSA levels [9]. 

Considering the abundance of PSMA-based probes appeared in the 
literature till now, this paper points the attention on radiopharmaceu
ticals with increasing clinical application. 

2. 18F labeled compounds: [18F]DCFPyl, [18F]PSMA 1007 and 
[18F]PSMA JK-7 in clinical practice 

The search for increased uptake within the tumour cell allows to 
obtain improved imaging quality and rapid renal excretion combined 
with low background activity. This aspect prompted researchers to focus 
on low-molecular weight α-NAAG-based compounds. Radiopharma
ceuticals such as [18F]FDCFyL, [18F]PSMA-1007, [18F]PSMA-JK-7, 
[68Ga]PSMA, [177Lu]PSMA-617, [99 mTc]PSMA have been selected due 
of their features as the most promising in the current landscape of Nu
clear Medicine. They permit to improve the accuracy of PCa tumour 
detection in terms of sensitivity and specificity, although some limita
tions remain regarding pharmacokinetics and detection rates in patients 
with very low PSA values (<1 ng/mL). This is lower than the 

conventional imaging, with a significant clinical impact, since early 
salvage radiotherapy and surgery of local disease offer a chance of cure. 

Historically, the first PSMA-targeted radiopharmaceuticals were 
based on conjugation of the ligand with gallium-68 and had some lim
itations in use, which were later overcome with the advent of fluoride- 
F18-based radiopharmaceuticals. 

The two most studied fluoride-18 radiolabeled PSMA ligands 
recently introduced in the clinical practice in patients with biochemical 
recurrence or progression of prostate cancer (PC) by multiparametric 
PET/CT (dynamic and total body) are [18F]DCFPyL (or 2-(3-{1-carboxy- 
5-[(6- [18F]fluoro-pyridine-3-carbonyl)-ammino]-pentyl}-ureido)- 
pentanedioic acid) and [18F]PSMA-1007 (((3S,10S,14S)-1-(4-((((S)-4- 
carboxy- 18 2-((S)-4-carbossi-2-(6- Fluoronicotinamido) butanamido) 
methylphenyl)-3-(naphthalen-2-methyl)-1,4,12-trioxo- 2,5,11,13-tet
raazaesadecane- 10,14,16- tricarboxylic acid)) [10]. 

First-generation fluorine-18 radiolabeled PSMA ligands include [18F] 
DCFBC or [18F]-Fluciclovine, a synthetic amino acid (amino-3-[18F]uro
cyclobutane carboxylic acid), which is carried by multiple sodium- 
dependent and sodium-independent channels up regulated in PCa 
cells. The main use indication of this PET radiopharmaceutical approved 
in both USA and Europe, involves the detection and localization of PCa 
recurrence in patients with increasing PSA after previous therapy. The 
primary advantages of 18F-Fluciclovine lie in its low urinary excretion, 
which allows better assessment of the prostate bed and reduced uptake 
into inflammatory cells (e.g., macrophages) [2]. 

18F-PSMA-1007, a second-generation radiopharmaceutical based on 
the radiopharmaceutical-PSMA interaction, appears to be the most ad
vantageous among other candidate 18F-PSMA ligands because it dem
onstrates high radiolabeling yield, improved cancer uptake and non- 
urinary clearance. It was recently introduced into clinical practice 
after successful preclinical studies. 

18F-PSMA-1007 PET/CT imaging appears to be very promising for 

Abbreviations 

PSMA Prostate specific membrane antigen 
PCa Prostate Cancer 
PET/CT Positron emission tomography/computerised tomography 
PET/MRI Positron Emission Tomography/Magnetic Resonance 

Imaging 
PSA Prostate-specific antigen 
mCRPC Metastatic Castration-Resistant Prostate Cancer 
GCPII Glutamate carboxypeptidase II 
NAAG N-acetyl-L-aspartyl-L-glutamate 
CNS Central nervous system 
SUV Standardized uptake value 
DOTA 1,4,7,10-tetraazacyclodododecane-1,4,7,10-tetraacetic 

acid 
NOTA 1,4,7-triazacyclodododecane-1,4,7-triacetic acid 
HBED-CC N,N′-bis-[2-hydroxy-5-(carboxyethyl)benzyl] 

ethylenediamine-N,N′-diacetic acid 
RLT Radioligand therapy 
LN Lymph nodes 
MeCN Acetonitrile 
BuOH Butanol 
FDA U.S. Food and Drug Administration 
EMA European Medicines Agency 
PMPA 2-phosphonomethylpentanedioic acid 
NIR Near-infrared (NIR) fluorescence 
MOR μ-opioid receptor 
DOR δ-opioid receptor  

Fig. 1. Molecular structure of prostate-specific membrane antigen, with a particular detail of the S1′ cationic side chain, consisting of the triad Arg534, Arg536 and 
Arg 463. 
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staging and restaging patients with PCa, especially when biochemical 
recurrence is under investigation. Regarding its use, it seems to work 
better than other imaging modalities such as bone scintigraphy, 18F 
-FDG PET/CT or 18F -Choline PET/CT, but its high cost and low avail
ability should be taken in consideration [2].The usual distribution of the 
radiotracer, which mainly includes the liver and gallbladder due to 
hepatobiliary clearance, allows for low background relatively to the 
spleen, pancreas, submandibular, sublingual, lacrimal and parotid 
glands, kidneys, urinary glands, bladder and small intestine, quantifying 
the maximum standardized uptake value (SUV max) for each lesion [2]. 

[18F] DCFPyL, the lead compound of PSMA-targeted radiopharma
ceuticals, has been appreciated for its clear imaging and ability to reduce 
pre-acquisition waiting time due to its hydrophilicity and thus rapid 
renal excretion [11]. 

[18F]DCFPyL is as effective as 68Ga-PSMA-11, while showing ad
vantages intrinsic to fluorinated radiopharmaceuticals (e.g., large-scale 
productions) [12]. 

Similarly to [68Ga] PSMA-11, [18F]DCFPyL is rapidly eliminated by 
renal excretion and thus also shows rapid onset of activity in the ureters 
and bladder [4]. 

In spite of excellent image quality with both tracers, a significantly 
high uptake with [18F]DCFPyL was found in the kidneys, urinary 
bladder and in the lacrimal glands. In contrast, a significantly high up
take of [18F]PSMA-1007 was found in muscle, submandibular and sub
lingual glands, spleen, pancreas, liver and gallbladder [4]. 

Moreover, due to these different metabolization and excretion pro
cesses, radiopharmaceuticals could have specific uses. Non-urinary 
excretion of [18F]PSMA-1007 could aid clinical decision making in 
local recurrence and pelvic lymph node metastasis, while due to its 
slightly increased lipophilic characteristics, 18F-PSMA-1007 is mainly 
eliminated through the hepatobiliary excretion pathway resulting in 
enhanced gallbladder and intestinal accumulation, compared with [18F] 
DCFPyL or 68Ga-PSMA-11, therefore, the lower hepatic background of 

[18F]DCFPyL and 68Ga-PSMA-11 might promote these tracers in rare 
cases of advanced stage with liver metastasis [4]. 

Feeding of PCa patients by either fasting or drinking high-calorie 
beverages in order to reduce liver activity did not result in any signifi
cant effect on the absorption of 18F-PSMA-1007 in the liver or small 
intestine [13]. 

An interesting result regarding the distribution of radiopharmaceu
ticals was obtained from semi quantitative image analysis. 18F-PSMA 
shows higher uptake in lymph node metastases than in bone metastases, 
which may reflect a difference in the tumour biology of these types of 
metastases regarding PSMA expression [10]. 

Overall, the substantial uptake of 18F-PSMA-1007 was associated 
with greater primary PC aggressiveness. Compared with other radio
logical and scintigraphic imaging methods, [18F]PSMA 1007 PET/CT 
showed superior sensitivity in detecting metastatic disease, while, when 
compared with other PSMA-targeted PET/CT tracers, it showed similar 
results in terms of diagnostic accuracy for staging PCa, an imaging 
approach that is still more effective than bone scintigraphy and con
ventional abdominal imaging. 

Dual imaging with multiparametric MRI and 18F-PSMA-1007 PET/ 
CT, combined with final histopathological examination, could improve 
staging of primary PCa. In particular, 18F-PSMA-1007-PET/CT can 
detect metastatic disease in a significant number of patients with 
negative standard imaging. 

So, the 18F-PSMA-1007 PET/CT provides accurate primary staging of 
PCa (T-staging); for lymph node staging (N-staging), it can detect lymph 
node metastases of PCa, even small ones, with high specificity, while for 
the detection of distant metastases of PCa (M-staging), the accuracy of 
18F-PSMA-1007 PET/CT for detecting bone metastases was superior 
than bone scintigraphy (with planar and tomographic acquisitions), CT 
and full-body MRI [13]. 

Therefore, 18F-PSMA-1007 PET/CT is particularly effective for the 
purpose of establishing the most appropriate treatment modality and 

Fig. 2. Comparison of different PSMA ligands.  
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just as reliable in order to avoid any unnecessary or harmful 
intervention. 

This finding could have its clinical translation in the field of radio
thera(g)nostics and, in particular, in the potential use of 18F-PSMA-1007 
PET/TC for screening patients with lesions that exhibit high affinity for 
radiotracer binding and internalization in cancer tissue [10]. 

These patients would be suitable candidates for targeted therapies 
with vectors for PSMA, using therapeutic nuclides such as 177Lu 
β-emitting or 225Attinium α-emitting, which using a chelating system, 
such as the 1,4,7,10-tetraazacyclodododecane-1,4,7,10-tetraacetic acid 
(DOTA) of PSMA-617, could be incorporated into PSMA-targeted vec
tors. In the just-described vector class, PSMA-617, a vector that com
bines a selective structure for PSMA with a DOTA chelating system, was 
chosen as the lead structure [14]. 

Starting from this compound, new solutions could be developed. 
Scheme 1 summarizes the synthesis steps. The acid chelator was 
replaced by fluoronicotinic acid to allow easy introduction of Fluoro-18 
into the molecule. During the development stages of PSMA-617, it was 
already known that hydrophobic amino acids in the linker played a 

critical role in the affinity and uptake of PSMA ligand [14]. 
Therefore, only minimal changes in this area were considered. 

However, it was found how the replacement of DOTA with 6-fluoronico
tinic acid and the consequent loss of hydrophilicity had a negative 
impact on biodistribution. For these reasons, additional hydrophilic 
amino acids were added to the linker, leading to the development of 
[18F]PSMA-1007, which has been successfully translated into the clinic 
and it is now undergoing advanced clinical studies. 

The introduction of Fluoro-18, on the other hand, was carried out 
using a two-step procedure through the intermediate 6-[18F]Fluo
ronicotinic acid 2,3,5,6-tetrafluorophenyl ester ([18F]F-Py-TFP, Scheme 
2) [15], because of its rapidity and simplicity [14]. 

Among other 18F-labeled derivatives that target PSMA, 18F-JK- 
PSMA-7, developed by the Jülich/Köln group (Research Center Jülich 
and University Hospital Cologne), has a structure that differs from that 
of DCF-PyL for the presence of a methoxy group on the fluoropyridine 
ring (Fig. 3) [16]. JK-PSMA-7 was recently successfully tested in two 
clinical trials in patients with biochemical recurrent prostate cancer, 
performed on a standard analogue PET/CT and used as a comparison to 

Scheme 1. Key steps in the development of the [18F] PSMA 1007 and the link structure.  
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evaluate the efficacy of 18F-JK-PSMA-7 detection in patients with BCR 
on digital PET/CT with an adapted imaging protocol [17–20]. 

18F-JK-PSMA-7 demonstrated higher cell-specific uptake of PSMA 
then 18F-DCFPyL. Although the target/background ratios of 18F-DCFPyL 
and 18F-PSMA-1007 were comparable, this parameter was high for 18F- 
JK-PSMA-7 and low for 68Ga-PSMA-11 [21]. 

The imaging was more qualitatively defined with 18F-JK-PSMA-7 
and 18F-PSMA-1007 than with 18F-DCFPyL and 68Ga-PSMA-11, the im
aging resolution similar for all 4 tracers, while 18F-PSMA-1007 
demonstrated significantly higher protein binding to blood and bone 
uptake than the other tracers. 

The effective dose of [18F]JK-PSMA-7 to the total body was estimated 
to be 1.09E-02 mGy/MBq. The highest radiation dose was observed in 
the kidneys (average 1.76E-01 mGy/MBq), followed by the liver 
(average 7.61E-02 mGy/MBq), salivary glands (average 4.75E-02 mGy/ 
MBq), spleen (average 1.89E-02 mGy/MBq) and lungs (1.10E-2 mGy/ 
MBq) [18]. 

For [18F]JK-PSMA-7, a statistically comparable time of residence to 
[18F]PSMA-1007 was observed for the examined organs, being signifi
cantly higher in the liver and salivary glands, while no substantial dif
ference was observed for kidney and spleen. In contrast, when 
comparing [18F]JK-PSMA-7 and [18F]-DCFBC in kidneys and liver, the 
time of residence was high for [18F]-JK-PSMA-7 and comparable in 
spleen and lungs [18]. 

Regarding the residence times of the tracer in the various organs, no 
significant difference was found between [18F]JK-PSMA-7 and [18F]- 
PSMA-1007; instead, significant increase was found for liver compared 
with DCFBC and DCFPyL [18]. 

[18F]JK-PSMA-7 showed rapid excretion through the blood analo
gously to [18F]-DCFPyL, unlike [18F]-PSMA-1007 and [68Ga]-PSMA-11, 
whereby protein binding in the blood was high, delaying tracer excre
tion and reducing accumulation in the kidneys and bladder. This could 

be advantageous for detecting PCa metastasis adjacent to the urethra 
and bladder, while a fast excretion would decrease background noise 
and improve imaging quality [18]. 

In the study above, conducted on ten patients with prostate cancer 
and biochemical recurrence or radiologic evidence of metastatic dis
eases, the time course of SUV (Standardized Uptake Value) values was 
analysed not only for organs but also for 18F-PSMA-positive lesions over 
a long period of time. The SUV max and peak SUV values in PSMA- 
positive lesions increased up to 60 min p.i. and remained so in subse
quent PET/CT scans up to 140 min p.i. It was thus possible to deduce 
that a prolonged acquisition time window, even up to 3 h after injection, 
is also favourable for this tracer. 

This confirms the evaluations resulting from Lu177-PSMA-based 
therapies, namely, how uptake of the tracer in PSMA-positive lesions 
increased up to 24 h after injection, while uptake in no target organs 
peaked on the day of treatment and then decreased thereafter, for these 
reasons, there might be a clear advantage over [68Ga]-PSMA-11 [18]. 

In view of the above, 18F-JK-PSMA-7 appears to be a promising 
candidate for high-quality visualization of small PSMA-positive lesions. 
The excellent preclinical imaging properties justify further preclinical 
and clinical studies of this tracer. 

3. Gallium-68 against Fluorine-18, as a radioisotope 

Over the past two decades, radionuclide diagnosis and therapy have 
become increasingly popular in various clinical applications, despite the 
critical issues related to the choice of a radionuclide and its nuclear, 
chemical and biochemical characteristics, such as half-life, reactivity 
and especially stability in coordination structures or covalent bond 
strength [22]. 

In the diagnostic field, Gallium-68-based radiopharmaceuticals, one 
among them 68Ga-PSMA-11, have shown significant clinical value in 
both biochemical recurrence of PC and primary staging [10], although 
they have some critical shortcomings, such as limited production ca
pacity by in situ 68Ge/68Ga generators, compared with production ca
pacity by cyclotron and consequent reduced availability [14]. 

In addition, other disadvantages with which the use of Ga68 as a 
radioisotope must contend include a relatively short half-life of 68 min 
for Ga68, compared with 109.8 min for F18, a limiting factor for both the 
delivery of Ga68-labeled PET tracers to other centres and delayed im
aging. In addition, the Ga68 positron energy is higher (1.90 MeV) than 
that of F18 (0.65 MeV), decreasing the maximum theoretical spatial 
resolution and the capability to detect small and tightly spaced lesions in 
close proximity to each other [11]. 

However, the capacity to produce Gallium-68, using a commercially 
available generator, facilitates its application in PET centres without a 
cyclotron. The Gallium-68 produced by the generator is directly avail
able for radioactive labelling using lyophilized kit formulations, but the 
production capacity only allows scanning in a limited number of pa
tients depending on the lifetime of the generator itself. In contrast, 
Fluorine-18 produced by the cyclotron offers a wide range of radioac
tivity, ranging from a few tens to a few hundred GBq, which allows high 

Scheme 2. Procedure for radiolabeling from [18F]-F-Py-TFPα.  

Fig. 3. Molecular structure of [18F]JK-PSMA-7.  
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doses to be generated per single production run, as well as commercial 
distribution over long distances to satellite centres, removing the need 
for on-site radiolabeling [16]. 

Due to the steady growth in demand for PCa diagnostic examina
tions, in recent years there has been increasing interest in the develop
ment and introduction into clinical practice of radiofluorinated PSMA 
ligands, which, regardless of their biological characteristics, have the 
potential to make diagnostic examination easily accessible even for high 
incidences. 

In addition, since the F-18 has a shorter positron range, a higher 
positron yield and a higher detection sensitivity, even of small tumor 
lesions, than Ga-68, efforts to take advantage of the isotopic character
istics of 18F for PSMA imaging led to the development of 18F-DCFPyL as 
the first 18F-based PSMA tracer [23]. 

4. PSMA radiolabels used in theranostics (177Lu-PSMA 617 for 
Vision study) 

As previously discussed, prostate-specific membrane antigen (PSMA) 
is a promising target for imaging and targeted radionuclide therapy of 
prostate cancer and its metastases. The encouraging response rates and 
low toxicity profile of radioligand therapy (RLT) of metastatic 
castration-resistant prostate cancer (mCRPC), in this case 177Lu-labeled 
ligands, are increasingly evident. 

This therapeutic approach is possible using low-molecular weight, 
radioligands characterized by high affinity for PSMA and rapid build-up 
in the cancer, e.g. PSMA-617 and PSMA I&T. 

Both PSMA ligands have been successfully used in the clinic for the 
treatment of mCRPC by labeling with Lutetium-177, a β -emitting 
radionuclide (T1/2 = 6,65 d; Eβ− av = 134 keV, average path length = 0,7 
mm-1,8 mm) being able to release beta energetic particles that destroy 
cancer cells at the disease site [24]. 

The first PSMA-targeted radioligand labeled with 177Lu was suc
cessfully made at Bad Berka in April 2013 [25]. Since DOTAGA allows 
equally efficient radiolabeling with Ga68, this first PSMA-based com
pound with theranostic activity was named PSMA I&T (Imaging and 
Therapy) (Fig. 4), used in several centres, both for imaging with Ga68 

and for radioligand therapy (RLT) with 177Lu [4]. 
At the same time, considering preclinical data (affinity, internaliza

tion rate) and biodistribution data in mice with LNCaP tumor (LN =

lymph nodes), PSMA-617 was selected as the most promising agent. 
Compared with 177Lu-PSMA I&T, 177Lu-PSMA-617 showed significantly 
low uptake in mouse kidneys, while tumour uptake and overall bio
distribution in mice were similar [4]. 

Even if this aspect has often been considered as an important crite
rion and dosimetric advantage in subsequent studies in humans, a direct 
comparison of both tracers in patients demonstrated quite identical 
renal clearance kinetics of 177Lu-PSMA I&T and 177Lu-PSMA-617 [4]. 

In 2015, a multicenter retrospective clinical trial of 145 patients with 
a total of 248 therapeutic cycles started to evaluate the efficacy and 
safety of 177Lu-PSMA-617 in patients with metastatic prostate cancer 
mCRPC [26]. The study demonstrated favourable safety and high effi
cacy, superior to other systemic therapies in comparable patient cohorts 
[4]. 

Based on these promising clinical data, a global Phase III clinical trial 
(VISION) was undertaken in October 2017 with 177Lu-PSMA-617 in 
men with mCRPC. This study led to Pluvicto (Lutetium Lu-177 vipivo
tide tetraxetane) being approved by the FDA, in March 2022 [27–29], in 
the United States, Great Britain and Canada and by the EMA (Committee 
for Medicinal Products for Human Use) in October 2022 for all 27 Eu
ropean Union member states, as well as Iceland, Norway, Northern 
Ireland and Liechtenstein [30] (Fig. 5). 

These PSMA-targeting ligands share a similar molecular structure 
with three components: (1) the urea-glutamic acid group 
(-Lys–NH–CO–NH–Glu), which binds to the PSMA pocket, (2) a linker 
and (3) a metal complex, a region that carries radioactive isotopes for 
imaging or radionuclide therapy (Fig. 5). This structure has the property 
of delivering the radiopharmaceutical to the selected area and can be 
used if labeled with Gallium-68 in diagnostics and with Lutetium-177 
for therapy [31]. The proper combination of these three components 
leads to successful PSMA targeting agents, as they consist of a solid 
structure that is well adapted to optimize radionuclide activity, drug 
binding affinity and in vivo properties for imaging or radioligand therapy 
(RLT) [31]. 

Therefore, in light of the encouraging response rates that are more 
and more evident and the low toxicity profile of radioligand therapy, 
PSMA-based imaging and RLT, especially with 177Lu-PSMA-617, are 
promising and currently applied therapeutic approaches in the treat
ment of metastatic castration-resistant PC. 

Fig. 4. Molecular structure of PSMA I&T, the first RLT precursor.  
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5. [18F] AlF-PSMA approach 

Unfortunately, Fluorine-18-based radiopharmaceuticals have 
optimal characteristics as regards the imaging but cannot be translated 
as such into therapy and this implies high equivalence studies for dual 
use. For this reason, the aluminium fluoride species 18F–AlF has been 
developed in the direct labelling of PSMA ligands with a radiometallic 
chelating system, which allows it to be compared to a radiometallic ion 
and thus incorporated into the coordination system. This method pro
vides a simple and freely accessible way for the synthesis of PET 
imaging18F-labeled agents [32]. 

Gallium-68 continues to be an attractive radioisotope for radio
pharmaceutical development because of the simple and rapid synthetic 
procedures and kit formulations available [16,33–35]. Due to its 

metallic nature, Gallium-68 is incorporated into a radioligand using a 
chelator through coordination chemistry. The most commonly used 
chelators are polyaminocarboxylated macrocycles, such as 1,4,7,10-tet
raazacyclodododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacy
clodododecane-1,4,7-triacetic acid (NOTA), N,N′-bis-[2-hydroxy-5-(car 
boxyethyl)benzyl] ethylenediamine-N,N′-diacetic acid (HBED-CC) 
(Fig. 6). 

However, due to more favourable imaging characteristics of 
Fluorine-18 than Gallium-68, a new technique was developed for 
introducing Fluorine-18 into a biomolecule through metal-based 
radiochemistry. Al3+ is a trivalent metal with gallium-like ionic 
radius, it has the capacity to bind to fluorine stably, forming the fluorine- 
aluminium complex (AlF2+) with high stability in vivo. In this new form, 
AlF2+ can form stable complexes with hexadentate ligands such as 

Fig. 5. [177Lu]Lu-PSMA 617 Pluvicto ™ (Lutetium (Lu-177) vipivotide tetraxetan).  

Fig. 6. Chelation agents able to complex therapeutic radionuclides.  
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NOTA or HBED-CC [16]. 
McBride et al. demonstrated the feasibility of an 18F radiolabelling 

method by complexing AlF2+ with a chelator NOTA, bound to a peptide 
[36,37]. PSMA-11 (or PSMA-HBED-CC), a ligand successfully applied to 
the formulation of radiopharmaceuticals, has been used as a starting 
point for the preparation of an analogous radiopharmaceutical based on 
a chelating system for AlF. The success of previous radiofluorination of 
peptides by complexation with AlF2+ has paved the way for the devel
opment of [18F]AlF-PSMA-11 (Fig. 7). 

In vitro, [18F]AlF-PSMA-11 demonstrated high tumour uptake, 
expressed as %ID, i.e., percentage of injected dose, in PSMA-LS174T 
cells, which was almost comparable to that of the equivalent Ga68- 
labeled compound; in fact, a % ID/g of 10.8 ± 2.3 % and 7.9 ± 1.3 % ID/ 
g was recorded for the fluorinated compound and for the Ga68-labeled 
compound, respectively, at 2 h after injection, while the uptake of renal 
activity at 2 h after injection was higher for [68Ga]PSMA-11 (105,8 ±
13,8 % ID/g) than for [18F]AlF-PSMA-11 (43,5 ± 5,7 % ID/g). Both 
radiotracers demonstrated rapid and similar internalization rates [38]. 

Biodistribution studies in mice revealed high retention in the kidneys 
and bladder; this could be due to renal excretion of the radiotracer and 
its specific binding to PSMA-expressing mouse kidneys [39,40]. 

The internalization profile of 18F–AlF-PSMA-11 and the reference 
compound 68Ga-PSMA-11, was also evaluated and compared to assess 
whether the lack of stability could affect the internalization capacity of 

18F–AlF-PSMA-11: after 30 and 60 min, they were found to be almost 
similar, while the internalization of 68Ga-PSMA-11 was significantly 
higher than that of 18F–AlF-PSMA-11 after 120 min [38]. 

A dosimetry study for [18F]PSMA-11 in six PCa patients demon
strated rapid blood clearance and high urinary excretion (29.0 ± 5.9 % 
at 5 h p.i.). High uptake of the tracer was observed in the salivary and 
lacrimal glands, kidneys, bladder, spleen and liver at 20 min p.i. The 
mean effective dose was determined to be 12.8 ± 6 μSv/MBq, with the 
highest radiation doses to the urinary bladder wall (126 ± 3.27 μGy/ 
MBq) and kidneys (85.0 ± 16.4 μGy/MBq) [16,41]. 

A comparative study of [18F]AlF-PSMA-11 and [68Ga]PSMA-11 in 37 
patients with BCR after primary treatment showed comparable diag
nostic performance with 46 % positivity rates for [18F]AlF-PSMA-11 
compared with 49 % for [68Ga]PSMA-11 [42]. 

Therefore, [18F]AlF-PSMA-11, as alternative to [68Ga]Ga-PSMA-11, 
emerges as an elegant solution to the need for an 18F-labeled PSMA 
ligand, since by the way it can be prepared from the same precursor, 
which is also widely available at low cost [43]. However, the rapid 
instability observed in vivo and subsequent uptake in bone indicate that 
this tracer requires extensive in vitro evaluation, before further pre
clinical or clinical studies can be initiated [44]. 

Fig. 7. Radiosynthesis of [18F] AlF-PSMA-11.  
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6. Discussion 

In recent years, PSMA-PET/CT has been an innovative diagnostic 
approach for staging and follow-up of patients with PC recurrence, 
overcoming the challenges of low sensitivity and specificity of conven
tional imaging modalities [45]. 

In the overview of radiotracers used for diagnostic purposes, 18F- 
PSMA-1007 has garnered great interest in the clinical field, showing to 
be a viable alternative to the routinary use of 68Ga-PSMA and more 
effective than other radiotracers available on the market, such as those 
based on choline [46] and 18F-fluciclovine [47] for patients with 
recurrent PCa. In fact, it shows a series of advantages, such as more 
extended physical decay compared with 68Ga-PSMA, the ability to study 
a large patient population each day, the relatively low excretion by the 
urinary system and the high tumor-to-background ratio [1,48,49]. 

By virtue of its marked lipophilicity and being excreted mainly by 
hepatobiliary clearance, 18F-PSMA-1007 on the one hand, could obscure 
the detection of small liver lesions [16], usually occurring in the later 
stage of the disease, but at the same time, it could allow an increased in 
accuracy interpretation of tumor lesions, even particularly tiny ones, 
located near regions affected by renal clearance [50]. 

In fact, considering how much of the PSMA tracers have hydrophilic 
character and renal clearance, measures to be used to reduce as much as 
possible the interference with the detection of small recurrent lesions 
near the urinary tract include emptying the bladder before scanning in 
combination with administration of a diuretic. This was mainly 
observed for [68Ga]PSMA-11 in which administration of furosemide 
increased the diagnostic confidence about the presence of PSMA- 
positive lesions [50,51]. 

Another important challenge for radioactive labeling with a fluoride- 
aluminium complex is the selection of the appropriate chelator: for [18F] 
AlF-PSMA-11, the chelator HBED-CC, also used for [68Ga]PSMA-11, was 
chosen; for [18F]AlF-PSMA-BCH and [18F]Bi-PSMA, NOTA was selected 
as the chelator to allow labeling with multiple radionuclides (gallium- 
68, fluorine-18, lutetium-177 …). 

Furthermore, in the evaluation of F18-labeled PSMA tracers, the 
gradual defluorination, which involves non-specific bone uptake and 
therefore interference in the detection of bone metastases, could 
represent a limiting factor, especially for delayed imaging, useful for the 
detection of lesions with low PSMA expression and slow accumulation of 
the radiotracer [50]. 

The previously mentioned PSMA ligands are also characterized by 
variable binding affinity. The [18F]DCFPyL has a relatively low binding 
affinity (IC50 = 12,3 ± 1,2 nM), followed by [68Ga]PSMA-11 (IC50 =
5,2 ± 0,9 nM), [18F]PSMA-1007 (IC50 = 4,2 ± 0,5 nM), [18F]Bi-PSMA 
(IC50 = 4,1 ± 0,4 nM) and [18F]CTT1057 (IC50 = 0,4 nM) [52–54]. 

However, these relatively small differences in binding affinity, which 
for most PSMA radiotracers are in the order of a few nanomolars, might 
be of greater interest for therapeutic ligands, since higher binding af
finity would ensure greater internalization of the ligand, extending the 
residence time of the radioligand in the tumor cell. 

Further investigation is needed as to whether the higher affinity may 
have a negative effect, potentially leading to more false-positive results. 

With the aim to improve the radioligand-targeted therapy of meta
static prostate cancer and limit its undesirable effects as much as 
possible, some new therapeutic strategies are being investigated. In fact, 
to overcome salivary gland toxicity (xerostomia or dry mouth syn
drome) considered as the main limitation of targeted α-RLT treatment to 
date, scialendoscopy, intraparenchymal injections of botulinum toxin 
combined with other drugs or external cooling of salivary glands with 
ice packs are used with little success [4]. It appears that a potential cause 
of dry mouth after targeted α-therapy is also the direct effect of radiation 
and not only the inflammatory process. 

However, it has recently been reported that an intraperitoneal in
jection of monosodium glutamate is able to reduce the uptake of [68Ga] 
PSMA-11 in the salivary glands and kidneys of LNCaP tumor-bearing 

mice (LNCaP cells are an experimental model experimental, used in 
vitro to study androgen-dependent prostate tumors), while leaving 
tumor uptake unaffected. 

With the purpose of reducing PSMA inhibitor uptake in salivary 
glands and kidneys, specific PSMA inhibitors have been used as pre- 
treatment before administration of radiolabeled PSMA inhibitors 
(Fig. 8), such as 2-phosphonomethylpentanedioic acid (PMPA) and its 
orally available pro-drug (such as JHU-2545, for which both the phos
phonate and a carboxylate are protected with isopropyloxycarbonyl 
methyl residues and in vivo release of 2-PMPA after oral administration 
has been demonstrated in both mice and dogs). 

Increasing the binding of drugs to plasma proteins could be an 
effective strategy to reduce the clearance rate while improving the 
specific absorption of these drugs [55]. For this purpose, the conjugation 
of a low-molecular-weight domain or groups albumin-binding have been 
studied to enhance the tissue distribution of the corresponding 
bio-vectors [56]. As a result, the use of PSMA inhibitors, with increasing 
albumin binding and decelerated clearance kinetics, has been suggested 
as a promising approach to improve tumor uptake of therapeutic PSMA 
ligands. 

With the goal of providing a molecular pattern that enables rapid and 
efficient radiolabeling of peptides and peptide-like radiopharmaceuti
cals, such as PSMA inhibitors with 18F or radiometals and that allows a 
single molecule to simultaneously provide diagnostic and therapeutic 
application, a new class of radiopharmaceuticals called radiohybrid 
PSMA ligands (rhPSMA) has recently been advanced, preclinically 
assessed and transferred into clinical trials. A unique property of 
rhPSMA ligands is their capacity to incorporate both covalently bound 
fluoride and a metal complex, with one of them alternatively radioactive 
and the other non-radioactive (for example, [18F][natGa]rhPSMA and 
[19F][68Ga]rhPSMA, or [18F][natLu]rhPSMA and [19F][177Lu]rhPSMA). 
For this reason, rhPSMA ligands can be exchangeable for PET imaging 
with both 18F and 68Ga, ensuring the tight correlation between pre- 
therapy imaging, dosimetry and/or monitoring with 18F and therapy 
with 177Lu [4]. 

Furthermore, it is interesting to observe that the most promising 
results were obtained by combining 18F-PSMA-1007 PET/CT and mul
tiparametric MRI, suggesting a potential combination of these methods 
and thus an improvement in both PCa detection and local staging. In this 
regard, 18F-PSMA-1007 PET/MRI could be the future one-stop-shop 
imaging modality for PCa staging, although the availability of this 
method is still limited [57,58]. 

In the context of tumor-targeted imaging and therapy, peptide-based 
NIR fluorescent probes represent a valuable tools considering their high 
affinity and low toxicity [59]. 

In fact in the last 5 years most of researchers’ efforts have been 
focalized in the design of nontoxic and efficacious “always-on” peptide- 
based NIR fluorescent probes; first attempts have been described on 
cyclic small peptides such as biphalin, which is a synthetic agonist of 
MORs and DORs (Fig. 9) [60–62]. 

A cyclic biphalin derivative, e.g. compound 17, has been promptly 
prepared using a side chain to side-chain-type cyclization between D- 
Pen/D-Cys residues and a fluorescein-dibromomaleimide linker [63]. It 
possesses a strong affinity for MOR and DOR and it is a potent MOR/
partial DOR agonist. This data indicate the possibility to consider 
biphalin as a scaffold for the future development of efficient fluorescent 
bioconjugates by using different probes and linkers [64]. Indeed, com
pound 1D results a fluorescent ligand, potentially useful as a labelling 
and imaging agent because it has a good separation between excitation 
and emission spectra, with the best affinity profile for MOR and DOR 
and ability to stimulate the G protein coupled receptors with high po
tency [64]. 

Such peptides could be applied in the fluorescence image-guided 
surgery, an emerging cancer therapy strategy aiming at achieve a pre
cise tumor resection and tumor lesions recognition. However, most of 
these molecules rely on preclinical stage and require a deep 
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understanding of the signaling pathways in living organisms to bypass 
some physiological limitations and toxicity. Further investigation on 
pharmacodynamics and pharmacokinetic properties of these probes 
could potentiate the chances of clinical transformation, with social and 
economic benefits for the human wellbeing. 

7. Conclusion 

Overall, this systematic review highlighted the increasing diagnostic 
role of 18F-PSMA-1007 PET/CT in PCa staging [13]. 

In recent years, the development of PSMA-targeted tracers has 

become one of the most active and dynamic fields of radiopharmaceu
tical research [4] and although the above-mentioned 18F-labeled PSMA 
PET tracers ensure good quality in image acquisition, each one of them 
shows both advantages and disadvantages in terms of radiosynthesis 
practicality, binding affinity, molecule stability, clearance, bio
distribution, etc. 

In fact, the ideal PSMA-based tracer to be used for PET diagnosis 
should ensure a simple synthesis process, which results in high radio
chemical purity, radiochemical yield and molar activity; in addition, 
uptake and accumulation at the receptor level should be rapid and 
highly specific, thanks in part to high binding affinity, thus ensuring 

Fig. 8. PMPA, the PSMA inhibitor and the PMPA JHU-2545 pro-drug.  

Fig. 9. Structures of biphalin and its fluorescent bioconjugates.  
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detection of small prostatic cancerous lesions while minimizing uptake 
in healthy organs, such as salivary glands, spleen and kidneys. In addi
tion, rapid excretion of the drug from non-target tissues and the ability 
to label the molecule with both a diagnostic and therapeutic radionu
clide, making it suitable for PSMA RLT, outline the ideal picture of the 
radiopharmaceutical par excellence [65,66]. 

Therefore, an improved diagnosis by PSMA PET, in combination with 
the choice of the most appropriate PSMA ligand and currently available 
cutting-edge instrumental technologies, could lead to improvements in 
the definition of the theranostic approach as well as an increasingly 
personalized and efficient RLT therapeutic strategy for staging high- and 
intermediate-risk PCa. 
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