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Abstract
Purpose Gadolinium-neutron capture therapy (Gd-NCT) employs isotopically enriched Gadolinium (Gd) and thermal neu-
trons to selectively target cancer cells. This study investigated the targeting efficacy of 157Gd-DOTA-PSMA (Prostate-Specific
Membrane Antigen) in prostate cancer and explored its potential applications in Gd-NCT.
Methods and results We developed 157Gd-DOTA-PSMA, a novel theranostic bio-gadolinium agent specifically designed for
magnetic resonance imaging (MRI)-guided Gd-NCT. 68 Ga-DOTA-PSMA positron emission tomography-computed tomog-
raphy (PET/CT) imaging showed peak radiotracer uptake at 2 h post-injection, with a tumor-to-non-tumor (T/NT) ratio of
6.95 ± 0.60. MRI analysis confirmed a stable T1 signal enhancement 2 h post-injection. Time-of-flight inductively coupled
plasma mass spectrometry (TOF-ICP-MS) revealed significantly elevated Gd concentrations in 22Rv1 tumor compared to
PC-3 tumor and other healthy organs. ICP-MS analysis showed Gd concentrations of 165.69 μg [Gd]/g in 22Rv1 tumors and
35.25 μg [Gd]/g in blood, yielding a tumor-to-blood (T/B) ratio of 4.65± 0.54 and a T/NT ratio of 3.65± 0.49. Neutron irra-
diation with 157Gd-DOTA-PSMA reduced cell viability, inhibited colony formation, and induced DNA damage and apoptosis
in 22Rv1 cells. In 22Rv1 mice, γ-H2AX levels peaked at 6 h post-irradiation, accompanied by an increase in pro-apoptotic
proteins and a decrease in anti-apoptotic proteins over 24 h. In the NCT group following the injection of 157Gd-DOTA-PSMA,
there was effective suppression of tumor growth without a loss of body weight, resulting in a 1.7-fold increase in median
survival compared to control group.
Conclusions 157Gd-DOTA-PSMA, as a theranostic bio-gadolinium agent designed for targeted Gd-NCT in prostate cancer,
represents a novel therapeutic approach and broadens the scope of potential applications of neutron capture therapy.
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Abbreviations

BNCT Boron neutron capture therapy
BPA Boronophenylalanine
BSH Sodium mercaptoundecahydro-closo-

dodecaborate
DMF N,N-Dimethylformamide
D-D Deuterium-deuterium
DSBs Double-strand breaks
EPR Enhanced permeability and retention
Gd-NCT Gadolinium-neutron capture therapy
Gd Gadolinium
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Gd2O3 Gadolinium oxide
4He Alpha
HR-MS High-resolution mass spectrometry

system
HPLC High performance liquid chromatography
HOBT 1-Hydroxybenzotriazole
ICP-MS Inductively coupled plasma mass

spectrometry
IF Immunofluorescence
IHC Immunohistochemical
7Li Lithium-7
LET Linear energy transfer
MRI Magnetic resonance imaging
MALDI Matrix-assisted laser desorption

ionization
NCT Neutron capture therapy
PET/CT Positron emission tomography/computed

tomography
PSMA Prostate specific membrane antigen
PTFE Polytetrafluoroethylene
SPPS Solid-phase peptide synthesis
T/NT Tumor-to-non-tumor
TOF-ICP-MS Time-of-flight inductively coupled plasma

mass spectrometry
T/B Tumor-to-blood
Wb Western blot

Introduction

Neutron capture therapy (NCT), comprising primarily boron
neutron capture therapy (BNCT) and Gd-NCT, has gained
significant attention due to its high linear energy transfer
(LET) and potential for enhanced cancer treatment efficacy
(Capala et al. 2023; Ali 2020). These therapies present an
innovative strategy for selectively targetingmalignant tumors
while potentially minimizing the side effects associated with
traditional treatments such as chemotherapy andX-ray radio-
therapy (Allen et al. 2017).

BNCT, a sophisticated binary modality of radiotherapy,
is progressively being integrated into clinical practice (Mal-
ouff et al. 2021). This approach uses thermal and epithermal
neutrons, along with Boron-10 enriched compounds, to pre-
cisely target tumor cells. Upon thermal neutron irradiation,
Boron-10 captures the neutrons, resulting in the production
of alpha (4He) particles and lithium-7 (7Li) particles, which
are highly effective in eradicating cancer cells (Malouff et al.
2021; Soloway et al. 1998). Conversely, Gd-NCT uses the
unique properties of Gd, which has a neutron capture cross-
section approximately 66 times greater than that of Boron-10
(Okada et al. 2023; Hosmane et al. 2012; Lai et al. 2023).

Following thermal neutron capture, Gd emits high-energy
gamma rays (1330 keV), potent enough to induce tumor cell
destruction (Shih and Brugger 1992). Furthermore, Gd ful-
fills a dual role as an MRI contrast agent by shortening T1

relaxation time, thereby enhancing visualization of tumors
near normal tissues during treatment, and facilitating better
diagnostic accuracy and real-time monitoring of therapeutic
responses (Truillet et al. 2015; Telgmann et al. 2013).

PSMA is a well-established target in prostate cancer,
exhibiting increased expression as the disease progresses to
metastatic stages (Perner et al. 2007). Radionuclide therapies
such as 177Lu/225Ac-PSMA have been explored for prostate
cancer treatment; however, significant side effects, includ-
ing bone marrow suppression and radiation-induced salivary
gland dysfunction, have been observed in clinical trials
(Fendler et al. 2017; Kratochwil et al. 2016). 177Lu/225Ac is a
radioactive isotope that keep emitting radiation in the blood-
stream before elminated, potentially harming healthy organs.
In contrast, 157Gd-DOTA-PSMA is non-radioactive and only
causes localized tumor damage under circumstance that it
accumulates in the tumor and is exposed in thermal neutrons.
To address these limitations, we developed 157Gd-DOTA-
PSMA, a novel theranostic bio-gadolinium agent designed
for MRI-guided neutron capture therapy in prostate cancer.
This study evaluates the PSMA-targeting efficacy of 157Gd-
DOTA-PSMA and investigates its potential applications in
Gd-NCT.

Materials andmethods

Materials and equipment

The Gd standard solution, with a concentration of
1000μg/ml, was procured from the Beijing NonferrousMet-
als Research Institute, Beijing, China. All additional chemi-
cals, solvents, and reagents were supplied by Sigma-Aldrich,
St. Louis, MO, USA. Key equipment and biochemicals used
in this study included a Germanium gallium generator from
New Radiomedicine Technology Co., Ltd., Chengdu, China,
and antibodies such as PSMA, γ-H2AX, Bax, Bcl-2, PCNA,
and p53,whichwere sourced fromAbcamandCell Signaling
Technology (USA). Human prostate cancer cell lines, 22Rv1
(RRID: CVCL1045) and PC-3 (RRID: CVCLE2RM), were
obtained from Wuhan Pricella Biotechnology Co., Ltd.,
Wuhan, China. All human cell lines have been authenticated
using STR profiling, and it has been confirmed that they were
derived from mycoplasma-free cells. Biochemical reagents,
including RPMI 1640 medium, phosphate-buffered saline,
and fetal bovine serum, were supplied by Shanghai Basal-
media Technologies Co., Ltd., Shanghai, China. Analytical
equipment included a 9.4 T animalMRI scanner fromUnited
Imaging Healthcare, Shanghai, China, an animal PET/CT
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scanner from RAYSOLUTION Healthcare Co., Ltd, Hefei,
China, a TOF-ICP-MS system from TOFWERK AG, Thun,
Switzerland, an ICP-MS system from Thermo Fisher Scien-
tific, Waltham, USA, a High-Resolution Mass Spectrometry
(HR-MS) system and High Performance Liquid Chromatog-
raphy (HPLC) from SHIMADZU, Kyoto, Japan.

Male SPF-grade nude mice (Six-week-old), were pur-
chased from Ziyuan Experimental Animal Technology Co.,
Ltd., Hangzhou, China and housed in the Animal Experi-
ment Center of Our University. A thermal-neutron beam was
produced at the Institute of Energy, Hefei Comprehensive
National Science Center, using a deuterium-deuterium (D-
D) neutron generator, which produces 2.5 MeV neutrons at a
rate of 2.5× 108 neutrons per second. The generator operated
at an accelerator voltage of 80 kV and a current of 9.3 mA.
Neutrons were moderated to thermal neutrons, with a flux
of approximately 4.1–4.4 × 108 neutrons/cm2. After anes-
thesia, the tumor-bearing mice were fixed on a self-made
3D printed cell irradiation device. This device was designed
to expose mouse tumors to neutrons as much as possible
to minimize the exposure of surrounding tissues to neutron
radiation. Neutron irradiation lasted for about 2–3 h.

All experimental procedures were conducted in accor-
dance with the guidelines of the Institutional Animal Exper-
imentation Ethics Committee of Anhui Medical University
under Grant No. LLSC20232209.

Synthesis of 157Gd -DOTA-PSMA andmolecular
docking

The DOTA-PSMA Peptides were synthesized by Anhui
Guoping Pharmaceutical Co., Ltd., Hefei, China, using stan-
dard solid-phase peptide synthesis (SPPS) techniques. We
designed a DOTA-PSMA ligand in our paper, similar to
PSMA-617. We design DOTA-PSMA in the form of direct
chain to minimize the intake of salivary glands and other
important organs.The synthesis begins with soaking 2-CL
resin in a vertical reactor, followed by the coupling of Fmoc-
Arg(Pbf)-OH and 1-Hydroxybenzotriazole (HOBT) under
nitrogen gas. Fmoc groups are then cleaved using a 20%
piperidine/DMF solution. The remaining Fmoc-protected
amino acids are sequentially coupled, and DOTA is added
to the C-terminus of the peptide chain. The peptide is
cleaved from the resin, precipitated with anhydrous ether,
and purified by HPLC, achieving a final purity of about 95%,
confirming the successful synthesis of DOTA-PSMA.

The synthesis of 157Gd-DOTA-PSMA involved dissolv-
ing the DOTA-PSMA peptide in a 30% acetonitrile–water
solution, followed by the addition of an excess Gd stan-
dard solution(1000ug/ml), The ratio of DOTA-PSMA to Gd
solution is 1 mg: 0.3 ml. The pH of the reaction mixture
was adjusted to approximately 7 using ammonium bicar-
bonate, and the solution was stirred overnight. The resulting

157Gd-DOTA-PSMA complex was successfully synthesized
and subsequently underwent further purification. Chromato-
graphic separation was achieved using a 20 mm × 250 mm
column packed with Diagsol stationary phase (8 μm particle
size), with a gradient elution ranging from 10 to 65% over a
period of 45 min.

Molecular docking studies were conducted to investigate
covalent interactions between the carboxyl group of DOTA
and the amino group of the PSMA protein side chains, result-
ing in a stable covalent structure. Further molecular docking
with Gd-ions was performed, and the binding free energies
for both docking interactions were calculated independently
to assess the stability and affinity of the synthesized com-
plexes.

Preparation of 68Ga-DOTA-PSMA

A total of 50 μg of DOTA-PSMA peptide was dissolved
in 0.5 mol/l sodium acetate buffer to create an appropriate
environment for labeling. 0.1 mol/l Hydrochloric acid was
utilized to elute the germanium-gallium generator and obtain
the 68Ga radionuclide. The labeling reaction was performed
at 95 °C in a sodium acetate buffer with a pH range of 3
to 4, and maintained for 15 min to ensure optimal binding
between the 68Ga radionuclide and the DOTA.

Monitoring of Biodistribution Dynamics.

Normal mice(n = 15),22Rv1(n = 12) and PC-3(n = 12)
xenograft models were administered intravenous (i.v.) injec-
tions of 68Ga-DOTA-PSMA (3.7 MBq, 100 μl) via the tail
vein, three rats were included at each observation time point.
Following the injections, the mice were euthanized through
cervical dislocation, and their organs were carefully excised
and weighed. The radioactivity of each organ was measured
using a γ-counter to calculate the percentage of the injected
dose per gram of tissue (%ID/g), providing insights into the
distribution of the radiotracer. To gain a more comprehen-
sive understanding of the biodistribution over time, PET/CT
imaging was conducted at multiple time points after the
administration of 68Ga-DOTA-PSMA. This imaging tech-
nique allowed for real-time visualization of the radiotracer’s
dynamic distribution, facilitating the observation of how
its accumulation in both the tumor and surrounding organs
changed over time.

Biodistribution analysis of 157Gd-DOTA-PSMA

The biodistribution of 157Gd-DOTA-PSMA was assessed
using 9.4 T animalMRI scanner, ICP-TOF–MS imaging, and
ICP-MS quantification, guided by dynamic time windows
derived from previous nuclear medicine imaging and biodis-
tribution studies. The 9.4 T animal MRI imaging employed
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Gd as a T1 contrast agent to evaluate T1 enhancement in
22Rv1 tumor-bearing mice (n = 3). MRI Imaging was
performed both before and after the administration of 157Gd-
DOTA-PSMA (13.4 mg [157Gd] / kg, 100 μl) to visualize
changes in gadolinium accumulation in the tumors and vari-
ous organs.

For ICP-TOF–MS imaging, tissue samples were collected
from 22Rv1 xenograft models (n = 3) following the injec-
tion of 157Gd-DOTA-PSMA (13.4 mg [157Gd] / kg, 100 μl).
The mice were euthanized, and their organs were carefully
excised, snap-frozen, and sectioned for further analysis. To
visualize the localization of Gd in the harvested tissues, a
combination of matrix-assisted laser desorption ionization
(MALDI) with laser ablation and ICP-TOF–MS imaging
techniques was employed. For Gd quantification via ICP-
MS, freeze-dried tissue samples were weighed and placed in
cleaned Polytetrafluoroethylene (PTFE) digestion vessels. A
mixture of 1 ml of nitric acid, 0.5 ml of hydrochloric acid,
and 2 drops of hydrofluoric acid was added to each vessel.
The vessels were then sealed and subjected to a microwave
digestion program to ensure the complete dissolution of the
samples. Following digestion, the resulting solutions were
dilutedwith ultrapurewater before being analyzedusing ICP-
MS for accurate quantification of Gd content.

Biological effects of Gd-NCT in vitro assays

To evaluate the effects of 157Gd-DOTA-PSMAon cell viabil-
ity and radiosensitivity, we implemented a series of in vitro
assays using the CCK-8 methodology and colony formation
assays. 22Rv1 Cells were treated with varying concentra-
tions (0–500 μg/ml) of 157Gd-DOTA-PSMA to establish
a concentration–response relationship regarding cytotoxic
effects. Following treatment, 22Rv1 cells were subjected to
thermal neutron irradiation to assess the compound’s ability
(0–100μg/ml) to enhance cell death and inhibit growth. Dur-
ing this process, 22Rv1 cells in the experimental group were
incubated with 157Gd-DOTA-PSMA for 2 h before under-
going neutron irradiation. Following the incubation period,
the cell culture medium was replaced with fresh medium
to eliminate any potential influence of extracellular factors
on the experimental results. We performed colony forma-
tion assays to quantify the long-term effects of combined
treatment with 157Gd-DOTA-PSMA and neutron irradiation
on 22Rv1 cell proliferation. We established both irradiated
and non-irradiated control groups, further dividing them into
subgroups based on treatment administration: NCT + Gd +
, NCT+Gd− , NCT−Gd− , and NCT−Gd+ . To inves-
tigate DNA damage resulting from the treatments, γ-H2AX
immunofluorescence staining was conducted, enabling the
visualization of DNA double-strand breaks in the treated
22Rv1 cells.

Biological effects of Gd -NCT in vivo experiments

The study focused on the therapeutic potential of combining
157Gd-DOTA-PSMA with neutron irradiation in xenograft
models. We established both irradiated and non-irradiated
control groups and divided them into subgroups based on
treatment administration (NCT + Gd + , NCT + Gd − ,
NCT − Gd − , NCT − Gd +). In the NCT + Gd + group,
22Rv1 xenograft models (n = 3) were administered 157Gd-
DOTA-PSMA (13.4 mg [157Gd] / kg, 100 μl) via tail vein
injection before undergoing 2 h of targeted thermal neutron
irradiation using a 3D-printed acrylic frame.

Subsequent experiments assessed biological markers,
including γ-H2AX to quantify DNA double-strand breaks,
Bcl-2 and Bax to evaluate the balance between anti-apoptotic
andpro-apoptotic signaling, aswell as p53 andPCNAas indi-
cators of cell proliferation and growth. These markers were
analyzed using Wb analysis to determine their expression
levels in treated versus control groups, providing insight into
the efficacy of the combined NCT and 157Gd-DOTA-PSMA
treatment. Tumor sections were processed and stained using
a TUNEL kit, enabling the detection of DNA fragmentation
indicative of apoptosis.

Statistical analysis

Data were analyzed using SPSS 23.0 and GraphPad Prism
9.3.0. Results were expressed as mean ± standard deviation(
X ± SD

)
. An independent sample t-test or a paired t-test

was employed for data analysis. A significance level of p <
0.05 was considered statistically significant.

Results

Synthesis and characterization of 157Gd-DOTA-PSMA

The synthesis of 157Gd-DOTA-PSMA was successfully
achieved via SPPS techniques, as illustrated in Fig. 1A.
Characterization of the purified DOTA-PSMA peptide was
performed using HRMS in positive ion mode (ESI+), yield-
ing an m/z value of 1016.13, in close agreement with the
detected value of 1015.70, as shown in Fig. 1B. HPLC
analysis revealed a chemical purity of 94.12% for the DOTA-
PSMA peptide, as shown in Fig. 1C. After chelation with
Gd, mass spectrometry analysis confirmed the successful
incorporation of Gd, as evidenced by the expected mass
shift. The HRMS of the gadolinium-chelated (157Gd-DOTA-
PSMA) exhibited an m/z value of 1170.00, consistent with
the detected value of 1170.39, as shown in Fig. 1D. HPLC
analysis of the 157Gd-DOTA-PSMA peptide demonstrated a
purity of 95.03%, as shown in Fig. 1E. Molecular docking
studies showed that the binding free energy for the covalent
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Fig. 1 Synthesis and Characterization of 157Gd-DOTA-PSMA. A Suc-
cessful synthesis via SPPS.BHRMS analysis of DOTA-PSMA showed
an observed m/z of 1015.70, close to the theoretical value of 1016.13.C
HPLC analysis indicated a chemical purity of 94.12% for DOTA-
PSMA. D Gd incorporation was confirmed by mass spectrometry, with

HRMS revealing an m/z of 1170.00 compared to the theoretical value
of 1170.39. E HPLC analysis of 157Gd-DOTA-PSMA demonstrated
a purity of 95.03%. F Visualization of the molecular docking results,
showing the binding interactions between DOTA, PSMA, and Gd ions
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docking between DOTA and PSMA was calculated to be
-5.39 kcal/mol, while the binding of the DOTA-PSMA com-
plex with Gd ions resulted in a free energy of -4.35 kcal/mol.
These non-covalent interactions involved the coordination of
Gd ions and the carbonyl oxygen atoms of the DOTA ester
group. The results are shown in Fig. 1F.

Identifying PSMA-related targets

This study provides a comprehensive investigation into the
targeting specificity of PSMA by evaluating its expression
in two human prostate cancer cell lines and corresponding
tumor-bearing mouse models. IF analysis revealed strong
PSMA-specific fluorescence in 22Rv1 cells (Fig. 2A & E),
confirming elevated PSMA expression levels in these cells.
Furthermore, Wb analysis of protein lysates from tumor
tissues of both mouse models showed significantly higher
PSMA expression in 22Rv1 tumors compared to PC-3 cells
(Fig. 2B & F), further validating PSMA as a specific tar-
get. IHC analysis of tumor sections supported these findings,
demonstrating robust PSMAstaining in 22Rv1 tumors, while
PC-3 tumors exhibited minimal expression, emphasizing the
marked difference in PSMA levels between the cell lines
(Fig. 2C & G). IF analysis of tumor sections revealed the
localization of PSMA at the cell membrane provided, fur-
ther supporting its potential as a membrane-bound target for
therapeutic interventions in prostate cancer (Fig. 2D & H).

68Ga-DOTA-PSMA dynamic biodistribution

Our results indicated that, using 68Ga-DOTA-PSMA micro-
PET/CT, 22Rv1 tumor-bearing mice exhibited significantly
higher uptake levels and optimal targeting at 2 h (Fig. 3A
& Supplementary Table 1). In biodistribution experiments
with healthymice, the 68Ga-DOTA-PSMAprobewas cleared
through the kidneys via urine, as shown in Fig. 3B. 22Rv1
tumor-bearing mice demonstrated high tumor tissue uptake,
peaking at 27.06 ± 2.55%ID/g at 2 h (Fig. 3C & Supple-
mentary Table 2), while PC-3 tumor-bearing mice exhibited
significantly lower uptake at 6.23 ± 0.79%ID/g (Fig. 3D).
This difference in uptake was statistically significant (p <
0.01).

Biodistribution of 157Gd-DOTA-PSMA byMRI andMS

This study used 9.4 T MRI to monitor 22Rv1 tumor-bearing
mice following the administration of 157Gd-DOTA-PSMA.
The optimal drug distribution was observed at 2 h post-
injection, during which substantial T1 enhancement was
evident in the tumors, offering superior resolution of inter-
tumoral details compared to PET/CT imaging, with minimal
enhancement seen in non-targeted organs (Fig. 3E). These

observations confirm the potential of 157Gd-DOTA-PSMA
as a viable neutron capture agent for NCT.

TOF-ICP-MS analysis confirmed that Gd concentrations
in 22Rv1 tumors were significantly higher than those in
PC-3 tumors and healthy organs (Fig. 3G). These results,
supported by MRI data, highlight the strong tumor-targeting
capability of 157Gd-DOTA-PSMA as a Gd-NCT agent. Fur-
thermore, Gd quantification via ICP-MS revealed an average
Gd concentration of 165.69 μg [Gd]/g in 22Rv1 tumors and
35.25 μg [Gd]/g in blood, resulting in a T/B ratio of 4.65 ±
0.54 and a T/NT ratio of 3.65± 0.49 (Fig. 3F). Gd retention
in the tumors exceeded the injected dose by more than ten-
fold, with approximately 19.09% of the compound localized
in the tumor tissue, closely reflecting the biodistribution of
68Ga-DOTA-PSMA in 22Rv1 tumors.

Radiobiological effects of Gd-NCT in vitro assays

The results indicated that, without exposure to neutron irradi-
ation, cell viability remained stable across various concentra-
tions of 157Gd-DOTA-PSMA. At a therapeutic concentration
of 100μg/ml, no observable cytotoxic effects were detected.
However, at an elevated concentration of 500 μg/ml, a
marked decrease in cell viability, demonstrating a dose-
dependent cytotoxic effect at higher concentrations. Overall,
157Gd-DOTA-PSMA exhibits low cytotoxicity within the
therapeutic dosage range (Fig. 4A).

Following exposure to thermal neutron irradiation, 22Rv1
cells treated with 50 μg/ml of 157Gd-DOTA-PSMA showed
moderate suppression of cell viability (p < 0.05). In the
100 μg/ml group, cell viability decreased markedly after
irradiation, with significant differences compared to the con-
trol group (p < 0.001) (Fig. 4B). These findings suggested
that 157Gd-DOTA-PSMA enhances the inhibitory effects of
thermal neutron irradiation, supporting its potential utility in
radiobiology applications.

After thermal neutron irradiation, 22Rv1 cells showed
a significant reduction in colony formation compared to
the control groups, indicating that 157Gd-DOTA-PSMA
enhances the effects of neutron irradiation, leading to a
reduction in cell proliferation and survival (Fig. 4C & D).
Moreover, γ-H2AX IF staining showed strong fluorescence
in cells treated with Gd-NCT, indicating significant DNA
double-strand breaks (Fig. 4E). This increased fluorescence
is a marker of DNA damage, suggesting that the Gd-NCT
effectively induces DNA damage, which is critical for sensi-
tizing cancer cells to radiation therapy.

Radiobiological effects of Gd-NCT in vivo
experiments

In the study, we initially identified the optimal time win-
dow for observing the effects of NCT. The results revealed
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Fig. 2 Identification of PSMA-Related Targets. A IF analysis demon-
strates high PSMA expression (red) in 22Rv1 cells compared to PC-3
cells, with nuclei stained using DAPI (blue). Scale bar: 100 μm. BWb
analysis reveals a prominent PSMA band (60–65 kD) in 22Rv1 cells,
while a weaker band is observed in PC-3 cells. C IHC shows strong

PSMA expression in 22Rv1 xenografts, with lower expression noted in
PC-3 tumors. Scale bar: 50 μm. D IF analysis reveals increased PSMA
levels in 22Rv1 xenografts (red), with nuclei stained in blue. Scale bar:
50μm.E–H)Data analyses:Cell IFDataAnalysis (E);Wbdata analysis
(F); IHC data analysis (G); Tissue IF data analysis (H)
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Fig. 3 Dynamics of
68Ga-DOTA-PSMA and
157Gd-DOTA-PSMA
Biodistribution. A PET/CT
imaging of 22Rv1 and PC-3
xenografts at multiple time
points. B Biodistribution of
68Ga-DOTA-PSMA in healthy
mice over various time intervals
post-injection. C Biodistribution
of 68Ga-DOTA-PSMA in 22Rv1
tumor-bearing mice at different
post-injection times. D
Biodistribution of
68Ga-DOTA-PSMA in PC-3
tumor-bearing mice at various
post-injection times. E
T1-weighted MRI scans of
22Rv1 tumor-bearing mice
before and after
157Gd-DOTA-PSMA injection. F
Quantification of Gd levels in
tissues using ICP-MS. G
Analysis of tissue cryosections
using TOF-ICP-MS for Gd
localization after injection of
157Gd-DOTA-PSMA
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Fig. 4 Radiobiological Effects of
Gd-NCT In Vitro and In Vivo
Assays. A The cck-8 assay
demonstrates stable cell viability
across various concentrations of
157Gd-DOTA-PSMA, with no
toxicity observed at 100 μg/ml
(therapeutic dose) and moderate
suppression at 500 μg/ml (*: p <
0.05). B Following thermal
neutron irradiation, the 50 μg/ml
group showed moderate
suppression, while the 100 μg/ml
group experienced significant
reduction in cell viability,
indicating enhanced inhibitory
effects. C The colony formation
indicates a significant decrease in
colony count for 22Rv1 cells
treated with
157Gd-DOTA-PSMA after
neutron irradiation in comparison
to control groups. D Quantitative
evaluation of the effect of
Gd-NCT on colony formation:
Gd-DOTA-PSMA-targeted NCT
can significantly inhibit the
formation of cell colonies. E
γ-H2AX IF staining shows
intense fluorescence in cells
treated with 157Gd-DOTA-PSMA
after neutron irradiation,
signifying extensive DNA
double-strand breaks. F γ-H2AX
expression peaks about six hours
post-neutron irradiation. G
γ-H2AX expression significantly
increases at six hours. H Bax
expression peaks, while Bcl-2
expression reaches its lowest
point at approximately 24 h
post-irradiation. I Bax expression
significantly increases at 24 h. J
Bcl-2 expression significantly
decreases at 24 h. K γ-H2AX
expression is significantly
upregulated in the Gd-NCT
group (NCT + Gd +) compared
to other groups. L γ-H2AX
expression shows a significant
increase in the Gd-NCT group.
M p53 (N) and Bax (O)
expression significantly
upregulated in the Gd-NCT
group; PCNA (P) and Bcl-2 (Q)
expression significantly decrease
in the Gd-NCT group
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that γ-H2AX expression peaked at approximately 6 h post-
irradiation (Figs. 4F & G). Moreover, 24 h post-treatment,
the levels of the pro-apoptotic protein Bax peaked, while the
expression of the anti-apoptotic protein Bcl-2 levels was sig-
nificantly reduced (Figs. 4H-J).

Subsequent experiments were conducted at this optimal
time point to evaluate DNA damage, apoptosis, and cell pro-
liferation in tumor-bearing mice. The findings indicated that
in 22Rv1 tumor-bearing mice treated with Gd-NCT, there
was a significant upregulation of γ-H2AX (Figs. 4K & L),
the tumor suppressor protein p53 (Figs. 4M&N), and the pro-
apoptotic protein Bax (Fig. 4O). Meanwhile, the expression
of the proliferation marker PCNA (Fig. 4P) and the anti-
apoptotic protein Bcl-2 (Fig. 4Q) was significantly reduced,
indicating effective inhibition of tumor growth and promo-
tion of apoptosis in the treated group.

Histological evaluation of normal organs and tumor tis-
sues in 22Rv1 tumor-bearing mice further supported these
findings. Tumor tissues in the group receiving Gd-NCT
displayed pronounced signs of fragmentation and cellu-
lar destruction, whereas histological assessments of major
organs such as the heart, liver, spleen, lungs, and kidneys
showed no abnormalities (Figs. 5A & B). In the Gd-NCT
treatment group, TUNEL showed strong fluorescent signals
in the tumor tissues. Compared to the control group, the flu-
orescent intensity in the treatment group was significantly
higher, with a greater proportion of apoptotic cells (p <
0.001), indicating that Gd-NCT treatment significantly pro-
moted apoptosis in tumor cells. (Figs. 5C & E). IHC analysis
for γ-H2AX showed strong positive staining in the tumor tis-
sues of the Gd-NCT treatment group. Quantitative analysis
revealed a significant increase in γ-H2AX expression lev-
els in the Gd-NCT treatment group compared to the control
group (p < 0.0001) (Fig. 5D & F), indicating an enhanced
DNA damage response in tumors subjected to Gd-NCT.

The anti-tumor experiment is schematically illustrated in
Fig. 5G-I. The study included four groups (n = 10 each):
(NCT − Gd −), (NCT + Gd −), (NCT + Gd +), (NCT +
BPA +) group. The doses of 157Gd-DOTA-PSMA (13.4 mg
[157Gd] / kg), BPA (0.85 mg [10B] / kg) which is equivalent
to molar amounts. BPA is the only 10B contained delivery
admitted for boron neutron capture therapy in clinic. While
most tumors can absorb BPA to achieve a therapeutic effect,
prostate cancer also takes up BPA; however, it lacks specific
targeting for prostate cancer, result in a quite low dose accu-
mulated in tumor. As shown in Fig. 5G, the body weights
of mice for (NCT + Gd +) treatment groups did not show
significant changes over the 33 days during the therapeutic
treatments, significantly higher than that in control group.
In contrast, the control group exhibited notable weight loss,
highlighting the beneficial effects of Gd-NCT on mouse
health during the therapeutic regimen. The tumor volume
plots shown in Fig. 5H demonstrate that the (NCT + Gd +

)-treated mice had the smallest average tumor size among
all control group, correlating with the anti-tumor effects of
Gd-NCT and suggesting its potential as a promising thera-
peutic strategy. As shown in Fig. 5I, tumor-bearing mice in
(NCT− Gd−) group died within 35 days, The survival rate
of tumor bearing mice in (NCT + Gd +) group (61 days)
was significantly higher than that in control group, which
may be related to the 157Gd-DOTA-PSMA delivering agent.
These results indicate that the incorporation of 157Gd-DOTA-
PSMA and NCT significantly improves survival and tumor
control, potentially paving the way for more effective cancer
treatments.

Discussion

This study confirms the feasibility of employing molecular
imaging techniques, including PET/CT and MRI, to guide
PSMA-targeted Gd-NCT in the treatment of prostate cancer.
We investigate the therapeutic efficacy of 157Gd-DOTA-
PSMA, emphasizing the importance of dynamic monitoring
of drug delivery to optimize treatment outcomes (Monti
Hughes and Hu 2023; Jung et al. 2018). The integration of
PET/CT, MRI and MS is essential for accurately assessing
the biological distribution and concentration of the drug, ulti-
mately improving therapeutic efficacy (Rashid et al. 2016;
Stasio et al. 2005). Previous research suggests that real-time
MRI monitoring of cancer progression, both before and after
Gd-NCT treatment, offers amore accurate evaluation of ther-
apeutic effectiveness (Lai et al. 2023; Ho et al. 2022).

The therapeutic efficacy of 157Gd-DOTA-PSMA relies
on delivering a sufficient dose to the tumor while minimiz-
ing exposure to healthy tissues, thereby reducing the risk
of toxicity associated with neutron irradiation. Achieving
this goal necessitates the consideration of three key factors:
determining the optimal gadolinium enrichment time win-
dow, assessing T/NT and T/B ratios, and ensuring sufficient
neutron flux during irradiation (Ho et al. 2022, 2018). In
our investigation, we validated the chelation efficacy of the
gadolinium compound through HPLC and MS. Molecular
docking calculations were also employed to assess the bind-
ing energy of relevant compounds, confirming that Gd was
present in a chelated form.

Current advancements in boron-based drugs predomi-
nantly utilize Boronophenylalanine (BPA) and Sodium boro-
captat (BSH) (Barth et al. 2024, 2018). In BNCT, achieving
a Boron-10 concentration ratio greater than 3:1 in both T/N
and T/B is critical (Okada et al. 2023; Barth et al. 2018;
Wang et al. 2022). However, these compounds often exhibit
similar accumulation patterns in tumors, normal tissues, and
blood, reflecting their non-selective properties, which neces-
sitates continuous intravenous administration (Wang et al.
2022;He et al. 2021). Specifically, BPAdemonstrates limited
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Fig. 5 Radiobiological effects of Gd-NCT on tumor tissue. A The
organs in the control group (NCT−Gd−) appeared histologically nor-
mal. B Tumor tissues from the Gd-NCT group displayed considerable
fragmentation and damage, indicating a robust therapeutic response. C
TUNEL assay showing strong fluorescent signals in Gd-NCT group
tumor tissues. D IHC analysis for γ-H2AX showed strong positive
staining in the Gd-NCT group. E) Data analyses: TUNEL data anal-
ysis. F) Data analyses: γ-H2AX IHC data analysis. G-I Anti-tumor

effect of Gd-NCT in Vivo in 22 Rv1 tumor-bearing mice with various
treatments. G Body weights of tumor models with various treatments.
H Tumor-growth curves of tumor models with various treatments. I
Kaplan–Meier survival curves of tumor models with various treatments
(ns: no statistical difference with the Gd (-) NCT (-). *:p < 0.05 with
Gd(-) NCT(-)
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tumor retention and requires high dosages, up to 350 mg/kg
(Monti Hughes and Hu 2023; Zhang et al. 2023; Barth
2009). This underscores the challenges associated with pre-
cise tumor targeting and emphasizes the need for improved
delivery systems to enhance treatment efficacy. Furthermore,
the poor water solubility of BPA and its limited selectiv-
ity restrict its capacity for effective tumor targeting. While
BSH is more water-soluble, it lacks active targeting mech-
anisms, reducing its therapeutic effectiveness (Lamba et al.
2021; Kondo et al. 2022; Järvinen et al. 2023). In contrast,
Gd-based agents possess a larger reaction cross-section than
Boron-10-based agents, allowing for more effective tumor
cell destruction through γ-radiation, which is capable of
inhibiting tumor growth and proliferation, as demonstrated
in this and previous studies (Lai et al. 2023; Ho et al.
2022). Nevertheless, traditional Gd-based agents continue
to encounter challenges, including suboptimal targeting and
insufficient in vivo stability, which impede their therapeutic
potential (Ho et al. 2022, 2018). For instance, in glioblas-
toma patients, only 6.1% of cancer cell nuclei were found
to contain 157Gd-DTPA, indicating inadequate targeting and
rapid renal clearance (Ho et al. 2022).

To overcome these limitations, researchers are investigat-
ing various delivery systems, including liposomes (Le and
Cui 2006a, 2006b), nanomaterials (Ho et al. 2022), and chi-
tosan (Horiguchi et al. 2011). For instance, Lee et al. (Lee
et al. 2021) demonstrated that administering 157Gd-DO3A-
butanol to CT26 tumor-bearing mice resulted in a 43%
reduction in tumor volume compared to controls after 23 days
of neutron irradiation. Similarly, studies by Tokumitsu et al.
(Tokumitsu et al. 1999) and Kobayashi et al. (Kobayashi
et al. 2001) found that 157Gd-nanoCPs accumulated more
effectively in tumors exhibited prolonged retention com-
pared to 157Gd-DTPA, leading to superior tumor growth
inhibition. Further innovations include gadolinium oxide
(Gd2O3) as reported by Ho SL et al. (Ho et al. 2018) and
Gd@C82 nanomaterial by LeeW et al. (Lee et al. 2021), both
of which enhance gadolinium delivery and offer potential
multifunctional therapeutic benefits. These systems utilize
the enhanced permeability and retention (EPR) effect to
improve the distribution and accumulation of Gd in tumors
(Horiguchi et al. 2011). The effectiveness of these carriers
may vary based on tumor type and size, as larger parti-
cles can cause embolism, impaired circulation, and increased
risk of inflammation or allergic reactions. Gadolinium-based
nanomaterials are primarily limited to intraperitoneal or
intratumoral injections.

PSMA is highly expressed in prostate cancer cells,making
it an ideal target for both diagnosis and treatment. Previous
radionuclide therapies, such as 177Lu- and 225Ac-PSMA,
have demonstrated therapeutic efficacy; however, they are
also associated with significant side effects, including bone
marrow suppression and salivary gland toxicity (Fendler

et al. 2017; Kratochwil et al. 2016). As a promising agent
in neutron capture therapy, 10B-psma has undergone exten-
sive investigation (Meher et al. 2021). However, its current
tumor uptake (4–7μg/g) falls short of the optimal therapeutic
dose of 20–50 μg/g, posing challenges for enhancing 10B-
PSMA accumulation (Barth et al. 2018; Wang et al. 2019).
Our study shows that 68Ga-DOTA-PSMA PET/CT imaging
exhibits peak radiotracer uptake 2–3 h post-injection, with
a high T/NT ratio of 6.95 ± 0.60. This high specificity and
robust tumor accumulation of 157Gd-DOTA-PSMA are cru-
cial for effective neutron capture therapy. ICP-MS confirmed
gadolinium concentrations of 165.69 μg [Gd]/g in 22Rv1
tumors versus 35.25 μg [Gd] / g in blood, yielding a T/B
ratio of 4.65 ± 0.54 and a T/NT ratio of 3.65 ± 0.49.

DNA damage is considered the most significant cause of
mitotic death. Neutron irradiation with 157Gd-DOTA-PSMA
significantly reduces cell viability and increases apoptosis
by inducing extensive DNA damage, consistent with previ-
ous research findings (Ho et al. 2022; Lomax et al. 2013).
Complex DNA damage, such as double-strand breaks result-
ing from high linear energy transfer ionizing radiation during
NCT, is challenging to repair (Lomax et al. 2013), contribut-
ing to a reduced risk of tumor recurrence. Studies have shown
that Gd-NCT generates numerous high-energy particles that
inflict direct DNA damage in cancer cells, or indirectly cause
damage through the production of reactive OH− radicals or
OH− ions via interactions with water molecules, leading to
further DNA damage (Ho et al. 2022). Additionally, sev-
eral proteins, including p38, PCNA, Bcl-2, and Bax play
roles in both repairing DNA damage and in the process
of programmed cell death, or apoptosis (Kondo 2022; Gu
et al. 2023; Youle and Strasser 2008). Our study shows that
Gd-NCT treatment results in increased expression of the
γ-H2AX, the tumor suppressor protein p53, and the pro-
apoptotic protein Bax. Simultaneously, it decreases the levels
of the cell proliferation marker PCNA and the anti-apoptotic
protein Bcl-2. These changes suggest that Gd-NCT boosts
DNA damage response and apoptosis while reducing cell
survival and proliferation, highlighting its potential as a can-
cer therapy. This therapeutic effect is primarily due to the
ability of Gd to emit γ-rays and internal conversion electrons
upon neutron capture, which cause significant DNA damage
and changes in the tumor microenvironment (Shamsabadi
and Baghani 2024).

Our study has some limitations. Although prostate cancer
exhibits high gadolinium uptake, PSMAprimarily targets the
cell membrane, and optimal effects require the drug to reach
the cell nucleus to induce DNA damage and alter the tumor
microenvironment. Future research should focus on enhanc-
ing the ability of PSMA-targeted drugs to penetrate cells and
reach the nucleus. Additionally, normal cells may be dam-
aged followingGd-NCT treatment.We have filed a patent for
the protection of healthy tissue. Future research should focus
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on determining the optimal dose of 157Gd-DOTA-PSMA, the
appropriate neutron flux, and conducting clinical trials for
Gd-NCT.

In summary, 157Gd-DOTA-PSMA represents a novel ther-
anostic bio-gadolinium agent with significant potential for
targeted neutron capture therapy, expanding the scope of
prostate cancer treatment and NCT applications.
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