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Abstract 

Background:  Prostate cancer is a common cancer among men worldwide that has a 
very poor prognosis, especially when it progresses to metastatic castration-resistant 
prostate cancer (mCRPC). Therefore, novel therapeutic agents for mCRPC are urgently 
required. Because prostate-specific membrane antigen (PSMA) is overexpressed 
in mCRPC, targeted alpha therapy (TAT) for PSMA is a promising treatment for mCRPC. 
Astatine-211 (211At) is a versatile α-emitting radionuclide that can be produced using 
a cyclotron. Therefore, 211At-labeled PSMA compounds could be useful for TAT; how-
ever, 211At-labeled compounds are unstable against deastatination in vivo. In this study, 
to develop in vivo stable 211At-labeled PSMA derivatives, we designed and synthesized 
211At-labeled PSMA derivatives using a neopentyl glycol (NpG) structure that can stably 
retain 211At in vivo. We also evaluated their biodistribution in normal and tumor-bear-
ing mice.

Results:  We designed and synthesized 211At-labeled PSMA derivatives containing two 
glutamic acid (Glu) linkers between the NpG structure and asymmetric urea (NpG-L-
PSMA ((L-Glu)2 linker used) and NpG-D-PSMA ((D-Glu)2 linker used)). First, we evaluated 
the characteristics of 125I-labeled NpG derivatives because 125I was readily available. 
[125I]I-NpG-L-PSMA and [125I]I-NpG-D-PSMA showed low accumulation in the stomach 
and thyroid, indicating their high in vivo stability against deiodination. [125I]I-NpG-L-
PSMA was excreted in urine as hydrophilic radiometabolites in addition to the intact 
form. Meanwhile, [125I]I-NpG-D-PSMA was excreted in urine in an intact form. In 
both cases, no radioactivity was observed in the free iodine fraction. [125I]I-NpG-D-
PSMA showed higher tumor accumulation than [125I]I-NpG-L-PSMA. We then devel-
oped 211At-labeled PSMA using the NpG-D-PSMA structure. [211At]At-NpG-D-PSMA 
showed low accumulation in the stomach and thyroid in normal mice, indicating its 
high stability against deastatination in vivo. Moreover, [211At]At-NpG-D-PSMA showed 
high accumulation in tumor similar to that of [125I]I-NpG-D-PSMA.

Conclusions:  [211At]At-NpG-D-PSMA showed high in vivo stability against deastati-
nation and high tumor accumulation. [211At]At-NpG-D-PSMA should be considered 
as a potential new TAT for mCRPC.
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Background
Prostate cancer is the second most common cancer among men worldwide (Sung et al. 
2021). Prostate cancer, especially when it progresses to metastatic castration-resistant 
prostate cancer (mCRPC), which is resistant to standard care such as hormonal therapy 
or chemotherapy, has a very poor prognosis (Chandrasekar et al. 2015; Kirby et al. 2011). 
Therefore, novel therapeutic agents for mCRPC are urgently required. Prostate-specific 
membrane antigen (PSMA) is a type II membrane glycoprotein that is overexpressed in 
prostate cancer (Silver et al. 1997). Because PSMA has been recognized as a reliable bio-
marker that reflects the disease burden of differentiated prostate cancer and mCRPC, 
it is a promising target for mCRPC (Bouchelouche et  al. 2010). Radionuclide therapy 
using α-emitting radionuclides and β-emitting radionuclides that target PSMA has been 
widely investigated to treat mCRPC more efficiently (Jones et  al. 2020). Among these 
therapies, radionuclide therapy using α-emitting radionuclides, known as targeted alpha 
therapy (TAT), is expected to have high therapeutic efficacy and low side effects owing 
to the higher energy transfer rates and shorter pathlengths of α-emitting radionuclides 
compared to other radionuclides (Nelson et  al. 2021; Bruland et  al. 2023). Indeed, an 
actinium-225 (225Ac)-labeled compound targeting PSMA, developed as a TAT agent for 
mCRPC ([225Ac]Ac-PSMA-617, Fig. 1a), has attracted much attention because it leads 
to complete remission in patients with late-stage mCRPC (Kratochwil et al. 2016). How-
ever, the supply of 225Ac is very limited, and production methods are currently under 
development. 225Ac generates multiple α-emitting daughter radionuclides, but the 
nuclear recoil energy can release daughter radionuclides from the labeled compound, 
leading to unintended irradiation of non-target tissues. Therefore, new versatile TAT 
agents using α-emitting radionuclides are expected to be developed (Nelson et al. 2021; 
Nagatsu et al. 2021).

Astatine-211 (211At) is an easy-to-handle α-emitting radionuclide with a half-life of 7.2 
h. It is a versatile α-emitting radionuclide that can be produced using a 30 MeV cyclotron 
(Nelson et  al. 2021; Zalutsky and Pruszynski 2011). Furthermore, because 211At emits 
only one alpha particle during decay, the potential radiotoxicity of its daughter radionu-
clides is negligible. As such, 211At-labeled PSMA derivatives are expected to be versatile 
TAT compounds (Chakravarty et al. 2023). In general, conventional 211At-labeled com-
pounds that use astatobenzene structures as 211At-labeling moieties have the problem 
that 211At is released in vivo (Hadley et al. 1991; Watabe et al. 2023; Kiess et al. 2016). 
In particular, low molecular weight compounds labeled with 211At using astatobenzene 
structure were less stable against deastatination in  vivo. This has limited the develop-
ment of 211At-labeled PSMA derivatives using astatobenzene structure as the 211At-labe-
ling moiety. On the other hand, metabolically stabile cyclic peptides such as the RGD 

Fig. 1  Structures of a [225Ac]Ac-PSMA-617, b [18F]F-PSMA-1007, and c [X]X-NpG-D/L-PSMA. (X = 125I, 211At)
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peptide labeled with 211At using astatobenzene showed high in  vivo stability (Echigo 
et al. 2024; Ogawa et al. 2021). These results suggest that deastatination is involved in 
enzyme recognition and that astatobenzene derivatives, which are less easily recognized 
by enzymes, are stable in vivo. Recently, in vivo stable 211At-labeled PSMA derivatives 
using astatobenzene structures have been developed that have high tumor growth sup-
pression and low side effects in normal tissues (Mease et al. 2022; Fakiri et al. 2024). In 
these compounds, astatobenzene structure was placed in the middle of the compounds. 
The insertion in this position may have prevented it from being recognized by enzymes 
involved in deastatination. Recently, we developed a neopentyl derivative with two 
hydroxy groups (NpG structure) as a 211At-labeling moiety that could stably retain 211At 
in vivo (Suzuki et al. 2021; Kaizuka et al. 2024) even when a low-molecular-weight com-
pound was used as a targeting moiety. Therefore, it is thought that NpG structure could 
be used to design a variety of 211At-labeled PSMA derivatives.

In this study, we designed and synthesized 211At-labeled PSMA derivatives that con-
tained two glutamic acid (Glu) linkers between the NpG structure and the PSMA bind-
ing moiety, asymmetric urea (NpG-L-PSMA ((L-Glu)2 linker used) and NpG-D-PSMA 
((D-Glu)2 linker used)) (Fig.  1c). First, we evaluated the characteristics of 125I-labeled 
NpG derivatives because 125I was readily available. Then, the biodistribution of 211At-
labeled NpG derivatives in mice was evaluated.

Methods
The preparation of [211At]At-NpG-D-PSMA, [125I]I-NpG-D-PSMA, and [125I]I-NpG-L-
PSMA and the analytical methods using reversed-phase high-performance liquid chro-
matography (RP-HPLC) were described in the Supporting Information.

Cell line and in vitro assay

The human prostate cancer cell line LNCaP was provided by RIKEN BioResource Center 
(BRC) through the National BioResource Project of MEXT/AMED, Japan. LNCaP cells 
were cultured according to protocols prescribed by RIKEN BRC. LNCaP cells were 
seeded in 24-well plates (~ 1.5 × 105 cells/500 µL/well) coated with 0.01% poly-L-lysine 
(Sigma-Aldrich, Tokyo). After washing twice with assay medium (RPMI 1640 supple-
mented with 0.5% BSA), 250 µL of assay medium was added to each well. Each PSMA 
derivative and [125I]DCIT dissolved in assay medium (250 µL) were added to the well, 
and the plates were then incubated at 37 °C for 1 h. After removing the assay medium, 
the cells were washed twice with assay medium (250 µL × 2). All cells were lysed with 
1 M NaOH (500 µL), and the solution was collected. The cells were washed twice with 
PBS (250 µL × 2), and the solution was mixed with the previous solution. The radioactiv-
ity in the solution was measured using an auto-well gamma counter. The IC50 value was 
calculated by fitting with nonlinear regression using GraphPad Prism 8.4.3 (GraphPad 
Software, Inc., San Diego).

Preparation of the animals

Animal studies were conducted in accordance with the institutional guidelines 
approved by the Chiba University Animal Care Committee (Permit No. 4–183). Five-
week-old male ddY mice and BALB/c-nu/nu mice were purchased from Japan SLC Inc. 
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(Hamamatsu, Japan). LNCaP cells (5.0 × 106 cells) were suspended in 100 μL of PBS and 
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in a 1:1 ratio. Tumor xenograft mod-
els were prepared via subcutaneous injection of this LNCaP cell suspension into BALB/c 
nude mice.

In vivo study

Six-week-old male ddY mice were injected via the tail vein with each radiolabeled PSMA 
derivative. Animals were sacrificed and the organs were dissected at 10 min, 1 h, 3 h, 
and 6 h after injection. Metabolic cages were used for housing normal mice. The tis-
sues of interest were excised and weighed, and the radioactivity counts in each tissue 
were determined using an auto-well gamma counter. Each value was expressed as the 
mean percent injected dose/g tissue ± SD for a group of 3–5 animals, except those for 
the stomach, intestine, and thyroid.

Biodistribution studies were conducted using male BALB/c-nu/nu mice bearing 
LNCaP cell xenografts at 1 and 3 h postinjection of [211At]At-NpG-D-PSMA (100 µL, 
37 kBq) and 1 and 6 h postinjection of 125I-labeled PSMA derivative (100 µL, 11.1 kBq). 
In the blocking study, [125I]I-NpG-D-PSMA was coinjected with 2-PMPA (50  mg/kg 
weight) into tumor-bearing mice via the tail vein. At 1 h postinjection, the mice were 
sacrificed. The tissues of interest were excised and weighed, and the radioactivity counts 
in each tissue were determined using an auto-well gamma counter. Each value was 
expressed as the mean percent injected dose/g tissue ± SD for a group of 3–5 animals, 
except those for the stomach, intestine, and thyroid.

Analysis of radiometabolites in urine

Urine samples were collected from 6-week-old ddY mice 6 h after injection of each 
125I-labeled PSMA derivative (100 µL, 370 kBq). After ethanol precipitation of proteins, 
the urine samples were filtered through a polycarbonate membrane (0.45 µm) and ana-
lyzed by RP-HPLC (System 2).

Statical analysis

All data were presented as the mean ± standard deviation (SD) of at least three inde-
pendent measurements. The results of the biodistribution studies were analyzed using 
Student’s t-test or one-way analysis of variance followed by Tukey’s test for multiple 
comparisons (GraphPad Prism 8.4.3). Significance was assigned at p < 0.05.

Results
Synthesis and radiolabeling

NpG-D-PSMA and NpG-L-PSMA were synthesized in a similar manner (Scheme  1). 
The tripeptide spacer (compound 1) linking the asymmetric urea structure, compound 2 
(PSMA binding site), to the NpG structure (radiohalogen labeling site) was synthesized 
by a solid-phase method using Cl-Trt(2-Cl) resin. Compound 3 was obtained by conden-
sation of compound 1, with the asymmetric urea structure synthesized according to a 
previous report (Maresca et al. 2009), and compound 4 was obtained by deprotection of 
the Fmoc group of compound 3. The 211At/125I-labeling moiety, the NpG structure, was 
synthesized using pentaerythritol as the starting material. Compound 6 was obtained 
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by introducing a carboxyl group into one of the remaining hydroxy groups using bro-
moacetic acid. Compound 7 was obtained from condensation of compound 6 with com-
pound 4. The hydroxy group of compound 7 was activated with a triflate or methylate 
group to obtain the labeling precursor (compound 8). The radiochemical yields of the 
125I-labeled and 211At-labeled PSMA derivatives (two steps) were 19% ([125I]I-NpG-L-
PSMA), 25% ([125I]I-NpG-D-PSMA), and 22% ([211At]At-NpG-D-PSMA), respectively, 
and the radiochemical purity of all radiolabeled PSMA derivatives was over 95%. The 
retention times of [125I]I-NpG-L-PSMA and [125I]I-NpG-D-PSMA were identical to 
those of their non-radioactive iodine-labeled counterparts. Because there is no stable 
isotope for astatine, [211At]At-NpG-D-PSMA was confirmed by the similarity of the 
retention time during RP-HPLC with that of its non-radioactive iodine-labeled counter-
part, I-NpG-D-PSMA (Fig. S1).

Lipophilicity

The log D7.4 value of [125I]I-NpG-D-PSMA was − 3.14 ± 0.03, which was lower than 
that of [18F]F-PSMA-1007 (− 1.6) (Robu et al. 2018) and higher than that of [68Ga]Ga-
PSMA-617 (− 4.30 ± 0.10) (Umbricht et al. 2017).

Binding affinity

The binding affinity of I-NpG-L-PSMA and I-NpG-D-PSMA to LNCaP cells was eval-
uated by calculating the IC50 by competitive inhibition experiments using the bind-
ing of [125I]DCIT to LNCaP cells as a competitor. Ga-labeled PSMA-617 was used as a 

Scheme 1  Synthetic scheme of NpG-D/L-PSMA. a HOBt, DIPEA, WSCI/HCl, b 20% piperidine/DMF, c 
NaH, bromoacetic acid, d HOBt, DIPEA, WSCI/HCl, e 2,6-lutidine, trifluoromethanesulfonic anhydride or 
methanesulfonyl chloride; f NaI, [125I]NaI, or [211At]At, g TFA/H2O = 9/1
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reference compound (Table  1, Fig. S2). The IC50 values of I-NpG-L-PSMA, I-NpG-D-
PSMA, and Ga-PSMA-617 were similar.

Biodistribution in normal mice

Figure 2 and Table S1 show the biodistribution of radioactivity after injection of [125I]
I-NpG-L-PSMA and [125I]I-NpG-D-PSMA in normal mice. [125I]I-NpG-L-PSMA and 
[125I]I-NpG-D-PSMA showed low accumulation in the stomach and thyroid, indicat-
ing high stability against deiodination in the body. [125I]I-NpG-D-PSMA showed bio-
distribution similar to that of [125I]I-NpG-L-PSMA in normal mice. Moreover, both 
125I-labeled PSMA derivatives showed similar biodistribution to that of [67Ga]Ga-
PSMA-617 in normal mice, except for in the kidney and intestine.

Urine analysis

[125I]I-NpG-L-PSMA and [125I]I-NpG-D-PSMA were injected into normal mice, and 
the radioactivity excreted in urine up to 6 h after injection was analyzed by RP-HPLC 
(Fig.  3). In the case of [125I]I-NpG-L-PSMA, radioactivity was excreted as intact [125I]
I-NpG-L-PSMA and as radiometabolites with shorter retention times than [125I]I-NpG-
L-PSMA, indicating that radiometabolites were more hydrophilic than [125I]I-NpG-L-
PSMA. In contrast, in the case of [125I]I-NpG-D-PSMA, radioactivity was excreted as 
only intact [125I]I-NpG-D-PSMA. In both cases, there was no radioactivity in the free 
iodine fraction.

Biodistribution in tumor‑bearing mice

Figure 4 and Table S2 show the biodistribution of radioactivity after injection of [125I]
I-NpG-L-PSMA and [125I]I-NpG-D-PSMA in tumor-bearing mice. [125I]I-NpG-D-
PSMA showed similar biodistribution in tumor-bearing mice to [125I]I-NpG-L-PSMA, 
as expected for tumors. The tumor accumulation of [125I]I-NpG-D-PSMA was higher 
than that of [125I]I-NpG-L-PSMA. In addition, accumulation of [125I]I-NpG-D-PSMA in 
the tumor and spleen was inhibited by 2-PMPA, a PSMA inhibitor, suggesting that [125I]
I-NpG-D-PSMA specifically bound to PSMA (Fig. 5). Next, we prepared [211At]At-NpG-
D-PSMA and then evaluated the biodistribution of radioactivity in tumor-bearing mice 
after injection of [211At]At-NpG-D-PSMA. [211At]At-NpG-D-PSMA showed low accu-
mulation in the stomach and thyroid, indicating that it was stable against deastatination 
in  vivo. Moreover, [211At]At-NpG-D-PSMA showed high accumulation in the tumor, 
similar to that of [125I]I-NpG-D-PSMA (Table 2).

Table 1  The IC50 values of each compound

a C.I. = confidential interval

Compound IC50, nM 95% C.I.a

I-NpG-L-PSMA 4.04 3.37–5.85

I-NpG-D-PSMA 6.06 5.26–6.98

Ga-PSMA-617 7.56 6.57–8.78
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Discussion
In this study, we designed and synthesized 211At-labeled PSMA derivatives using an NpG 
structure that is stable against dehalogenation in vivo (Suzuki et al. 2021). Initially, we 
designed and synthesized NpG-conjugated PSMA without a glutamic acid linker (NpG-
PSMA, Fig. S3), but this compound showed high accumulation in the liver and intes-
tine and low accumulation in the kidney, which was not observed with common PSMA 
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Fig. 2  Radioactivity in the tissues after 10 min, 1 h, 3 h, and 6 h injection of 125I-labeled compounds and 
67Ga-labeled compound in normal mice

Fig. 3  RP-HPLC analysis of urine samples after injection of [125I]I-NpG-L-PSMA (left) and [125I]I-NpG-D-PSMA 
(right)



Page 8 of 12Suzuki et al. EJNMMI Radiopharmacy and Chemistry            (2024) 9:48 

0

50

100

150

200

250

300

blo
od liv

er

sp
lee
n

kid
ne
y

pa
nc
re
as
he
ar
t
lun
g

sto
m
ac
h*

int
es
tin

e*

m
us

cle
bo

ne
ne

ck
*

tu
m

or
0

50

100

150

200

250

300

blo
od liv

er

sp
lee

n

kid
ne

y

pa
nc

re
as

he
ar

t
lun

g

sto
m

ac
h*

int
es

tin
e*

m
us

cle
bo

ne
ne

ck
*

tu
m

or

%
ID

/g
 o

r 
%

ID

%
ID

/g
 o

r 
%

ID

[125I]I-NpG-L-PSMA [125I]I-NpG-D-PSMA

: 1 h
: 6 h

: 1 h
: 6 h

Fig. 4  Radioactivity in the tissues after 1 h and 6 h injection of [125I]I-NpG-L-PSMA and [125I]I-NpG-D-PSMA in 
tumor bearing mice

Fig. 5  Tumor accumulation of [125I]I-NpG-D-PSMA with or without 2-PMPA

Table 2  Biodistribution of radioactivity in tumor-bearing mice after injection of [211At]At-NpG-D-
PSMA

* Tissue radioactivity was expressed as %ID

Tissue radioactivity is expressed as %ID/g [for each group, n = 3; results are reported as mean ± SD.]

Tissues 1 h 3 h

Blood 0.41 ± 0.10 0.09 ± 0.02

Liver 0.38 ± 0.08 0.11 ± 0.04

Spleen 11.8 ± 1.26 4.67 ± 3.27

Kidney 181 ± 13.5 132 ± 37.8

Pancreas 0.95 ± 0.48 0.27 ± 0.05

Heart 0.65 ± 0.22 0.23 ± 0.08

Lung 1.84 ± 0.22 0.55 ± 0.06

Muscle 0.30 ± 0.12 0.13 ± 0.09

Bone 0.40 ± 0.22 0.29 ± 0.18

Intestine* 1.94 ± 0.22 1.74 ± 0.39

Stomach* 0.37 ± 0.15 0.55 ± 0.33

Neck* 0.04 ± 0.03 0.05 ± 0.04

Tumor 13.4 ± 3.17 16.9 ± 8.45
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derivatives (Cardinale et al. 2017) (Table S3). The lipophilicity of the NpG structure was 
considered to be higher than that of the DOTA metal complex. Based on these find-
ings, new NpG-conjugated PSMA derivatives containing two glutamic acids as a hydro-
philic linker, similar to the structure of [18F]F-PSMA-1007 (Fig. 1), were designed and 
synthesized to increase the hydrophilicity of the PSMA derivatives. The log D7.4 value of 
[125I]I-NpG-D-PSMA was -3.14 ± 0.03, which was lower than that of [18F]F-PSMA-1007 
(-1.6) (Robu et al. 2018). The difference in the log D7.4 value of each compound may be 
due to differences in the lipophilicity of the radiolabeling moiety such as NpG structure 
and pyridine structure. Although the log D7.4 value of [125I]I-NpG-D-PSMA was higher 
than that of [68Ga]Ga-PSMA-617, this value was considered sufficient to improve the 
biodistribution of radiolabeled PSMA derivative.

[18F]F-PSMA-1007 contains two L-form glutamic acids as linkers in its structure 
(Fig.  1b) (Cardinale et  al. 2017). In addition, [123I]IGLCE also contains L-form amino 
acids (Fig. S4) (Harada et al. 2013). Therefore, we first designed and synthesized NpG-
L-PSMA containing L-form glutamic acids as linkers. I-NpG-L-PSMA showed similar 
binding affinity to LNCaP cells as Ga-PSMA-617 (Table  2), indicating that structural 
modifications away from the asymmetric urea structure, the PSMA binding site, would 
not affect the binding affinity to PSMA. [125I]I-NpG-L-PSMA showed rapid blood clear-
ance and high accumulation in the kidney (Fig. 2). This biodistribution pattern is simi-
lar to that of common radiolabeled PSMA derivatives (Cardinale et al. 2017). Compared 
with [67Ga]Ga-PSMA-617, [125I]I-NpG-L-PSMA showed slower kidney clearance (Fig. 2, 
Table  S1). [18F]F-PSMA-1007, which had a structure similar to that of [125I]I-NpG-L-
PSMA, also showed slow kidney clearance (Cardinale et al. 2017). These results suggest 
that the glutamic acid linker may be involved in renal accumulation.

When urine samples were analyzed by RP-HPLC after injection of [125I]I-NpG-L-
PSMA, radiometabolites were observed (Fig. 3). Similar results have been reported for 
[68Ga]GaDOTAGA-FFK(Sub-KuE), which contains an L-form amino acid sequence 
(Weineisen et al. 2014). This result suggests that the L-form glutamic acid linker in [125I]
I-NpG-L-PSMA was metabolized in the body. Although the structures of radiometabo-
lites were not investigated, [125I]I-NpG-D-PSMA showed high in vivo stability (Fig. 3), 
suggesting that the L-glutamic acid linker was likely to be cleaved. [125I]I-NpG-D-
PSMA showed similar binding affinity for LNCaP cells to that of [125I]I-NpG-L-PSMA. 
This finding was consistent with the finding that the binding affinity of GaDOTAGA-
ffk(Sub-KuE), which contains D-form amino acids, was similar to that of GaDOTAGA-
FFK(Sub-KuE), which contains L-form amino acids (Weineisen et  al. 2014). These 
findings suggested that stereoisomers away from the asymmetric urea structure, the 
PSMA binding site, do not affect the binding affinity to PSMA. Meanwhile, tumor accu-
mulation of [125I]I-NpG-D-PSMA was higher than that of [125I]I-NpG-L-PSMA (Fig. 4, 
Table  S2). This finding is consistent that of a previous study, where it was found that 
tumor accumulation of GaDOTAGA-ffk(Sub-KuE), containing D-form amino acids, was 
higher than that of GaDOTAGA-FFK(Sub-KuE), containing L-form amino acids (Wei-
neisen et al. 2014). These results suggest that the in vivo stability of radiolabeled PSMA 
derivatives affects tumor accumulation in  vivo. Furthermore, the kidney retention 
of [125I]I-NpG-D-PSMA was shorter than that of [125I]I-NpG-L-PSMA (Figs.  2, 4 and 
Tables S1, S2). The previously reported 211At-labeled PSMA derivatives containing the 
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D-form glutamic acid linker also showed shorter retention times than those containing 
the L-form glutamic acid linker (Watabe et al. 2023). These results indicate that the glu-
tamic acid linker affects renal radioactivity behavior. On the other hand, [211At]At-NpG-
D-PSMA showed higher accumulation in the kidney than the compound, 211At-3-Lu, 
reported by Mease (Mease et al. 2022) and was similar to the compound, [211At]-PSAt-3, 
reported by Fakiri (Fakiri et al. 2024). The structures of 211At-3-Lu and [211At]-PSAt-3 
were similar except for the linker structure. These results suggested that the linker struc-
ture would affect the renal accumulation of radiolabeled PSMA derivatives although the 
mechanism was not clear. Although [211At]At-NpG-D-PSMA showed higher accumula-
tion in the kidney, the values were comparable to those of common radiolabeled PSMA 
derivatives and not considered problematic.

Because the [125I]I-NpG-D-PSMA structure that contained D-form glutamic acids 
showed high tumor accumulation and rapid clearance from the kidney compared to 
[125I]I-NpG-L-PSMA, we developed a radiolabeled compound in which the 125I of [125I]
I-NpG-D-PSMA was replaced with 211At. [211At]At-NpG-D-PSMA, like [125I]I-NpG-D-
PSMA, showed low accumulation in the stomach and thyroid in tumor-bearing mice 
(Tables  2, S2), indicating that the NpG structure could hold 211At stably in  vivo even 
when bound to PSMA derivatives. Radioactivity levels in the tumor after injection of 
[211At]At-NpG-D-PSMA were maintained from 1 to 3 h, whereas the renal radioactiv-
ity levels of [211At]At-NpG-D-PSMA decreased from 1 to 3 h, similar to those of [125I]
I-NpG-D-PSMA. These results suggest that [211At]At-NpG-D-PSMA is a promising 
TAT agent against mCRPC. Because of the limited availability of 211At at our facility, 
we could not perform the therapeutic study using [211At]At-NpG-D-PSMA. The simi-
lar biodistribution of [211At]At-NpG-D-PSMA and [125I]I-NpG-D-PSMA suggested that 
radiotheranostics using [123/131I]I-NpG-D-PSMA and [211At]At-NpG-D-PSMA could be 
useful. In addition, because the NpG structure could be used as an 18F-labeling moiety 
(Tago et al. 2021; Shimizu et al. 2019), similar results can be expected for radiotheranos-
tics using [18F]F-NpG-D-PSMA and [211At]At-NpG-D-PSMA.

Conclusions
[211At]At-NpG-D-PSMA was synthesized by incorporating an NpG structure into the 
asymmetric urea structure via a D-glutamic acid linker. [211At]At-NpG-D-PSMA showed 
good stability in the body and high accumulation in tumors. These findings suggest that 
[211At]At-NpG-D-PSMA can be used as a potential new TAT agent for mCRPC.
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