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Abstract: Prostate cancer (PCa) is one of the common cancers
among men. Despite the prevalence of PCa, there are still
unmet medical needs in the diagnosis and treatment of
metastatic prostate cancer. Prostate-specific membrane anti-
gen (PSMA) is a type II zinc-dependent metalloprotease
which is highly overexpressed in metastatic PCa. In the last
several years, PCa imaging probes targeting PSMA have been

developed in academia as well as in industry. Among them,
low molecular weight PSMA-targeted ligands based on the
Glu-urea-Lys scaffold have been evaluated in preclinical and
clinical studies. This review provides an overview of the
recent development in PSMA-targeted imaging or therapeu-
tic probes for metastatic PCa.

1. Introduction

Prostate cancer (PCa) is one of the most prevalently diagnosed
cancers in Europe and USA. It is the second leading cause of
cancer-related death in men.[1] Localized primary PCa can be
treated effectively with current treatment options including
surgery, chemotherapy, and radiation. However, when PCa
metastasizes to the lymph nodes or bones, the mortality rate
increases dramatically.[2] Current diagnosis of PCa is generally
performed by examining blood prostate-specific antigen (PSA)
level, followed by digital rectal exam by clinical experts.
However, clinical studies showed that even 10–20% of PCa
cases were diagnosed as such even when the PSA level is lower
than the control baseline.[3] Non-invasive and sensitive molec-
ular imaging techniques, PET and SPECT, have gained favor
over PSA detection with regards to their predictive capacity in
detecting the small lesions of metastatic PCa. In particular, the
recurrence site of PCa patients with low PSA levels can be
localized by using PSMA radionuclide imaging.

Prostate-specific membrane antigen (PSMA) is a type II zinc-
dependent protease that is overexpressed on the surface of
androgen-independent PCa cells.[4] The expression level of
PSMA correlates with the stage and grade of the tumor.[4b,5]

PSMA has an extracellular ligand-binding domain, transmem-
brane region, and a short cytosol region. Binding of the ligand
to PSMA leads to the internalization of the complex, mediated
by clathrin-dependent endocytosis mechanism.[6] The aforemen-
tioned features of PSMA, such as the presence of ligand-binding
motif in the extracelluar region and ligand internalization,
indicate that it is an excellent target protein for PCa diagnosis
or treatment.

The 111In-labeled monoclonal antibody, ProstaScint®, is the
only PSMA-targeted radiopharmaceutical agent for PCa diag-
nosis approved by FDA. However, there are some limitations
associated with this antibody, such as prolonged blood
circulation time and restricted access to epitope in PSMA.[7] On
the contrary, low molecular weight (MW) compounds labeled
with radionuclides have the ability to detect PSMA more
precisely. Among the PSMA-targeted small molecules, the Lys-
urea-Glu analogs, which were first synthesized by Kozikowski

group in 2001[8], have been extensively exploited as imaging
and therapy probes due to synthetic feasibility and mainte-
nance of high PSMA-binding affinity.[9]

In this review, we provide an overview of the recent
progress on PSMA-targeted radionuclide probes in the last
several years.

2. PSMA-Targeted Small Molecules Advanced
to Clinical Applications

2.1. [18F]DCFPyL

Pomper and his co-workers reported that radiolabeled Cys-
urea-Glu analogs, [11C]DCMC and [18F]DCFBC, showed good
tumor-to-background ratio and had a potential as PSMA-
targeted imaging probes.[10] However, due to the instability of
the thiol group in the precursors of [11C]DCMC and [18F]DCFBC,
they designed and synthesized more stable Lys-urea-Glu
analogs, 2-(3-{1-carboxy-5-[(6-[18F]fluoropyridine-3-carbonyl)-
amino]-pentyl}-ureido)-pentanedioic acid ([18F]DCFPyL, 1 in Fig-
ure 1).[11] Lys residue of the PSMA-binding motif was reacted
with [18F]F-Py-TFP (6-[18F]fluoronicotinic acid 2,3,5,6-tetra-fluoro-
phenyl ester) to provide [18F]DCFPyL with radiochemical yields
of 36–53% (decay corrected).[11] As it exhibited strong PSMA
binding affinity for PSMA (Ki =1.1�0.1 nM) and high uptake in
PSMA-positive PC3 PIP tumors (39.4�5.4%ID/g), compound 1
rapidly progressed to clinical trials. Compound 1 detected a
prominent intraprostatic focus of PCa in a prospective cohort of
six men.[12] In 2018, Allaf and his colleagues performed phase II
single-center study using 1.[13] Patients with localized disease
and at high risk of harboring metastatic PCa in the pre-
operative stage were imaged by positron emission tomogra-
phy-computed tomography (PET/CT). The surgical pathology
was used as a diagnostic standard for PET/CT image analysis.
The two blinded nuclear medicine readers involved in the
imaging study of compound 1 exhibited a high degree of
concordance with respect to the detection of the sites of
disease. The uptake sites of compound 1 were successfully
identified in all imaged patients.

2.2. [68Ga]PSMA-11

Due to favorable radionuclide characteristics (positron-emitting
fraction =89%, t1/2 =68 min, mean value of maximum positron
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energy= 0.89 MeV), 68Ga has emerged as important radio-
nuclide for PET imaging of tumor.[14] Facile radionuclide
production of 68Ga from in-house 68Ge/68Ga generator led to the
increased use of 68Ga instead of cyclotron-based isotopes such
as 18F or 124I.[15] The Lys-urea-Glu motif was conjugated with
68Ga-labeled lipophilic HBED-CC (N,N’-bis[2-hydroxy-5-(carbox-
yethyl)-benzyl]ethylenediamine N,N’-diacetic acid) chelator to
generate [68Ga]PSMA-11 (2 in Figure 1).[16] Compound 2 ex-
hibited excellent PSMA binding affinity (IC50 in enzyme-based
assay: 7.5�2.2 nM; Ki determined in cell-based assay: 12.0�
2.8 nM). Compound 2 exhibited greater performance in detect-
ing typical PCa lesions in patients with low PSA level than 18F-
fluoromethylcholine.[17] Clinical studies with 319 patients dem-
onstrated a patient-level sensitivity of 82.8% which correlated
with the histopathology.[18] The detection rate of compound 2
was associated with the clinical stage of BCR (biochemical
recurrence).[19] After radical prostatectomy, the detection rate
was 64.5% in the subgroup of patients with persisting
detectable PSA after radical prostatectomy. In addition, the
sensitivity of 2 was also higher than that of standard imaging.[20]

In the subgroup, 74% of the patients with no lesions on
abdominopelvic CT and bone scan (199 patients) exhibited
PSMA-positive lesions by 2 PET/CT imaging. In addition, 16
patients (41%) in the subgroup with oligometastatic lesions on
abdominopelvic CT and bone scan (39 patients) were confirmed
as upstaged polymetastatic disease. The positive correlation
between the positivity and PSA levels of compound 2 was also
verified in this study. The prospective clinical trial of preoper-
ative PCa lymph node (LN) staging using compound 2 was
carried out and analyzed in combination with the histopathol-
ogy data.[21] PET/CT using 2 showed mod-erate sensitivity (56%)
despite the high specificity (98%) in the LN-region-based
analysis. A randomized prospective phase III trial to evaluate
the success rate of salvage radiotherapy planned by PET/CT
with 2 is now underway.

2.3. PSMA-617

Although compound 2 rapidly progressed to clinical studies,
there are several demands to improve 68Ga-chelating PSMA
ligand 2. In particular, chelator HBED-CC has a limitation for
general use because it forms unstable complexes with
therapeutic radionuclides including 177Lu, 90Y, and 225Ac. As an
alternative, PSMA-617 (3, Figure 1) consists of PSMA-binding
Glu-urea-Lys motif, DOTA chelator, and linker with tranexamic
acid and 2-naphthylalanine.[22] The radiochemical yields of
compounds 3a-3b were pretty high (97% for 3a, 99% for 3b).
According to the in vitro LNCaP cell-based assay, unlabeled 3
displayed strong binding affinity for PSMA in nanomolar range
(Ki =2.34�2.94 nM). The radiolabeled compounds 3a and 3b
also showed comparable binding affinities for PSMA (6.40�
1.02 nM for 3a, 6.9�1.32 nM for 3b). Compound 3a showed
high tumor-to-background ratios (tumor/blood=1,058, tumor/
muscle =529). Compound 3 emerged as a promising radio-
tracer for PCa diagnostic application. Both β- and α-particle

emitting radionuclides could be introduced into compound 3
for the purpose of PCa therapy.

A retrospective study evaluated the efficacy and safety of β-
emitting 3b for patients with metastatic castration-resistant
prostate cancer (mCRPC).[23] All patients were treated with 3b
every 8 weeks until progression, death or withdrawal, and 33%
of patients showed a PSA decline�50% after the first cycle. A
single-center, single-arm, phase II clinical study showed an
improvement in the general health status of 3b-treated
patients.[24]

Emitted α-particle in the body transfers high linear energy
to cells with short path length, which leads to a higher
likelihood of DNA strands breakdown.[25] PSMA mediates tumor
cell internalization upon binding with ligands, and hence, it is a
promising target for α-particle radiotherapy.[4b,6a,26] Actinium-225
emits four α-particles and has considerably long half-life
(10 days), and hence, it is regarded as a promising therapeutic
radionuclide.[27]

225Ac-labeled PSMA-617 (3c) was evaluated as α-particle
radiotherapy tool. In the clinical trial of first-in-human treatment
with two mCRPC patients,[28] 3c exhibited significant benefit to
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both patients. Both patients showed significant decline of PSA
level and complete therapy response as observed from the
images of PET/CT scanning. In another study with advanced
metastatic PCa patients,�90% PSA decline was observed in 14
of 17 patients after treatment with 3c.[29] In a clinical trial with
213Bi-chelated ligand (3d) for metastatic PCa patients, only a
case of partial remission was observed[30] with 3d exhibiting an
inferior therapeutic index compared to 3c.[31]

3. 18F-Labeled Radiotracers

Despite that 68Ga-chelated PSMA-binding agents have been
actively developed, 18F is still the most common radionuclide
for PET scanning because it has advantages over 68Ga with
respect to the longer half-life (109.8 min for 18F vs 67.7 min for
68Ga), greater efficiency of positron emission (97% for 18F vs 89%
for 68Ga), availability of large-scale cyclotron production, and
minimal modification of ligand structure via bioisosterism with
hydrogen atom.[32]

Although [18F]DCFPyL has advanced clinical translation, its
substantial uptake by non-target organs such as kidney and
salivary gland may result in dose-limiting toxicities.[33] Further-
more, the radiochemical synthesis process needs to be
improved due to its low radiochemical yield.[33] In addition, the
problem of fast washout from tumor also needs to be
overcome.[11] As an attempt to improve tumor-to-background
ratio, Neumaier group made structural modifications of 1 by
introducing the methoxy group in the pyridine ring (4 in
Figure 2).[34] In vitro uptake of 4 in LNCaP cells was significantly

higher than that of 1. In an in vivo study with rats expressing
PSMA-positive superior cervical ganglia, there was an improved
tumor-to-background ratio of 4 (8.15�1.71) compared to 1
(6.38�1.87). However, the liver uptake of 4 was higher than
that of 1, due to the increased lipophilicity by the methoxy
group.

Kopka group developed [18F]PSMA-1007 (5 in Figure 2) by
using [18F]F-Py-TFP as a prosthetic group for PET imaging.[35]

They established automatic radio-synthesis procedure which
passed quality control standards. Compound 5 turned out to be
a potent and promising PET-imaging probe of PSMA. It
maintained the key linker structure of compound 3 in order to
maintain the biodistribution behavior of 3. The 2-naphthyl-L-
alanine as a linker for compounds 3 and 5 provided a rigid
conformation and aromatic ring to enhance the PSMA-binding
affinity in vitro and tumor uptake in vivo.[22] The tumor uptake of
5 in the LNCaP cell line was 8.0�2.4%ID/g at 1 h p.i. (post-
injection), and the uptake in the non-target tissues except for
spleen and kidney was low. In the biodistribution study[36],
compound 5 showed slower tumor accumulation than com-
pound 3, but less crucial because of relatively longer half-life of
18F than 68Ga. Tumor tissue uptake was improved, contributing
to the easy detection of small lymph node metastases (94.7%
sensitivity, 100% specificity). Interestingly, unlike compounds 1–
3, which are rapidly excreted in the urinary tract, compound 5
showed hepatobiliary clearance. Such characteristic of 5 facili-
tated the detection of local PCa recurrence.[36] In addition, slow
blood clearance of 5 was observed due to electrostatic
interactions of 5 with serum albumin.[34,37] As high blood protein
binding delays the excretion of the tracer and inhibits the
accumulation of the kidneys and bladder, 5 could have an
advantage in the detection of PCa metastases adjacent to
urethra and bladder. To investigate detection efficacy of 5 with
other tracers, the retrospective analysis of clinical trials involv-
ing 251 patients with BCR after radical prostatectomy (RP) were
conducted.[38] In this study, 81.3% of patients exhibited
evidence of recurrence on PET/CT. The detection rates of 5 PET/
CT were 94.0% (PSA level�2 ng/mL), 90.9% (2 ng/mL>PSA

Figure 1. PSMA ligands in clinical trials

Figure 2. Radiotracers labeled with 18F to pyridine ring
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level�1 ng/mL), 74.5% (1 ng/mL > PSA level�0.5 ng/mL),
respectively.

Besides 18F-labeled pyridine ring, there have been reports of
18F-labeled PSMA ligands synthesized by click chemistry.
Pomper group synthesized the PSMA inhibitor substituted with
[18F]fluoroethyl triazole (6[39], Figure 3) using 1,3-dipolar cyclo-
addition reaction.[40] Compound 6 was prepared in mild
conditions with high yield (total synthetic time: 60 min, decay-
uncorrected radiochemical yield: 14%). However, in vivo dis-
tribution studies revealed that PSMA-positive PC3 PIP tumor
uptake of 6 (40.31�5.13%ID/g at 30 min, 25.74�7.33%ID/g at
4 h) was lower than that of 1 (84.29�12.29%ID/g at 1 h). It may
be due to low binding affinity of 6 for PSMA (Ki of 6 : 12.9 nM,
1 : 1.1 nM). In addition, the hydrophobic interactions of the
fluoro-aryl group of 1 in S1 sub-pocket were greater than that
of the fluoroethyl triazole of 6.[41] However, due to overall lower
uptake in normal organs and faster clearance than 1, compound
6 exhibited higher tumor-to-kidney ratio (4 : 1 for 6 and 1.1 : 1
for 1 at 2 h p.i.).

Fluoroethyltriazolylphenyl urea-based PSMA ligands were
reported by Babich and his co-workers.[32] They conjugated 2-
[18F]fluoroethylazide with an alkyne precursor by applying Cu(I)-
catalyzed click chemistry. The phenylurea moiety of the
prosthetic group was retained because it displayed improved
potency at PSMA inhibitor MIP-1095 (7) relative to its amide
analogue.[42] 1,2,3-triazole ring was used as bioisostere of amide

group[43] and fluoroethyl moiety resided more deeply into the
S1 hydrophobic subpocket. Compounds 8a–8c showed higher
binding affinities for PMSA and tumor uptake than triazolyme-
thoxy analogs 9a–9c, indicating that S1 subpocket is sensitive
to the bulkiness and flexibility of the moiety. Optimal volume
and rotational rigidity of linker in compounds 8a–8c might
contribute to increase of PSMA binding affinity and tumor
uptake.[44] Compound 8b showed the highest image contrast
and tumor-to-background ratio among the triazolyl analogs.
The tumor-to-blood ratio for 8b was 28.8�8.06 at 1 h post-
injection.

Although Cu(I)-catalyzed azide-alkyne cycloaddition has
become an attractive conjugation method in the synthesis of
radiotracers[45], it sometimes causes oligonucleotide and poly-
saccharide degradation in vivo due to the nature of Cu(I) and
complicated quality control measures for the final compound.[46]

Li and his colleagues adapted strain-promoted copper-free
azide-alkyne cycloaddition for the preparation of 18F-PET probe.
They successfully conjugated 18F-labeled cycloalkyne com-
pounds with azide-functionalized Lys-urea-Glu.[47] The reaction
rate was much faster in compound 10 (rt, 5 min) than in
compound 11 (80 °C, 15 min) The IC50 values of 10 and 11 were
108.9 nM and 156.4 nM, respectively, similar to that of 3
(144.6 nM). Compound 11 exhibited better tumor uptake
(2.24�0.03%ID/g at 2 h p.i.) and higher tumor-to-background
ratio (tumor-to-liver: 5.83�1.5, tumor-to-muscle: 69.59�7.23)
than compound 10.

It was reported that the fluorinase enzyme isolated from
Streptomyces cattleya selectively incorporated fluoride ion at the
C-5 position of 5’-chloro-5’-deoxyadenosine (5’-ClDA).[48] Using
this methodology, O’Hagan and co-workers achieved 18F-radio-
labeling of PSMA agent by applying fluorinase-mediated trans-
halogenation reaction in aqueous buffered media (pH 7.8).[49]

The radiochemical yield of 12 was 3.4% (decay uncorrected),
which was similar to those of other previously reported
fluorinase catalyzed radiolabeling.[50] IC50 value of 12 from an
in vitro fluorescence-based assay was 98.6�22.5 nM.

Yang and co-workers introduced 1,4,7-triaacyclononane-
1,4,7-triacetic acid (NOTA) instead of 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (DOTA) in the chelator posi-
tion of compound 3 and used Al18F as an 18F-labeling reagent.[51]

Al18F chelation allows 18F-labeling to be performed in milder
conditions and in shorter time.[52] Compound 13 (Figure 4) was
prepared with high non-decayed radiochemical yield (32.2�
4.5%) within 30 min. Dissociation of 18F� ion from compound 13
was not observed in in vitro and in vivo experiments. The Kd

value of compound 13 was 2.90�0.83 nM and its cell uptake
was 1.32�0.10% IA/106 cells (in vitro) and 7.87�2.37%ID/g (ex
vivo) on 22Rv1 tumor cells.[51] In a pilot clinical study, PET/CT
imaging was implemented in patients with metastasized PCa.
All lesions were visualized and expressed in higher contrast
images at 2 h p.i., than at 1 h, suggesting that imaging at a later
time-point could be a better choice in this case. Compound 13
was the first compound to progress to a clinical trial because
none of the other Al18F-labeled PSMA agents has been
examined in a clinical study.

Figure 3. 18F-labeled radiotracers conjugated with click chemistry

Minireview

1592Asian J. Org. Chem. 2019, 8, 1588 – 1600 www.AsianJOC.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Freitag, 06.09.2019

1909 / 144119 [S. 1592/1600] 1

http://onlinelibrary.wiley.com/doi/10.1002/ajoc.v8.9/issuetoc


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Saji and co-workers designed novel PSMA-targeted succin-
imidyl-4-fluorobenzoate (SFB) compounds[53] based on previous
reports.[54] In structure-activity relationship studies[55], they found
that high PSMA-binding affinity in this series was associated
with the aromatic ring and the succinimidyl ring as linker
moieties. On the other hand, PSMA-binding affinity was not
influenced by the length of the linker between aromatic ring
and succinimidyl moiety. The 18F-SFB compounds (14–15, Fig-
ure 5) were synthesized in high decay-corrected radiochemical

yields of 30–50%, which is higher than that of 1 (synthetic
radiochemical yield: 23%).[56] In vitro binding inhibition assay
showed that 14a–14b, and 15a had higher PSMA-binding
affinity than 1 (Ki =3.35 nM for 14a, 8.69 nM for 14b, 2.23 nM
for 15a, 15.5 nM for 1). Additionally, 15a exhibited LNCaP
tumor accumulation similar to 1 at 60 min post-injection (14.0�
3.1%ID/g for 15a, 16.0�2.9%ID/g for 1) and tumor-to-liver ratio
(4.8 : 1 for 15a, 4.3 : 1 for 1). Tumor-to-liver ratio is an important
factor for PCa imaging because PCa are likely to metastasize to
the pelvic and abdominal cavities.[57] The 18F-SFB compounds
other than 15a showed a lower LNCaP-to-liver ratio; therefore,
15a could be a promising agent in this series.

There have been attempts to replace the Lys moiety of Lys-
urea-Glu analogs with glutamic acid.[58] Glu-urea-Glu ligands
(16–17) also showed good PSMA targeting properties.[59]

Chemo-selective oxime ligation and acylation chemistry with
18F-FPyl-TFP was applied to radiolabeling of 16 and 17,
respectively. Both 16 and 17 showed high radiochemical yields
(67�7% and 53�7%, decay-corrected) and high PSMA-binding
affinity (IC50 =4.2�0.4 nM for 16, 1.1�0.2 nM for 17). Non-
specific uptake in non-target tissue was rarely observed due to
high hydrophilicity of 16 and 17.

4. PSMA Radiotracers Modified with Diverse
Linker or Chelator Group

Compound 2 was rapidly applied in clinical practice and
became the most commonly used PSMA-targeting PET tracer.[60]

However, the chelator moiety of 2 forms relatively unstable
complexes with trivalent therapeutic radionuclides including
177Lu, 90Y and 225Ac. The HBED-CC chelator of 2 was simply
replaced with DOTA, but this led to decreased tumor-targeting
activities.[16] Therefore, favorable pharmacokinetic and tumor-
targeting properties of DOTA-conjugated compounds were
achieved in combination with linker modification.

In general, potent PSMA ligands interact with Zn2 + ions,
basic amino acids, Arg 210 and Lys 699, in S1’ subpocket, and
lipophilic and π-cationic interactions at S1 subpocket. In
addition, the interaction between the linker and the tunnel
region of PSMA active site affects the pharmacokinetic proper-
ties as well as the additional PSMA-binding affinity. Relatively
short-length linkers and nonpolar functionalities in the entrance
region of the tunnel resulted in enhanced PSMA-binding
affinity.[41,61]

Eder and co-workers synthesized DOTA-conjugated PSMA
inhibitors with various linker moieties and established struc-
ture-activity relationship.[62] Compounds 18–23 (Figure 6) dem-
onstrated that the aromatic moiety is important between Lys-
urea-Glu and DOTA moiety. Among them, compound 21 which
has three aromatic rings in the linker showed the most
favorable Ki, cell surface binding, and specific internalization
values in in vitro studies with LNCaP cells (Ki: 0.53�0.47 nM, cell
surface binding: 21.43�2.27% IA/106 cells, specific internal-
ization: 12.49�1.38% IA/106 cells). In the set consisting of 3a
and 24–26, at least one aromatic moiety with a rigid

Figure 4. 18F-labeled PSMA radioligands by other methods

Figure 5. 18F-labeled radiotracers with modified PSMA binding motif
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conformation was critical for binding to PSMA. The deterio-
ration of in vitro binding affinity and cell internalization was
observed with chirality change (24) or reversed linker (26). (Ki :
8.86�3.64 nM for 24, 17.70�1.41 nM for 26). When the 1-
naphthyl group was introduced instead of the 2-naphthyl
group, steric hinderance occured in the PSMA binding pocket
and a decreased binding affinity was observed (Ki : 12.78�
6.41 nM for 25). In a set of compounds 27–30 functionalized
with the 2-naphthyl-L-alanine structure, compound 28 with
benzene ring instead of cyclohexane ring of 3 showed higher
inhibitory activity (Ki : 1.81�0.80 nM) than the others. However,

it exhibited decreased washout of radioactivity from the kidney
as compared to 3a. The sole existence of cyclohexane moiety in
the linkers of the last set of compounds, 31–34, did not
contribute to PSMA binding affinity and cell internalization.

While maintaining the linker structure of compound 3, Mier
and his colleagues studied the effect of chelator moiety on its
pharmacokinetic properties.[63] Compounds 35a and 36a (Fig-
ure 6) displayed higher internalization (65.4�5.7% for 35a and
48.5�16.4% for 36a) than 2 (17.9�0.7%) and 3b (15.5�7.5%).

Since NOTA has been found to chelate 68Ga more effectively
than DOTA[64], diverse efforts have been made to introduce
NOTA into the chelator region of PSMA-targeted ligands. 68Ga-
labeled DOTA- and NOTA-chelated radiotracers (37, 38, Fig-
ure 7) with linker modification were designed and synthesized
by Pomper group.[65] The NOTA analog 38 showed higher
PSMA-positive tumor uptake (42.2�6.7%ID/g at 1 h p.i.) and
PIP/flu tumor uptake ratio (232�26 at 2 h) than the DOTA
analog, 37. 68Ga-labeled PSMA ligands conjugated with DOTA
or NOTA and a short linker (39, 40, Figure 7) were synthesized
by Jeong and his colleagues with a kit formulation.[66] They

Figure 6. Linker- or chelator-modified PSMA ligands based on compound 3

Figure 7. PSMA radioligands with various linker and chelator groups
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developed a thiourea linker to improve the drawbacks of long-
length linker including long synthetic step and low solubility
problem. Compound 40 was labeled with 68Ga with 99%
efficiency at room temperature. It exhibited higher stability
than 39a in human serum for 2 h at 37 °C (8% free 68Ga for 39a,
1% free 68Ga for 40). Compounds 39a and 40 revealed
comparable tumor uptake (4.66 and 5.40%ID/g, respectively) to
2 (6.5%ID/g).

PSMA ligands functionalized with α-particle-emitting radio-
nuclide (e. g., 225Ac) have been considered as a useful radio-
pharmceutical therapy modality of prostate cancer.[25a,67] How-
ever, significant dissociation of 225Ac-DOTA complex and side
effects induced by free 225Ac has been reported.[68] Babich and
co-workers synthesized and compared three compounds con-
jugated with octadentate (39, Figure 7), decadentate (41), and
dodecadentate (42) chelating moieties.[69] The IC50 values of
metal-free 39 (13.3�0.9 nM) and 41 (18.0�3.7 nM) were
comparable with that of 3 (12.2�4.6 nM).[63] However, the
binding affinity of 42 was relatively weak (42.6�6.6 nM).
Although the 68Ga chelating abilities of 39a, 41a, 42a were
similar, the chelation yields of 177Lu and 225Ac changed
dramatically. For example, 41b exhibited 65.2�15.4% chelation
yield after 30 min at 25 °C, despite that the chelation yields of
39b and 42b were less than 10% at 25 °C.

5. Multivalency Ligands

Multivalent interactions can generally be stronger even though
monovalent interactions are weak. Furthermore, multivalency
increases the selectivity of a ligand for a receptor. Multivalent
ligands targeting PSMA have been developed to enhance
PSMA-binding affinity in vitro and to improve the accuracy of
dosimetry in vivo. Notni and co-workers reported a dendritic
molecule (43 in Figure 8) employing four TRAP (1,1,4,7-
triazacyclononane-1,4,7-tris[methylene(2-carboxyethyl)-phos-
phinic acid]) motif[70] with hexameric PSMA-targeting Lys-urea-
Glu moiety.[71] The efficiency of 68Ga incorporation on tetra-TRAP
dendrimer was 10-fold higher than that on monomeric TRAP.[70]

In competitive displacement assays with LNCaP cells, com-
pound 43 showed excellent PSMA binding affinity (IC50 of 1.2�
0.2 nM) accentuating the multimerization effect in relation to
the optimized Lys-urea-Glu monomer.[16,62] High hydrophilicity
(Log D = –4.4�0.1 at pH 7.4) of 43 resulted in rapid renal
clearance. The same research group also endeavored to
establish dual-radionuclide labeled radiopharmaceuticals.[72]

They used the orthogonal metal ion selectivity of polyphosphi-
nate chelator DOTPI (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetrakis[methylene(2-carboxyethylphosphinic acid)], for large
trivalent cations including Bi3+)[73] and TRAP (for small trivalent
cations, particularly Ga3 +) (44a, 45a in Figure 8).[74] They

Figure 8. Homo-multivalent PSMA ligands
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achieved [Ga3 +(TRAP)] and [M3 +(DOTPI)] complexation selec-
tively. Because both [M3 +(TRAP)][75] and [Ga3+(DOTPI)][73] are not
inert kinetically, transchelation with Na3DTPA or Na2EDTA could
eliminate the unstable forms. PSMA binding affinities of
unlabeled 44 and 45 were 2.5�0.2 nM and 2.8�0.3 nM,
respectively.

Based on TRAP scaffold, compounds 46–47 were obtained
by Cu(I)-mediated Huisgen coupling (CuAAC) while compounds
48–50 were done by DBCO (dibenzocyclooctyne)-based SPAAC
(strain-promoted alkyne-azide cycloadditions).[76] The com-
pounds were compared with the trimer PSMA ligand, 51. All six
compounds (46–51) exhibited nanomolar IC50 values supporting
the affinity enhancement of trimerization.[77]

The selectivity and retention in tumor tissues that over-
express PSMA and other receptors can be synergistically
increased by applying a dual-targeting strategy. In order to
improve sensitivity and specificity for PSMA-expressing tumors,
several heteromultivalent agents that have a wide range of
phenotypes have been investigated.[78] Pomper group reported
heterobivalent (HtBv) ligands targeting integrin-αvβ3, a family of
transmembrane proteins dysregulated in diverse cancer, in
combination with PSMA.[79] Approximately 20 Å in length of
linker is required to deliver PSMA-targeting Lys-urea-Glu
scaffold to the PSMA-binding site[80], while Lys was a suitable
linker length between integrin-αvβ3 interface and imaging
moiety.[81] β-glutamic acid as a linker was exploited for the

purpose of conjugating a PSMA-targeting Lys-urea-Glu motif,
an integrin-targeting cRGDfK motif, and an optical-dye Sulf-
oCy7. The HtBv ligand (52 in Figure 9) has similar PSMA-affinity
for PSMA as compared with DOTA-conjugated monovalent
compound. Compound 52 also exhibited strong integrin-αvβ3

binding affinity (IC50 = 90 nM) comparable to that of cRGDfK-
DOTA conjugate (IC50 =74 nM). Synergistic dual targeting
specificity were demonstrated with SulfoCy7-labeled 53 (Fig-
ure 9) in the in vivo optical imaging of NOD/SCID mice bearing
integrin/PSMA-positive tumors.

Byun and co-workers developed the HtBv ligand (54 in
Figure 9) targeting PSMA with hepsin, a type II transmembrane
serine protease which is highly expressed on the epithelial cell
surface of PCa.[82] Cell uptake studies using PC3/ML-PSMA
(PSMA expressing cell line), PC3/ML-HPN (hepsin expressing cell
line), and PC3/ML-PSMA-HPN (PSMA and hepsin expressing cell
line) demonstrated synergistic affinity enhancement of 54.

Chen and his colleagues attempted to increase the blood
circulation half-life of PSMA-targeted agents to improve tumor
uptake for therapeutic or imaging efficacy.[83] They attached
Evans Blue (55 in Figure 9) or 4-(p-iodophenyl)butyric acid (56
in Figure 9) as albumin-binding moieties.[84] The IC50 values of
55 and 56 were 13.7 and 30.1 nM, respectively. The slow blood
clearance of 55a (t1/2 =5.6 h) contributed to the maintained
tumor uptake of 55a at 24 hr and 48 hr p.i. (74.5�11.0%ID/g

Figure 9. Heterobivalent ligands targeting in PSMA and other proteins.
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and 77.3�6.2%ID/g, respectively) while tumor uptake of 56a
decreased over time.

6. Multi-Functional Ligands

The radiolabeled PSMA-targeting agents have corroborated
accurate images of PCa specifically by radionuclide imaging
such as PET and SPECT. However, a greater resolution would be
required for the visualization of fine tumor margins during
surgical operation.[85] Recent studies have reported simultane-
ous fluorescence (FL) and SPECT or PET visualization at the
same time.[86] Introduction of FL and PET modalities on the
same ligand can be adopted to avoid the limitations associated
with the pharmacokinetics of stand-alone FL or PET agents. It
should be noted that radioactive specificity may be compro-
mised due to the higher detection threshold for FL than PET or
SPECT. Ting and co-workers designed and synthesized the dual-
imaging agent (57 in Figure 10) for FL and PET scanning.[87]

They used cyanine moiety as fluorophore and

alkylammoniomethyl trifluoroborate (AMBF3) as 18F-captor.[88]

The AMBF3 moiety contributed to rapid and stable exchange
with 18F in aqueous environment. Compound 57 exhibited IC50

value of 6.74�1.33 nM and revealed a high radiochemical yield
(14–31%, decay uncorrected). Compound 57 displayed PSMA
specificity with 5.2-fold higher fluorescent signal in PSMA-
positive PIP cells than in PSMA-negative PC3 cells.

Sun and co-workers synthesized theranostic small molecule-
drug conjugates.[89] Compound 58 has both PET-imaging and
chemotherapy moieties. By utilizing the three attachment
points of Lys, a NOTA moiety for chelating 68Ga, a cytotoxic
maytansinoid emtansine (DM1) for chemotherapy was linked to
the Lys-Urea-Glu scaffold. DM1 has been applied in targeted
therapy, for instance, antibody-drug conjugate.[90] 68Ga-radio-
labeling of 58 was conducted at 60 °C and showed quan-titative
yield in 15 min with 50–80 Gbq/μmol of specific activity range.
In an in vitro PSMA binding affinity assay, 58 had IC50 values of
187�41 nM. Clear PET/CT image of 58 in xenografted SCID
mice was visualized at 1 h p.i. with 4.30�0.20%ID/g of tumor
uptake. The radioactivity accumulated in the liver was very low
(0.42�0.10%ID/g), implying the reduction of systemic toxicity
of DM1.

The antibody-recruiting small molecule approaches conju-
gating PSMA-targeted moiety with 2,4-dinitrophenyl (DNP)
group as the immune cell promoting scaffold were recently
reported.[91] Valliant and co-workers reported PSMA-binding
DNP derivatives (59–63 in Figure 10) radiolabeled with 125I for
SPECT-imaging.[92] The in vitro assay with LNCaP cells revealed
that the 5-iodotriazole derivative, 63, had the most potent
affinity (IC50 =14 nM) in this series. The 4-iodotriazole derivative
with no PEG linker had an IC50 value of 100 nM, while that of
the DNP derivative (59) was 3 nM, implying the significance of
the arene-binding region.

7. New Scaffolds to Replace PSMA-Binding
Lys-urea-Glu Moiety

Pomper and his colleagues synthesized PSMA inhibitors based
on carbamate scaffold to decrease the uptake into non-target
organ.[93] Although the substituted O for NH weakened the
hydrogen-bonding interactions presented by the urea func-
tional group, the carbamate-based compounds (64–65 in Fig-
ure 10) maintained the overall geometry and interactions with
the Arg patch region and S1 hydrophobic subpocket compared
to their urea analogs 66 and 67.[41] Compounds 64–65 exhibited
strong PSMA binding affinities (Ki =0.11 nM for 64, 0.21 for 65)
which were higher than that of 1 (Ki =1.1 nM). They also
exhibited excellent selective PSMA-positive PC3 PIP tumor
uptake (64: 90%ID/g at 2 h; 65: 97%ID/g at 4 h), and radio-
activity in non-target organs cleared rapidly. Tsukamoto and co-
workers supported the promising perspective of the carbamate
scaffold with structure-activity relationship studies.[94]

Figure 10. Multifunctional or new scaffold bearing PSMA ligands
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8. Outlook

Table 1 summarizes the PSMA-binding affinity, tumor uptake,
signal-to-noise (S/N) ratio and radiochemical yield of the
representative compounds described in this review. PSMA-
targeted tracers (1–3) in clinical stage for prostate cancer
imaging have strong IC50 values (<30 nM), high tumor uptake
(>7 %ID/g), and high S/N ratio (>7). This value is not essential
for the success of radiolabeled PSMA molecules, but can be
used as a guideline in preclinical studies. As the S1 subpocket
of PSMA is highly resistant for structural changes and the tunnel
region is sufficiently flexible to accommodate bulky linkers and
prosthetic groups, it is expected that structural modification of
Lys-urea-Glu PSMA inhibitors would continue in the P1 region
and the tunnel region.

Despite the promising clinical results of radiolabeled PSMA
ligands, there is still a clinical need to maximize the efficiency of
diagnosis or treatment and to minimize the side effect. In
particular, potential toxicities such as hematotoxicity and
xerostomia should be considered and adequately assessed.

9. Conclusion

PSMA is now considered as an excellent biomarker for
metastatic prostate cancer. SARs of urea-based PSMA ligands
derived from Lys-urea-Glu have been extensively established in
the last decade. Preclinical and clinical studies using PSMA-
targeting ligands have been actively performed.

Radiotherapy using β- or α-emitting PSMA-targeted ligands
showed bright prospect for the treatment of recurrent PCa. In
particular, 225Ac-labeled compounds with strong efficacy and
long half-life need to be validated in clinical trials to assess the
benefits of PSMA-targeted radiotherapy in comparison with
other standard therapies of prostate cancer.

Significant progress and clinical achievement of prostate
cancer imaging with radiolabeled compounds 1–3 have been
made. They have a potential to be approved by FDA as the
PSMA-targeted low molecular weight imaging probe if the
associated problems including non-target organ uptake, low
radiochemical yield, unstable complexation with radiometals,
and pharmacokinetic properties are resolved.
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Ref.

1 1.1a,d,
15.5b,c

46.7�5.8
(0.5 h)

184
(1 h)g

72 (1 h)h

36–53%e

2.8%f

[11,33,53]

2 7.5b,d

24.3b,c
7.7�1.5 (1 h) 13 (1 h)g

18 (1 h)h
>99% [16,63,66]

3 6.4a,c 8.5�4.1 (1 h) 7.8 (1 h)g

17 (1 h)h
>97% [22]

5 6.7a,c 8.0�2.4 (1 h) 13 (1 h)g 5–10%f [35]

6 12.9a,d 40.3�5.1
(0.5 h)

302
(2 h)g

14%f [39]

9b 7.0b,c 14.3�2.5 (2 h) 20–40%e [32]

9c 3.2b,c 10.9�1.0 (2 h) 20–40%e [32]

13 2.9a,c 7.9�2.4
(0.5 h)

65
(1.5 h)h

32%f [51]

14a 3.4a,c 13.3�2.2 (1 h) 33 (1 h)g 30–50%e [53]

14b 8.7a,c 7.2�2.1 (1 h) 24 (1 h)g 30–50%e [53]

15a 2.2a,c 14.0�3.1 (1 h) 18 (1 h)g 30–50%e [53]

15b 17.6a,c 7.7�1.4 (1 h) 11 (1 h)g 30–50%e [53]

37 0.3a,d 19.5�1.8 (1 h) 59 (1 h)g - [65]

38 0.4a,d 42.2�6.7 (1 h) 120
(1 h)g

- [65]

40 18.3b,c 5.4�0.4 (1 h) 32 (1 h)g - [66]

44 2.5b,c 2.8�0.3 (1 h) 22 (1 h)h - [72]

45 2.8b,c 3.3�0.3 (1 h) 17 (1 h)h - [72]

46 6.0b,c 1.2�0.5 (1 h) 17 (1 h)h - [76]

47 1.5b,c 4.2�0.9 (1 h) 42 (1 h)h - [76]

48 1.4b,c 2.6�0.6 (1 h) 7.1 (1 h)h - [76]

49 2.1b,c 3.3�0.6 (1 h) 11 (1 h)h - [76]

50 2.5b,c 3.0�0.1 (1 h) 14 (1 h)h - [76]

51 2.0b,c 4.0�0.1 (1 h) 11 (1 h)h - [76]

58 187b,c 4.3�0.2 (1 h) - - [89]

59 3b,c 12.2�1.9 (1 h) 35 (1 h)g 72%e [92]
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64 0.1a,d 64.5�7.7 (1 h) 40 (1 h)g 5%f [93]

65 0.2a,d 57.1�19.6
(1 h)

20 (1 h)g 3%f [93]

a) Ki value; b) IC50 value; c) cell binding assay; d) enzymatic assay; e) decay-
corrected; f) nondecay-corrected; g) tumor-to-blood ratio; h) tumor-to-
muscle ratio
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