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ABSTRACT: The development of novel tracers targeting
prostate-specific membrane antigen (PSMA) has great potential
for improving the diagnosis and treatment of prostate cancer
(PCa). This study aimed to improve the absolute tumor uptake
and tumor-to-background ratios (TBRs) of this novel PSMA tracer
by increasing the number of pharmacophores, Glu-urea-Lys
(EuK), that specifically bind to PSMA. We successfully synthesized
four radioligands and prepared a total of 12 stable radiotracers by
coordinating 99mTc with various coligands. [99mTc]Tc-EUKD-
EDDA showed the best pharmacokinetic properties both in vitro
and in vivo. It effectively increased the absolute uptake in tumors
and resulted in good tumor retention. Rapid clearance in nontarget
organs resulted in high TBRs. High-contrast SPECT/CT images
were obtained within 2−6 h after injection, suggesting that [99mTc]Tc-EUKD-EDDA has great application potential in time-lapse
imaging of PCa, which is important for improving the diagnostic accuracy of PCa in clinical practice.

■ INTRODUCTION
Prostate cancer (PCa) is the most common malignant tumor
of the male reproductive system.1−3 The incidence and
mortality of PCa are increasing worldwide from year to
year.4−6 PCa is considered the second leading cause of death in
males after heart disease and is an important global public
health issue.7,8 The early symptoms of PCa are not obvious,
and most patients are already in the late stage at diagnosis,
missing the best time for treatment.9,10 Therefore, the effective
diagnosis of PCa is highly important for the treatment and
prognosis of patients.
The technique known as “radiotracer diagnosis” uses a tracer

that has been labeled with a radioactive isotope to identify
PCa. Radiotracers are valuable tools for clinical PCa diagnosis
because they have unique advantages over other diagnostic
techniques, such as prostate-specific antigen (PSA) testing,
rectal examination, prostate ultrasound, and prostate puncture
biopsy.11 These advantages include high specificity, high
sensitivity, and noninvasiveness, which reduces the patient’s
risk and pain.12−16 Currently, four radiotracers targeting
prostate-specific membrane antigen (PSMA) have been
approved for clinical PCa diagnosis or treatment, which can
be divided into two main categories: positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT). [68Ga]Ga-PSMA11, [18F]F-DCFPyL,
[18F]F-rhPSMA-7.3 and [177Lu]Lu-PSMA-617 provide high
accuracy for detecting or treating PSMA-positive lesions in
male cancer patients, but their sensitivity is strongly affected by
the PSA concentration in the body and they often accumulate

in nontarget organs such as the kidneys, bladder and salivary
glands, which may cause diagnostic interference and limit the
effective diagnosis of early PCa with low PSA expression.17−21

In recent years, increasing the number of target groups has
become a viable strategy for improving the performance of
radiotracers.22,23 Based on studies of dimers and polymers,
radiotracers have shown obvious advantages in increasing
absolute tumor uptake, reducing uptake in nontarget organs,
and improving tumor-to-background ratios (TBRs). For
example, the radiotracers [68Ga]7 ([EuK]2-HBED-CC),
[68Ga]Ga-PSMA-D5 ([EuK]2-DOTA) and [68Ga]Ga-DOTA-
(2P-PEG4)2 ([EuK]4-DOTA), developed by increasing the
number of Glu-urea-Lys (EuK) oligopeptides (PSMA targeting
groups), effectively increased tumor uptake by almost 2-fold
compared with that of their monomers, and their TBRs clearly
improved.24−26 Moreover, the same benefits have been
demonstrated in the development of radiotracers for targets
such as fibroblast activation protein (FAP) and integrins,27−29

such as [68Ga]Ga-DOTA-2P(FAPI)2, [68Ga]Ga-DOTA-4P-
(FAPI)4 and [99mTc]Tc-3PRGD2, etc. These results highlight
the significant impact of the modification strategy of increasing
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the number of target groups on the improvement of
radioligands. Therefore, adjusting the number of EuK groups
(EuKs) to improve the performance of PSMA radiotracers is
reasonable and feasible.
For radiotracers, linkers between targeting groups and

between targeting groups and radionuclide chelators play an
important role in improving pharmacokinetic (PK) properties.
DPro-Gly (PG) oligopeptide chains and polyethylene glycol
(PEG) chains are widely used to regulate PK properties.30 In
previous studies, our research group examined the effects of
the linker types between the targeting group and the
radionuclide chelators on the performance of FAP radio-
tracers.31−33 Studies have shown that PG and PEG chains have
great benefits in reducing uptake into nontarget organs.
Moreover, L-aspartic acid, an endogenous amino acid, has
good biocompatibility and plays an important role in energy
metabolism and the regulation of the acid−base balance.34

More importantly, the amphoteric structure of the dicarboxylic
acid and amino groups facilitates dimerization of the targeting
group and the association of the metal chelators. For 99mTc
labeling, the bifunctional chelator hydrazinonicotinamide
(HYNIC) can form a stable complex with the participation
of coligands.35,36 A rich coligand composition is one of the
important ways to regulate tracer stability, lipid−water
distribution and targeted binding ability.
In this study, we aimed to improve the absolute tumor

uptake and TBRs of novel PSMA tracers by increasing the
number of EuKs. To achieve this goal, we chose L-aspartic acid
as a scaffold for the polymerization of EuK-targeting groups,

which were linked via stable amide bonds to form EuK dimers
and tetramers and then linked to HYNIC chelators.

To further optimize our tracers, the effects of different
linkers on PK properties were examined by adjusting the type
of linker between HYNIC and L-aspartic acid. Radiolabeling
was then carried out with 99mTc in combination with various
coligands, including triphenylphosphine trisulfonate (TPPTS),
diphenylphosphine benzene-3-sulfonate (TPPMS), ethylene-
diaminetetraacetic acid (EDDA), and N-[tris(hydroxymethyl)-
methyl]glycine (tricine). We prepared two new classes of
PSMA-targeting radioligands (Figure 1): dimers (EUKD,
EUKD-PEG, and EUKD-PG) and tetramers (EUKT). Their
PK properties and potential as SPECT imaging agents were
evaluated in vitro and in vivo.

■ RESULTS
Chemistry. The synthesis of the PSMA dimer and tetramer

radioligands is shown in Scheme 1, and initial Compounds 1
and 6 were synthesized according to our published
procedure.37 First, the dimerization of EuKs occurs via L-
aspartic acid (3), followed by the removal of amino protecting
groups via palladium−carbon reduction (4). In the presence of
the condensing agent hexafluorophosphate azabenzotriazole
tetramethyl uronium (HATU), derivatives 7 and 8 of the
HYNIC groups were subsequently obtained via stable amide
bonds. Finally, the targeting group was condensed with the
chelating group to deprotect the protecting groups and obtain
EUKD (10a), EUKD-PEG (10b), and EUKD-PEG dimers
(10c) in 16−19% yield. The synthesis of the EUKT tetramer
(11) was carried out by forming the EuKs tetramer (5) via an

Figure 1. Structures of PSMA dimeric and tetrameric radioligands.
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L-aspartic acid linker, followed by condensation and depro-
tection with a chelator (6) in the presence of HATU, with a
yield of 26%.
Radiolabeling. As shown in Figure 2, each radioligand

forms 3 stable 99mTc labels with three different coligands
(TPPTS, TPPMS, and EDDA). All of the radiotracer labeling

processes followed standardized protocols, and the entire
labeling and analysis process was completed within 60 min.
The radiochemical purities (RCP) of all of the radiotracers
were greater than 90% (Figure 3a-d), and they can be used
directly in subsequent studies without further purification.
Among them, the retention times of [99mTc]Tc-EUKD-EDDA,

Scheme 1. Synthetic Route of PSMA Radioligands
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[99mTc]Tc-EUKD-PG-EDDA, [99mTc]Tc-EUKD-PEG-EDDA
and [99mTc]Tc-EUKT-EDDA were 9.55, 9.56, 9.52, and 9.58
min, respectively. The molar activities of [99mTc]Tc-EUKD-
EDDA, [99mTc]Tc-EUKD-PG-EDDA, [99mTc]Tc-EUKD-
PEG-EDDA and [99mTc]Tc-EUKT-EDDA were 1.61 × 1015

Bq/mol, 2.06 × 1016 Bq/mol, 2.17 × 1016 Bq/mol and 3.15 ×
1016 Bq/mol, respectively.
Stability and Log P Assessment. In vitro stability

experiments (Figure S1) revealed that all of the radiotracers

maintained significant stability in saline for up to 4 h, whereas
four EDDA acted as coligand radiotracers ([99mTc]Tc-EUKD-
EDDA, [99mTc]Tc-EUKD-PG-EDDA, [99mTc]Tc-EUKD-
PEG-EDDA, [99mTc]Tc-EUKT-EDDA) and had good stability
for 4 h in fresh mouse whole blood. As shown in Figure 3e and
Table S1, all of the radiotracers are hydrophilic (Log P = −0.04
to −2.72), and [99mTc]Tc-EUKD-EDDA has the strongest
hydrophilic property.

Figure 2. Speculative structure of PSMA radiotracers.

Figure 3. HPLC characterization and Log P of all PSMA radiotracers. (a) [99mTc]Tc-EUKD-TPPTS/TPPMS/EDDA; (b) [99mTc]Tc-EUKD-PG-
TPPTS/TPPMS/EDDA; (c) [99mTc]Tc-EUKD-PEG-TPPTS/TPPMS/EDDA; (d) [99mTc]Tc-EUKT-TPPTS/TPPMS/EDDA; (e) Log P of
PSMA radiotracers.
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Biodistribution Studies. A preliminary PK study of all of
the radiotracers is shown in Figure 4a and Tables S2−S5. The
uptake of all tracers in the blood, muscle and bone was less
than 1% ID/g at 2 h after injection, with the highest uptake
occurring in the kidney, followed by the liver and spleen. The
high uptake of [99mTc]Tc-EUKD-PG-TPPTS in the lungs
(22.32 ± 0.63% ID/g) and liver (12.11 ± 0.40% ID/g) may be
possibly related to the formation of colloids in solution or in
vivo environment. [99mTc]Tc-EUKT-TPPMS showed the
highest uptake in the kidney (16.22 ± 0.95% ID/g), and
[99mTc]Tc-EUKD-EDDA showed the lowest uptake (1.58 ±
0.06% ID/g). Compared with the TPPTS and TPPMS
coligands, among the four radioligands, EDDA effectively
reduced kidney uptake by almost 1 to 3 times, liver uptake by
almost 5 to 100-fold, and spleen uptake by almost 1 to 50-fold.
The renal blocking rate (BR) of the preinjected PSMA
blockers 2-PMPA, [99mTc]Tc-EUKD-PG-EDDA, [99mTc]Tc-

EUKD-PEG-EDDA and [99mTc]Tc-EUKT-EDDA were 76%
(10.00 ± 0.50 vs 2.44 ± 0.33% ID/g), 44% (3.87 ± 0.30 vs
2.17 ± 0.13% ID/g) and 24% (10.69 ± 0.51 vs 8.13 ± 0.21%
ID/g), respectively. No significant blocking changes were
observed with [99mTc]Tc-EUKD-EDDA due to lower renal
uptake.

The PK properties of [99mTc]Tc-EUKD-EDDA in blood
within 30 min are shown in Figure 4c and Table S6. The main
PK parameters of Lambda_z (λ), MRTlast and AUC0‑t were
0.019 min−1, 1.76 and 290 min*%ID/g, respectively, and the
theoretically predicted values of MRTINF_obs and AUC0‑∞
were 13.08 and 337 min*%ID/g, respectively.

The biodistribution of [99mTc]Tc-EUKD-EDDA in the
22Rv1 mouse model was shown in Figure 4d and Table S7.
The kidney was also the organ with the highest uptake (37.01
± 2.09% ID/g, 2 h), followed by the tumor (4.58 ± 0.30% ID/
g, 2 h). The uptake in blood, muscle, and bone was also less

Figure 4. Biodistribution of radiotracers in mice. (a) Biodistribution in normal Kunming mice (n = 5) at 2 h after injection; (b) BR of radiotracers
in the kidney; (c) blood distribution of [99mTc]Tc-EUKD-EDDA in normal Kunming mice for 5−30 min; (d) [99mTc]Tc-EUKD-EDDA
biodistribution of 22Rv1 tumor-bearing mice (n = 3) at 2 h, 2 h-block and 4 h after injection; (e) BR of [99mTc]Tc-EUKD-EDDA in the kidney and
tumor; (f) ratio of tumor-to-nontarget tissue in 22Rv1 tumor-bearing mice. *P < 0.05, **P < 0.01, ***P < 0.001.
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than 1% ID/g. In the presence of the blocking agent 2-PMPA,
the uptake of the tracer in the tumor and kidney was effectively
blocked, with BR of 73% (4.58 ± 0.30 vs 1.22 ± 0.09% ID/g)
and 83% (37.01 ± 2.09 vs 6.23 ± 0.86% ID/g), respectively
(Figure 4e). Over time, the tracer was continuously cleared
from nontarget organs, and its uptake in the blood and muscles
continued to decrease, particularly in the kidney (37.01 ± 2.09
vs 26.66 ± 3.83% ID/g, 2 h vs 4 h). Although tumor uptake
also decreased over time (4.58 ± 0.30 vs 2.92 ± 0.29% ID/g, 2
h vs 4 h), the tumor-to-blood ratio (T/B) improved (4.66 vs
5.53, 2 h vs 4 h). Compared to the clearance rate of muscles,
the clearance of tumors was significantly faster, resulting in a
little decrease in tumor-to-muscle ratio (T/M) compared to 2
h, but still with higher contrast (10.03 vs 9.37, 2 h vs 4 h)
(Figure 4f).
Cellular Uptake Studies. As shown in Figure 5a, the

uptake of [99mTc]Tc-EUKD-EDDA in 22Rv1 cells (PSMA+)
was significantly better than that in PC3 cells (PSMA-),
regardless of whether it lasted 1 or 2 h, and a time-dependent
uptake pattern appeared. In the presence of 2-PMPA, the
uptake BR of the tracer in 22Rv1 cells was 72% after 2 h,
whereas no difference in uptake was observed in PC3 cells.
Moreover, as shown in Figure 5b, the nanomolar affinity (Kd =
19.74 nM) of the PSMA protein was measured via saturation
competition experiments in 22Rv1 cells.
Micro-SPECT/CT Imaging Studies. SPECT/CT imaging

of [99mTc]Tc-EUKD-EDDA in 22Rv1 and PC3 tumor-bearing
mice is shown in Figures 6 and S2. [99mTc]Tc-EUKD-EDDA

showed the best imaging properties: the tumor was clearly
localized 2−6 h after injection and it was quickly eliminated via
the kidney. [99mTc]Tc-EUKD-PG-EDDA and [99mTc]Tc-
EUKD-PEG-EDDA also clearly imaged the tumor, but their
uptake in the kidney was significantly greater than that of
[99mTc]Tc-EUKD-EDDA (Figure S2a and S2b). Unfortu-
nately, [99mTc]Tc-EUKT-EDDA did not show effective uptake
in the tumor and showed high retention in the kidney (Figure
S2c). Preinjection of 2-PMPA (500 μg) effectively blocked the
accumulation of [99mTc]Tc-EUKD-EDDA in the tumor and
kidney. Moreover, in the PC3 tumor-bearing mouse model, no
uptake was observed in the tumor (PSMA-), but there was
high retention in the kidney (PSMA+).
Molecular Dynamics and Docking Studies. Molecular

docking (MD) and dynamics simulations (DS) theoretically
confirmed the affinity of the tracer for the PSMA protein
(PDB: 4LQG). As shown in Figures 7 and S3, Tc-EUKD-
EDDA, Tc-EUKD-PG-EDDA and Tc-EUKD-PEG-EDDA
formed stable complexes with proteins in the 50 ns kinetic
simulation. Extensive hydrogen bonds and hydrophobic
interactions formed with amino acid residues in the active
pocket (Figures 7a and S3). However, Tc-EUKT-EDDA could
not form an efficient complex with the PSMA protein. The
root-mean-square deviation (RMSD) of the protein backbone
and protein complex (Figures 7b and 7c) shows the stability of
the tracer over the 50 ns simulation system and the reliability
of the simulation result analysis. The root-mean-square
fluctuation (RMSF) analysis of local flexibility (Figure 7d)

Figure 5. (a) Uptake of [99mTc]Tc-EUKD-EDDA in 22Rv1 (PSMA+) and PC3 (PSMA-) cells at 1 h, 2 and 2 h block. (b) Saturation binding
experiments of [99mTc]Tc-EUKD-EDDA in 22Rv1 cells. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 6. Micro SPECT/CT images of [99mTc]Tc-EUKD-EDDA in 22Rv1 or PC3 tumor-bearing male BALB/c nude mice at 2, 4, and 6 h after
injection (T = tumor, K = kidney).
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revealed that the molecular structure of the tracer fluctuated
significantly, which is further evidence of the tight binding of
the ligand to the active cavity of the protein. Tc-EUKD-EDDA
shows that there is only one lowest energy well in the entire
simulation system (Figure 7e). The Molecular Mechanics
Poisson−Boltzmann surface area (MMPBSA) energy calcu-
lation revealed that the total energy of the system is dG =
−239.21 kJ/mol, of which the binding free energy is dH =
−401.34 kJ/mol (including molecular mechanics energy
(MM) = −779.05 kJ/mol, polarized solvation energy (PB) =
417.326 kJ/mol and nonpolar solvation energy (SA) =
−39.617 kJ/mol). ARG463, GLU457, SER513 and LYS514,
which form hydrogen bonds with Tc-EUKD-EDDA, are the
main residues contributing energy (Figures 7f and 7g). The
MMPBSA of Tc-EUKD-PG-EDDA and Tc-EUKD-PEG-
EDDA were −193.016 kJ/mol and −136.72 kJ/mol,
respectively (Table S8).

■ DISCUSSION
In this study, we designed and prepared 12 stable 99mTc-
labeled PSMA polymer tracers by adjusting the number of
EuKs, the type of linker between the targeting group and the
chelators, and the composition of the coligand. This study will
provides new insights into increasing the absolute tumor
uptake of the tracer and reducing renal uptake. The 99mTc
labeling method is simple, the radionuclide source is
convenient, and the 12 stable PSMA polymer tracers can be
used directly without purification (RCP > 90%), which is easy
to promote and clinically apply.

All of the radiotracers showed good stability in vitro, and no
significant degradation was observed in saline or fresh whole
blood of mice within 4 h. All of the radiotracers were
hydrophilic (Log P = −0.04 to −2.72), and [99mTc]Tc-EUKD-
EDDA was the most hydrophilic. Coligands are an effective
way to regulate the lipid−water distribution of radiotracers.

Figure 7. Molecular dynamics of radiotracers. (a) Interactions of Tc-EUKD-EDDA within protein cavities; (b) RMSD of the ligand−protein; (c)
RMSD of the ligands; (d) RMSF of the ligands; (e) Gibbs energy landscape of Tc-EUKD-EDDA; (f) MMPBSA energy decomposition of Tc-
EUKD-EDDA; (g) Contribution of protein residues to the MMPBSA energy of Tc-EUKD-EDDA.
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EDDA and TPPTS improved the hydrophilicity of the tracer
significantly better than TPPMS coligands did. Interestingly,
among the two radioligands (EUKD and EUKT) without a
linker introduced between the targeting group and the
chelator, the coligand EDDA was more effective than
TPPTS in improving the water solubility of the radiotracer.
However, the opposite results were shown for the two
radioligands EUKD-PG and EUKD-PEG (PG and PEG
serve as linkers between the targeting group and the chelator).
When comparing the relationship between the radiotracer Log
P and the structure, one can clearly see that there is no obvious
correlation between the two. It can be concluded that the
regulation of lipid−water distribution is not only the result of
the interaction of multiple functional groups but must also take
into account the entire molecular structure. These results
provide valuable insights into the design of HYNIC as a
radiotracer for 99mTc-labeled chelators.
The preliminary PK properties of all of the radiotracers were

studied in normal Kunming mice. A comparison of the effects
of different coligands on the biodistribution of radiotracers
revealed that the four radioligands presented the same trend.
The elimination of the coligand EDDA in nontarget organs is
significantly better than that of TPPTS and TPPMS, especially
in metabolic organs such as the liver, spleen, lung, and kidney.
The kidney is an organ with high PSMA expression and is also
a dose-limiting organ for PSMA tracers.11,21 The uptake level
of radiotracers in the kidney has become an important
reference indicator for our preliminary assessment of tracer
performance. Among the four EDDA-labeled radiotracers,
[99mTc]Tc-EUKD-EDDA showed the lowest renal uptake
(1.58 ± 0.06% ID/g), followed by [99mTc]Tc-EUKD-PEG-
EDDA (3.87 ± 0.30% ID/g) and [99mTc]Tc-EUKD-PG-
EDDA (10.00 ± 0.50% ID/g), and [99mTc]Tc-EUKT-EDDA
had the highest renal uptake (10.69 ± 0.51% ID/g). In
addition to [99mTc]Tc-EUKD-EDDA, the three tracers could
be effectively blocked by the PSMA blocker 2-PMPA, with
renal BR of 76%, 44%, and 24%, respectively, indicating that
they effectively target PSMA. [99mTc]Tc-EUKD-EDDA has an
excellent renal clearance rate, maintaining renal uptake at a low
level (probably basal uptake), so no significant renal blocking
effect was observed. Moreover, all radiotracers can be quickly
cleared (<1% ID/g, 2 h) from blood, muscle and bone, which
has great potential for improving the TBRs of tracers.
[99mTc]Tc-EUKD-EDDA showed the best drug distribution

and metabolism, and its PK properties in blood were examined
from 0 to 30 min. The main PK parameters of tail vein
injection Lambda_z (λ), MRTlast and AUC0‑t were 0.019
min−1, 1.76 and 290 min*%ID/g, respectively, and the
theoretically predicted values MRTINF_obs and AUC0‑∞
were 13.08 and 337 min*%ID/g. The shorter residence time
in the blood and the faster clearance rate provide powerful
conditions for the rapid clearance of the tracer from the blood
and its rapid distribution to other organs.
The biodistribution of [99mTc]Tc-EUKD-EDDA was studied

in a 22Rv1 mouse model. At 2 h after injection, which is
consistent with the observations in Kunming mice, the kidney
was the organ with the highest dose (37.01 ± 2.09% ID/g),
followed by the tumor (4.58 ± 0.30% ID/g). Compared with
our previous studies on [99mTc]Tc-T-M2 and [99mTc]Tc-
EUKPG-EDDA (single pharmacophore PSMA tracer, Figure
S4),37,38 the absolute uptake of [99mTc]Tc-EUKD-EDDA in
tumors was significantly greater (4.58 ± 0.30 vs 2.15 ± 0.49 vs
1.07 ± 0.12% ID/g, 2 h). Compared with [99mTc]Tc-T-M2,

renal uptake was significantly lower (37.01 ± 2.09 vs 72.66 ±
4.40% ID/g, 2 h). The main objective of this study was to
increase absolute tumor uptake and TBRs by increasing the
number of pharmacophores. Biodistribution in 22Rv1 tumor-
bearing mice confirmed that this is a reasonable design
strategy. At the same time, clearance in nontarget organs was
faster, and uptake in blood, bone and muscle was less than 1%
ID/g, resulting in higher TBRs. The T/B and T/M ratios were
4.66 and 10.03, respectively. Under the condition of
preinjection of 2-PMPA (30 min in advance), the uptake of
[99mTc]Tc-EUKD-EDDA into the kidney and tumor was
significantly inhibited for 2 h after injection, with the BR of the
kidney being 83% (37.01 ± 2.09 vs 6.23 ± 0.86% ID/g) and
the BR of the tumor being 73% (4.58 ± 0.30 vs 1.22 ± 0.09%
ID/g). The blocking experiment also demonstrated the high
specificity of the tracer for PSMA. To further investigate the
drug distribution and metabolic performance of the tracer over
time, the biodistribution of [99mTc]Tc-EUKD-EDDA was
examined in a 22Rv1 mouse model 4 h after injection under
the same conditions. Compared with those at 2 h, all organs
tended toward decreased uptake, and the kidney was still the
organ with the highest uptake (26.66 ± 3.83% ID/g).
Encouragingly, compared with that at 2 h, the retention rate
of the tracer in the tumor reached 65% (4.58 ± 0.30 vs 2.92 ±
0.29% ID/g), which is also when the T/B ratio is considered to
have increased to 5.53 and the T/M ratio is still as high as 9.37.
The higher TBRs and good tumor retention effect give this
tracer a clear advantage in time-lapse imaging.

The differential uptake of [99mTc]Tc-EUKD-EDDA in
22Rv1 (PSMA+) and PC3 (PSMA-) cells also showed high
affinity for PSMA. The uptake of [99mTc]Tc-EUKD-EDDA in
22Rv1 cells was significantly greater than that in PC3 cells
regardless of whether it lasted 1 or 2 h, and a time-dependent
uptake pattern appeared. In the presence of 2-PMPA, the
uptake BR of the tracer in 22Rv1 cells was 72% after 2 h,
whereas no difference in uptake was observed in PC3 cells.
The differential uptake and effective blocking of [99mTc]Tc-
EUKD-EDDA in 22Rv1 and PC3 cells demonstrated that it
targets the PSMA protein. Moreover, the nanomolar affinity
(Kd = 19.74 nM) for the PSMA protein was measured via
saturation competition experiments in 22Rv1 cells, which
further demonstrated the high affinity of the tracer for the
PSMA protein. The affinity of Tc-EUKD-EDDA for the PSMA
protein was theoretically verified through MD and DS. Further
analysis of the energy of the Tc-EUKD-EDDA protein complex
revealed that there is only one lowest energy well in the entire
simulation system, suggesting that Tc-EUKD-EDDA and the
protein have only one lowest stable conformation. The
MMPBSA energy calculation showed that the total energy of
the system is dG = −239.21 kJ/mol, of which the binding free
energy is dH = −401.34 kJ/mol (including MM = −779.05 kJ/
mol, PB = 417.326 kJ/mol and SA = −39.617 kJ/mol),
ARG463, GLU457, SER513 and LYS514, which form
hydrogen bonds with Tc-EUKD-EDDA, are the main residues
contributing energy.

[99mTc]Tc-EUKD-EDDA showed the best SPECT/CT
imaging properties. The tumor was clearly localized for 2 h
after injection and it was quickly eliminated via the kidney. As
seen in the biodistribution, the higher TBRs enable the
acquisition of high-contrast SPECT/CT images. [99mTc]Tc-
EUKD-PG-EDDA and [99mTc]Tc-EUKD-PEG-EDDA also
clearly imaged the tumor, but the uptake in the kidney was
significantly greater than that of [99mTc]Tc-EUKD-EDDA,
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particularly [99mTc]Tc-EUKD-PEG-EDDA. Unfortunately,
[99mTc]Tc-EUKT-EDDA did not show effective uptake in
the tumor and showed high retention in the kidney. The
results of MD and DS may provide a reasonable explanation
for this phenomenon. Tc-EUKD-EDDA, Tc-EUKD-PG-
EDDA and Tc-EUKD-PEG-EDDA can form stable complexes
with proteins in the 50 ns kinetic simulation (MMPBSA:
−239.21 vs −193.016 vs −136.72 kJ/mol). Extensive hydrogen
bonds and hydrophobic interactions formed with amino acid
residues in the active pocket. However, Tc-EUKT-EDDA
could not form an efficient complex with the PSMA protein;
this is consistent with the tracer imaging performance achieved
by SPECT/CT. The mismatch between Tc-EUKT-EDDA and
the active site of PSMA could be the main factor affecting the
performance of this tracer, indicating that the molecular
structure of Tc-EUKT-EDDA still needs to be further
optimized. Recent studies have shown that time-lapse imaging
of PSMA tracers has a positive impact compared with early
imaging in detecting missed lesions, increasing image contrast,
and accurately staging tumors.39−41 Owing to its good tumor
retention effect, [99mTc]Tc-EUKD-EDDA clearly localized to
the tumor even after 4 and 6 h. Over time, the contrast of the
SPECT/CT images obtained increased. This tracer has great
application prospects in time-lapse imaging of PCa. Pre-
injection of 2-PMPA (500 μg) effectively blocked the
accumulation of [99mTc]Tc-EUKD-EDDA in the tumor and
kidney. Moreover, in the PC3 tumor-bearing mouse model, no
uptake was observed in the tumor (PSMA-), but high retention
in the kidney (PSMA+) was detected. The differential uptake
and effective blocking of [99mTc]Tc-EUKD-EDDA in 22Rv1
and PC3 tumor-bearing mice further confirmed its high affinity
for the PSMA target. Therefore, both standard scan and time-
lapse imaging, [99mTc]Tc-EUKD-EDDA has shown great
potential for clinical application.

■ CONCLUSIONS
In this study, we designed and synthesized four radioligands
targeting PSMA, including three dimers (EUKD, EUKD-PG,
and EUKD-PEG) and one tetramer (EUKT). By coordinating
99mTc with various coligands, 12 stable radiotracers were
prepared. All of the tracers had good stability, and preliminary
PK studies were performed. [99mTc]Tc-EUKD-EDDA showed
the best PK properties and could bind stably in the active
cavity of the PSMA protein, showed nanomolar affinity (Kd =
19.74 nM), and exhibited significant tumor uptake in cell and
SPECT imaging. [99mTc]Tc-EUKD-EDDA effectively in-
creased the absolute uptake in tumors and resulted in good
tumor retention. Its rapid clearance in nontarget organs
resulted in high TBRs. More importantly, high-contrast
SPECT/CT images can be obtained within 2−6 h after
injection, providing the obvious advantage of time-lapse
imaging; this is meaningful for improving the diagnostic
accuracy of PCa in the clinic, particularly in detecting
recurrences and distinguishing tumors from nonneoplastic
lesions, helping to more accurately stage and guide treatment
decisions. In conclusion, [99mTc]Tc-EUKD-EDDA is a
promising candidate for PSMA-targeted tumor imaging agents.

■ EXPERIMENTAL SECTION
General. Unless otherwise stated, all reactions were carried out in

flame-dried glass vessels with magnetic stirring in a nitrogen
atmosphere. All reagents were purchased from Tong Guang Fine
Chemicals Company (Beijing, China), Aladdin, Innochem, and

JandK. Nuclear magnetic resonance (NMR) spectra of 1H were
obtained via a 400 or 600 MHz JNM-ECS spectrometer (JEOL,
Tokyo, Japan). The NMR chemical shifts were compared to those of
the internal standard, TMS, or to residual solvent peaks. Each
coupling constant J was given in Hertz (Hz). Mass spectra (MS) were
acquired using ESI ionization on a Thermo Scientific LCQ mass
spectrometer (Thermo, USA). A Kromasil C18 column (250 × 4.6
mm, 5 μm) on a Shimadzu 20A (Shimadzu, Kyoto, Japan) was used
for the radioactive high-performance liquid chromatography (R-
HPLC) analyses. Saline was used to elute [99mTc]NaTcO4 with a
99mMo/99mTc generator purchased from Zhibo Biomedical Tech
(Beijing, China). A Wizard 2480 γ-counter (PerkinElmer, Singapore)
and an HRS-1000 technetium analyzer (Huaruison, Beijing, China)
were used to measure radioactivity. The Typical Culture Collection of
the Chinese Academy of Sciences (Beijing, China) provided the
22Rv1 and PC3 cell lines. In vivo imaging studies were performed
using a micro-SPECT/CT device (Trifoil, CA).
Radiolabeling. [99mTc]Tc-EUKD-TPPTS. Tricine (1 mg) and

TPPTS (2 mg) were dissolved in 0.5 mL of phosphate-buffered
saline (PBS). To this mixture, succinate buffer adjusted to a pH of 6.0
was added (0.3 mL), followed by EUKD (20 μg) and 0.5 mL of
freshly eluted [99mTc]NaTcO4 (37−370 MBq) in sequence, and the
mixture was then subjected to a reaction at 100 °C for 30 min to yield
the radiotracer [99mTc]Tc-EUKD-TPPTS.

[99mTc]Tc-EUKD-TPPMS. Tricine (1 mg) and TPPMS (2 mg) were
dissolved in 0.5 mL of PBS. To this mixture, succinate buffer adjusted
to a pH of 6.0 was added (0.3 mL), followed by EUKD (20 μg) and
0.5 mL of freshly eluted [99mTc]NaTcO4 (37−370 MBq) in sequence,
and the mixture was then subjected to a reaction at 100 °C for 30 min
to yield the radiotracer [99mTc]Tc-EUKD-TPPMS.

[99mTc]Tc-EUKD-EDDA. Tricine (20 mg) and EDDA (10 mg) were
dissolved in 0.5 mL of PBS. To this solution, succinate buffer adjusted
to a pH of 7.0 was added (0.2 mL), the solution pH was adjusted to
7.0−8.0 with NaOH (1 mol/L), followed by EUKD (20 μg), SnCl2·
2H2O (100 μg) and 0.5 mL of freshly eluted [99mTc]NaTcO4 (37−
370 MBq) in sequence, and the mixture was then subjected to a
reaction at 100 °C for 20 min to yield the radiotracer [99mTc]Tc-
EUKD-EDDA.

The labeling methods of [99mTc]Tc-EUKD-PG-TPPTS, [99mTc]-
Tc-EUKD-PEG-TPPTS and [99mTc]Tc-EUKT-TPPTS were the
same as that of [99mTc]Tc-EUKD-TPPTS. The labeling methods of
[99mTc]Tc-EUKD-PG-TPPMS, [99mTc]Tc-EUKD-PEG-TPPMS and
[99mTc]Tc-EUKT-TPPMS were the same as that of [99mTc]Tc-
EUKD-TPPMS. The labeling methods of [99mTc]Tc-EUKD-PG-
EDDA, [99mTc]Tc-EUKD-PEG-EDDA and [99mTc]Tc-EUKT-EDDA
were the same as that of [99mTc]Tc-EUKD-EDDA.

All 99mTc-labeled complexes do not require purification, with a
RCP of >90%.
R-HPLC Analysis and Stability Assay. R-HPLC was used to

measure the RCP and stability of the 99mTc-labeled radiotracers. R-
HPLC analysis was performed on a Shimadzu 20A instrument
equipped with a Kromasil C18 column (250 × 4.6 mm, 5 μm). The
injection volume was 10 μL. The flow rate was 1.0 mL/min. Phase B
was acetonitrile, and phase A was water with 0.1% TFA. The R-HPLC
program was as follows: 10% phase B (stationary from 0 to 2 min),
10%−90% phase B (linear increase from 2 to 5 min), 90% phase B
(stationary time 5 to 20 min), and 90%−10% phase B (linear decrease
from 20 to 30 min).

The in vitro stability of mouse whole blood and saline was assessed.
After storing the radiolabeled solution at 37 °C for 4 h, R-HPLC was
used to determine the RCP. The radiotracers were incubated with
fresh mouse blood in equal parts (v/v) for 4 h at 37 °C to measure
whole blood stability. A solvent mixture of acetonitrile and ethanol at
a ratio of 1:2 was then added to the incubated mixture to extract the
plasma proteins. The mixture was centrifuged at 4 °C and 12,000 rpm
for 5 min. The supernatant was then filtered with a 0.22 μm filter
membrane, and R-HPLC analysis was performed to determine the
RCP.
Octanol/Water Partition Coefficient (Log P). The shake flask

method was used to test the Log P values of the radiotracers. PBS
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(0.025% mol/L, pH 7.4) was used overnight to presaturate the n-
octanol used in the experiment. In summary, 900 μL of PBS, 1 mL of
n-octanol, and 100 μL of radiotracer were added to a centrifuge tube,
and the mixture was shaken vigorously for 5 min. To achieve phase
separation, the mixture was then centrifuged at 10,000 rpm for 15
min. Then, 500 μL samples of PBS and n-octanol were collected and
analyzed via a γ-counter. To determine the distribution coefficient, the
radioactivity counts in the two phases were compared. Log P = log
(cpm in n-octanol/cpm in PBS) was used to calculate the results from
three parallel experiments. Log P values were expressed as the means
± SDs.
Cell Culture and Tumor Models. The 22Rv1 (PSMA+) and

PC3 (PSMA-) cancer cell lines were cultured in RPMI 1640 medium
supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) and 1% (v/v) penicillin−streptomycin at 37 °C in a cell culture
incubator with 5% CO2.

All of the mice were purchased from the Shibeifu Experimental
Animal Company (Beijing, China). All animals were raised in a
pathogen-free 26 °C environment with ample space for movement,
socialization, and natural behaviors. They had continuous access to
clean water and a balanced feed. All of the animal protocols were
approved and supervised by the Institutional Animal Care and Use
Committee of Beijing Normal University. Male Kunming mice (4−5
weeks old) were used in the preliminary PK experiments. 22Rv1 or
PC3 cells (approximately 1 × 107) suspended in PBS (100 μL) were
injected subcutaneously into the flanks of male BALB/c nude mice
(4−5 weeks old), and biodistribution and SPECT imaging were
performed in the 22Rv1 and PC3 mouse models 3 weeks later (the
tumor diameter was approximately 5−12 mm).
Biodistribution Studies in Mice. In the preliminary PK study of

all of the radiotracers, Kunming mice (n = 5) were used for
evaluation. Each mouse received an injection of 99mTc-labeled tracer
(1.85 ± 0.05 MBq, 100 μL) through the tail vein, and the mice were
sacrificed 2 h after injection. Blood as well as major organs such as the
heart, liver, spleen, lung, kidney, muscle, bone, stomach, brain, large
intestine, and small intestine were collected, weighed, and counted
with a γ-counter. Preinjected mice in the blocking study received the
PSMA-selective inhibitor 2-PMPA (500 μg, 100 μL) 30 min prior.
They then received an intravenous injection of the 99mTc-labeled
tracer (1.85 ± 0.05 MBq/100 μL) and were sacrificed 2 h after the
injection. The biodistribution study in the 22Rv1 mouse model (n =
3) was the same as above, and the data obtained are expressed as the
percentage of intake of the injected dose per gram of organ or tissue
(% ID/g), and the values were expressed as the means ± SDs.

Similar to the biodistribution in Kunming mice, blood samples
were collected at 0 min, 5 min, 15 and 30 min after injection, and
their radioactivity was detected via a γ-counter. Blood PK parameters
were determined by fitting the noncompartmental model in Phoenix
software based on the trend of radioactivity in blood over time.
Cellular Uptake and Saturation Binding Assay In Vitro.

22Rv1 and PC3 cells were seeded in 24-well plates (1 × 105 cells per
well) and incubated overnight. Each well was filled with 0.5 mL of
fresh culture medium containing [99mTc]Tc-EUKD-EDDA (0.37
MBq). After 1 or 2 h, the culture medium was removed, and the cells
were washed twice with cold PBS before being lysed with 1 M NaOH.
A γ-counter was used to quantify the radioactivity. In the blocking
experiment, the experimental group’s workflow was followed after the
PSMA inhibitor 2-PMPA (1 μM) was used for intervention 30 min
prior. The data are presented as the means ± SDs, and the results are
expressed as the percentage of injected activity (IA %)/105 cells
relative to the 22Rv1 control group.

The literature instructions for performing saturation binding tests
were followed.37 22Rv1 cells were treated with different concen-
trations of [99mTc]Tc-EUKGP-EDDA (1.56−1000 nM) in 96-well
plates. The inhibition group (500 nM per well) was subjected to
intervention 30 min in advance. After incubation for 1 h, the medium
was removed, the cells were subjected to two cold PBS washes and
lysed with 1 M NaOH, and the radioactivity was assessed with a γ-
counter. The specific binding percentage (SB %)/105 cells was used to
present the results. GraphPad Prism 8.2 was used to calculate the

dissociation constant (Kd) based on the acquired data to determine
the PSMA affinity.
Small Animal Micro-SPECT/CT Imaging. [99mTc]Tc-EUKD-

EDDA, [99mTc]Tc-EUKD-PG-EDDA, [99mTc]Tc-EUKD-PEG-EDDA
and [99mTc]Tc-EUKT-EDDA (37 MBq, 100 μL) were injected
intravenously into 22Rv1 or PC3 model mice (n = 3). The mice were
initially administered 3% (v/v) isoflurane anesthesia, and static
scanning with 1.5% isoflurane in air at 500 mL/min was used to
perform SPECT/CT at 2 and 4 h after injection to obtain images.
Blockade studies were performed in mice bearing 22Rv1 tumors by
preinjecting 2-PMPA (500 μg) via the tail vein 30 min in advance and
then injecting 100 μL of the above radiotracers (37 MBq). The mice
in the anesthesia blocking group were maintained under the same
conditions, and images were taken 2 h after injection.
Molecular Docking and Dynamics Assay. The Auto Dock 4.2

workspace was used for molecular docking. The docking receptor
used in this experiment was the protein crystal structure (PDB:
4LQG) obtained from the protein data bank (PDB). The target
molecule was used in the Gaussian 09 workspace for 3D structural
optimization docking simulations with the Amber 99 force field. The
cocrystallized ligand served as the docking center, and there were no
limitations in defining the binding sites for subsequent docking
studies using the default settings. The preliminary docking results
were subjected to molecular dynamics in Gromacs 2020, using the
GAFF atomic model for small-molecule optimization. Amber 99 force
for protein structure optimization, SPC for the water model, and NVT
and NPT pre-equilibration for 2 ns were used and the dynamic
simulation time was 50 ns. The RMSD and RMSF of the molecular
dynamics results were examined. The energy results of the MMPBSA
calculation were decomposed after the last 10 ns was completed. The
final conformation displayed and examined in PyMOL was the final
image of the simulation results.
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