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ABSTRACT

Polyamine metabolism dysregulation is a hallmark of many cancers, offering a promising
avenue for early tumor theranostics. This study presents the development of a nuclear
probe derived from spermidine (SPM) for dual-purpose tumor PET imaging and internal
radiation therapy. The probe, radiolabeled with either [*8Ga]Ga for diagnostic applications
or [¥’Lu]Lu for therapeutic use, was synthesized with exceptional purity, stability, and
specific activity. Extensive testing involving 12 different tumor cell lines revealed remarkable
specificity towards B16 melanoma cells, showcasing outstanding tumor localization and
target-to-non-target ratio. Mechanistic investigations employing polyamines, non-labeled
precursor, and polyamine transport system (PTS) inhibitor, consistently affirmed the probe’s
targetability through recognition of the PTS. Notably, while previous reports indicated
PTS upregulation in various tumor types for targeted therapy, this study observed no
positive signals, highlighting a concentration-dependent discrepancy between targeting for
therapy and diagnosis. Furthermore, when labeled with [*/Lu], the probe demonstrated its
therapeutic potential by effectively controlling tumor growth and extending mouse survival.
Investigations into biodistribution, excretion, and biosafety in healthy humans laid a robust
foundation for clinical translation. This study introduces a versatile SPM-based nuclear
probe with applications in precise tumor theranostics, offering promising prospects for
clinical implementation.
© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V.
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1. Introduction

Cancer remains a formidable global health challenge,
necessitating effective diagnostic and treatment strategies
[1,2]. Timely diagnosis of tumors is pivotal for patient survival
and improved overall outcomes. Early tumor detection hinges
on the utilization of tumor-specific markers to construct
corresponding recognition probes, enabling the generation
of detection signals. Among clinical diagnostic methods,
positron emission tomography/computed tomography
(PET/CT) or positron emission tomography/magnetic
resonance (PET/MR) holds unparalleled efficacy, providing
insight into disease-related molecular and metabolic
alterations alongside comprehensive anatomical imagery
in a single session [3-5]. It is a sensitive, repeatable, and
non-invasive tool extensively employed for diagnosing,
staging, monitoring treatment responses, and prognosticating
various cancers. It serves as a crucial step in clinical
decision-making for patients with diverse malignancies.
Therefore, the development of PET probes for early tumor
diagnosis, characterized by high sensitivity, safety, favorable
physicochemical attributes, and in vivo kinetic profiles, holds
profound clinical significance.

In light of the metabolic disparities between cancer
cells and their normal counterparts, various PET molecular
probes have been designed to target biologically active
small molecules exhibiting heightened wuptake during
tumor metabolism. For instance, [®FJFLT, a thymidine
analogue, offers insights into cell proliferation, primarily used
in diagnosing lung and central nervous system tumors
[6,7]. Amino acid PET/CT tracers such as [¥F|FET and
[*1C]methionine, which gauge amino acid uptake and protein
synthesis, are essential for central nervous system tumor
diagnosis [8-10]. [*'C]choline, instrumental in membrane
metabolism, serves early detection in prostate cancer and
gliomas [11]. Widely employed, [*¥F]FDG leverages abnormal
glucose metabolism for imaging, albeit without tumor
specificity, limited applicability to low glucose metabolism
tumors, and vulnerability to confounding factors like infection
or inflammation [12-15]. Furthermore, [¥FJFDG PET/CT is
influenced by patients’ blood glucose levels and ambient
temperatures, necessitating fasting, which poses challenges,
especially to diabetic patients [16-19]. Thus, enhancing tumor
imaging via superior PET/CT probes targeting metabolic
aberrations remains a pressing need.

Polyamines, including putrescine, spermidine, and
spermine, play critical roles in normal cell growth and
participate in various physiological processes [20-25]. Tumor
cells exhibit significantly heightened polyamine metabolism
compared to normal cells [26,27]. Oncogenes like MYC,
RAS, and BRAFV600E stimulate polyamine biosynthesis and
increase polyamine uptake through the polyamine transport
system (PTS) [28-31]. Elevated polyamine levels in tumors
are linked to immune suppression, rendering cancer cells
sensitive to polyamine depletion [32-34]. Consequently,
the FDA approved alpha-difluoromethylornithine (DFMO)
as a drug targeting the rate-limiting enzyme ornithine
decarboxylase (ODC) in polyamine biosynthesis [26].
However, clinical applications of DFMO face limitations

due to compensatory PTS upregulation. Hence, researchers
explore polyamine blockade therapy (PBT), combining
polyamine synthesis inhibitors like DFMO with polyamine
transport inhibitors (PTIs) in high-PTS-expressing tumor
cells [34-38]. PBT not only reduces polyamine levels but
also inhibits tumor growth and metastasis, and enhances
the efficacy of immune checkpoint inhibitors (ICIs) [34,39].
Surprisingly, limited research focuses on polyamine-based
tumor diagnostics, primarily due to the dearth of biochemical
data on mammalian PTS [40-42]. Consequently, designing
polyamine probes targeting specific tumors is challenging. A
singular study synthesized the [**™Tc|Tc-HYNIC-spermine
probe for PTS SPECT imaging in B16 subcutaneous tumors
[42]. However, SPECT’s relatively lower spatial resolution
potentially misses smaller lesions, and the cumbersome
synthesis of [?®™Tc|Tc-HYNIC-spermine impedes its clinical
utility [43].

This study introduces a novel PET/CT probe, [*®Ga]Ga-
spermine ([*8Ga]Ga-SPM), targeting the PTS (Scheme 1). The
probe, synthesized using spermine (SPM) as a recognition
molecule and NOTA as a chelating functional group, offers
rapid synthesis, high radiochemical purity, and in vivo and
in vitro stability. In vitro cellular experiments and in vivo
animal data involving 12 tumor cell types demonstrate
[8Ga]Ga-SPM’s specific identification of melanoma B16 cells
and their tumor-bearing mice, mediated by PTS. Notably,
[68Ga]Ga-SPM remains unaffected by temperature, immune
microenvironment, and diet, and exhibits superior tissue
specificity and signal-to-noise ratio compared to ['8F|FDG.
Subsequently, [®8Ga]Ga-SPM was substituted with [77Lu] for
therapeutic nuclear probe development, with in vivo efficacy
verification. Lastly, human-level investigations elucidated
the probe’s tissue distribution, metabolism, and safety,
facilitating clinical translation. This work presents [*8Ga]Ga-
SPM as a promising tumor probe for non-invasive, accurate
diagnosis of high-PTS-expressing tumors, offering monitoring
capabilities for detecting abnormal polyamine metabolism. It
also provides insights into PTS expression variation in tumor
cells, guiding PBT treatments more accurately (Scheme 1).

2. Material and methods
2.1. Materials

All chemicals and solvents were purchased commercially
and used without further purification. Spermine, benzyl
carbonochloridate  (CbzCl), K,COs;, Pd/C, anhydrous
aluminium chloride (AICl;) and sodium acetate were
purchased from Energy Chemical (Shanghai, China) as
reagents. NOTA-NHS and spermine were purchased from GL
Biochem Co., Ltd. (Shanghai, China) as reactive materials.
68GaCl; (ITM 68Ge/68Ga generator, Germany) was used as
a radionuclide for radiolabelling. NaOAc solution (pH = 4.0)
was used as a buffer to regulate pH for radiolabelling. The
radioanalysis was performed using Agilent 1260 Infinity II
HPLC (Palo Alto,USA) with a Bioscan flow-count radioactivity
detector and a Ultimate HILIC Amide (5 pm 4.6 x 150 mm).
The radioactivity was detected with a WIZARD 2480 y -counter
(PerkinElmer, USA). Micro-PET imaging was performed on
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Scheme 1 - (A) The structure of the PET/CT probe and its specific internalization into tumor cell via PTS. Application of the
probe in diagnosis (B) and radionuclide therapy (C) of B16 melanoma. (D) PET/CT imaging of the probe in the human body.

an Inveon PET scanner (Siemens, Germany). Human PET/CT
imaging was obtained from the GE Discovery PET/CT 690
Elite scanner (Waukesha, USA) equipped with GE AW 4.6
workstation for image analysis.

2.2. Production of NOTA-SPM and
[*”7 Lu]Lw/[*®Ga]Ga-SPM

NOTA-SPM was synthesized in three steps from spermine and
benzyl chloroformate (CbzCl). The final product, NOTA-SPM,
was fully characterized by mass spectrometry and 'H NMR.
The synthesis of [V7Lu]Lu/[*8Ga]Ga-labeled NOTA-spermine
was detailed in supplementary materials. The final product of
[Y7Lu]Lu/[*®Ga]Ga-SPM was obtained from a semipreparative
HPLC purification (SI).

2.3.  Invitro and in vivo stability

For in vitro stability, 0.3 ml (37-45 MBqg/ml) of [*Ga]Ga-SPM
was added to 1 ml of normal saline and human serum, and
incubated at 37 °C for 0.5 h, 1 h, 2 h and 4 h, then the
radiochemical purity of [7Lu]Lu/[*®Ga]Ga-SPM was obtained
by high-performance liquid chromatography (HPLC)analysis.
For in vivo metabolic stability, blood and urine were collected
from normal C57BL/6 mice after tail vein injection of [*4Ga]Ga-
SPM (37-55.5 MBq) 1 h later. Blood was centrifuged to
take supernatant, added with an appropriate amount of
acetonitrile for purification, and centrifuged again. The urine

was also added with acetonitrile for purification. Finally, the
urine and blood samples were analyzed by HPLC.

2.4. Cell culture

A549,M(C38,CT26,HCT116 and PC-3 cells were purchased from
the Biological Cell Room, Center for Advanced Studies, Central
South University, China. A375, Yummer1.7, B16/F10 (B16) and
SK-MEL-28 cells were provided friendly by the Skin Research
Center, Xiangya Hospital, Central South University, China.
SK-MEL-3, HEK293, HL-60 and SKOV3 cells were purchased
from Cobioer Biosciences Co., Ltd. and Wuhan Punosai Life
Technology Co., Ltd., respectively. All cells were cultured in the
corresponding medium supplemented with 10% fetal bovine
serum (Corning) and 1% penicillin-streptomycin solution
(Biosharp), and were grown at 37 °C and 5% CO,.

2.5. Cytotoxicity experiment (CCK-8 assay)

The cell viability of A549, B16 and HEK293 upon exposure to
precursor (NOTA-SPM) with concentration gradients ranging
from 0 to 200 pg/ml was tested by Cell Counting Kit-8 (CCK-
8) assay. Cells were incubated at 37 °C, 5% CO, for 24 h
after adding precursor, then 10 pl CCK-8 solution was added
to each well and cultured for another 2 h. In the end, the
optical density (OD) value of cells at 450 nm was measured
with microplate reader (Epoch, BioTek, USA). The anti-tumor
effects of [Y7Lu]Lu-SPM on B16 cells were tested by the same
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method. Results were analyzed using the t-test on Graph Pad
Prism (version 9).

2.6.  Cell uptake and blocking assay

Ahundred pl radioactive solution containing 3.7 KBq [*8Ga]Ga-
SPM was added to 12 kinds of tumor cells inoculated in 24-
well plates 1 d in advance. The culture medium was sucked
off after 15 min, 30 min, 1 h and 2 h, respectively, and
washed twice with 0.5 ml ice phosphate-buffered saline (PBS)
containing 0.2% bovine serum albumin (BSA). Then, cells were
digested by pancreatic enzyme and collected for y count on
a y-counter (PerkinElmer, USA). In the end, the cell count of
each kind of tumor cell in each well was counted separately.
Each type of cell had 4 duplicate wells at each time point;
results were counted as mean =+ standard deviation (SD) to
express the percentage of total activity per 10° cells (%/10°
cell).

B16 tumor cells (5 x 10° per well) were inoculated in 24-
well plate 24 h ago and different blocking agents, including
precursors NOTA-SPM, spermine, spermidine, putrescine and
AMXT-1501 (inhibitor of PTS), were co-incubated with cells 1 h
before the addition of radiopharmaceuticals. Then, 3.7 KBq
[°8Ga]Ga-SPM were added according to the above method for
uptake experiments.

2.7. Xenograft models

C57BL/6 and BALB/c nude mice were obtained and fostered in
the Department of Zoology, Central South University, China.
All animal experiments were conducted under the guidance of
the Animal Care Committee of Central South University. A549,
SKOV3, A375, SK-MEL-28, SK-MEL-3, HL-60, PC-3 and HCT116
cells (1-5 x 107, 150 ul in PBS) were inoculated subcutaneously
on the right shoulder of BALB/c mice (male, 5-6 weeks).
Yummer1.7, B16, SK-MEL-3, MC38 and CT26 cells (2-5 x 10°,
150 pl in PBS) were inoculated subcutaneously on the right
shoulder of C57BL/6 mice (male, 5-6 weeks). When the average
tumor volume reached 100-150 mm?3, subsequent in vivo and
in vitro experiments were conducted.

2.8. In vivo distribution studies

Twenty B16 xenograft models were injected with [*¥Ga]Ga-
SPM (1.85 MBq, 160 pl) through the tail vein, four of which were
injected with 1 mg NOTA-SPM 1 h ahead of schedule, then,
four mice were sacrificed and dissected at a fixed time point
(0.5h,1h,2h and 4 h) after the injection. The tissues/organs
of interest were weighed and y counted to calculate the
percentage of injected dose per gram (%ID/g) and expressed as
mean =+ SD. By the same method, 1.11 MBq [*”Lu]Lu-SPM was
injected into 20 B16 xenograft models and treated at 1 h, 4 h,
24h,48hand 72 h to obtain %ID/g of interested tissues/organs.

2.9.  Invivo micro-PET/CT imaging

Dynamic micro-PET/CT imaging was conducted under
anesthesia of isoflurane/O, in the Inveon PET scanner
(Siemens, Germany) after xenograft models injection with
about 7.4 MBq (160 pl, 0.13 nmol) [*8Ga]Ga-SPM immediately

for 60 min, then a 10-min static micro-PET/CT scan were
acquired at 2 h, 3 h and 4 h after intravenous injection.
The pure static micro-PET/CT imaging was performed
after 30 min intravenous injection of approximately 5.55
MBq (140 pl, 0.10 nmol) [*3Ga]Ga-SPM or 4.44 MBq (140 pl,
0.13 nmol) [*¥F]DMPY?2 (synthesis in SI) [44]. For the [*¥F]FDG
micro-PET/CT, mice needed to fast for at least 4-6 h before
injecting with 5.55 MBq (140 pl, 0.2 nmol) [*8F]FDG.

In blocking studies, xenograft models were injected
with one of the blockers (precursor NOTA-SPM, spermine,
spermidine, putrescine or AMXT-1501 2 mg/kg) 1 h in advance,
then imaged according to the above methods. All images
were reconstructed and analyzed in InterView™ FUSION
software (Mediso, HU) to obtain the%ID/g of the region of
interest (ROI).

2.10. Therapy and efficacy assessment study

C57BL/6 mice (male, 5-6 weeks) were randomly assigned to
three groups (n = 7/8) and 2 x 10° B16 cells (150 pl in PBS)
were inoculated subcutaneously on their right shoulder at
Day 0. When the black subcutaneous tumor could be seen
on Day 3, PBS, 7.4 MBq or 18.5 MBq [Y/Lu]Lu-SPM were
injected intravenously into three groups, respectively, and
the administration was repeated 3 d later (Fig. 6B). The
weight and tumor volume of mice were monitored every other
d, then daily monitoring was carried out when the tumor
grew rapidly in the late stage. The formula for calculating
tumor volume was V = 0.5 x (L x M?), where L represented
the long diameter of the tumor and M was the minor
diameter perpendicular to the long axis. The endpoint of the
experiment was set as a tumor size of 1500 mm? or a weight
loss of more than 20%. Mice that reached the destination were
euthanized, and their tumors, hearts, lives, spleens, lungs,
and kidneys were collected in 4% formalin for subsequent
study.

2.11. Hematoxylin eosin (HE) staining

In order to evaluate the potential side effects associated
with radiation exposure, we compared the HE staining of
heart, liver, spleen, lungs, and kidney tissues in radionuclide
treatment groups with PBS group to confirm whether there
were early pathological changes. The fixed tissues were
dewaxed and hydrated after paraffin embedding and section.
Then, it was stained with hematoxylin staining solution
for 5 min. After differentiation with hydrochloric acid,
alcohol, and ammonia water returning to blue, it was
dehydrated and stained with eosin for 5 min. Finally, it was
transparent and sealed, then observed under a microscope
(ZEISS, DE). Four 2 mm? areas were randomly selected in
the section under 200 x magnification and determined
blindly by two pathologists whether the tissue was
damaged.

2.12. [%8Ga]Ga-SPM PET/CT imaging in healthy volunteers
The first-in-human study of [*®Ga]Ga-SPM was approved
by the Medical Ethics Committee of Xiangya Hospital of
Central South University (No0.202104001). The volunteers
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Fig. 1 - Preparation and characterizations of [*3Ga]Ga-SPM. (A) The synthesis of NOTA-SPM. (B) Radiosynthesis of
[(8Ga]Ga-SPM. (C) In vitro stability of [(8Ga]Ga-SPM in normal saline and serum. (D) In vivo stability of [*8Ga]Ga-SPM in the

blood and urine of normal C57BL/6 mice.

signed a written informed consent. A whole-body dynamic
PET/CT imaging for 60 min was obtained immediately
after injection of [*8Ga]Ga-SPM (3.7 MBg/kg) on a GE
Discovery PET/CT 690 Elite scanner. Then, images were
reconstructed with a GE AW 4.6 workstation. The maximum
standardized uptake value (SUVnax) and mean standardized
uptake value (SUVmean) Were measured on the volumes
of interest (VOIs). The radiation dosimetry of normal
volunteers was calculated by Organ Level Internal Dose
Assessment Code (OLINDA, Vanderbilt University, Version 2.2)
software.

2.13. Statistical analysis

All figures and statistical analysis were performed in
GraphPad Prism 9.0 software. Quantitative data were
expressed as mean + SD. The differences between groups
were compared by T-test, one-way ANOVA or Two-way ANOVA
test, according to the situation. The Kaplan-Meier curve was
used to evaluate the survival of mice. P < 0.05 was considered
statistically significant, in which * represent P < 0.05, ** <
0.01, *** < 0.001, and **** < 0.0001.

3. Results and discussion
3.1.  Synthesis and characterization of [?8Ga]Ga-SPM

The precursor compound NOTA-SPM was synthesized
through a three-step chemical procedure encompassing
protection, coupling, and deprotection reactions (Fig. 1A).
The structural integrity of NOTA-SPM was confirmed via
TH NMR and mass spectra, as illustrated in Figs. S1 and S2.
The overall yield achieved for this synthesis was 0.73%. The
radiolabeling process for [*8Ga]Ga-SPM, depicted in Fig. 1B,
yielded a labeling efficiency of 65.4% + 8.2%, coupled with
a radiochemical purity exceeding 95%. Stability assessment
serves as a pivotal criterion in evaluating the performance
of radiopharmaceuticals. In this regard, we conducted an
extensive investigation into the in vitro stability of [*¥Ga]Ga-
SPM in both saline and serum solutions. Our findings
consistently demonstrated that the radiochemical purity of
[*8Ga]Ga-SPM remained consistently above 95% after a 4-h
incubation period in both media (Fig. 1C). The radiochemical
purity of [V7LuJLu-SPM was performed by radio-TLC (Fig. S4).
Subsequently, we administered [(8Ga]Ga-SPM intravenously
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Fig. 2 - Cytotoxicity and cell uptake and blocking experiments. (A) Cell toxicity of NOTA-SPM incubated with B16, A549 B16
and HEK293 cells using the CCK-8 assay. No cytotoxicity was observed on all cells from NOTA-SPM itself. (B) Cell uptake of

[(8Ga]Ga-SPM after incubation in 12 kinds of tumor cell lines

for different time. (C) Cell uptake of [*8Ga]Ga-SPM after

different time of incubation in B16 cell lines pretreated with NOTA-SPM and AMTX-1501 for blocking or inhibiting PTS, and
(D) their quantitative results in 1 h. (E) Cell uptake of [*8Ga]Ga-SPM after 1 h of incubation in B16 cell lines pretreated with
NOTA-SPM, spermine, spermidine and putrescine. (F) Uptake of [(8Ga]Ga-SPM and ['¥F]FDG by B16 cell line at different
culture temperatures. The data are shown as mean * SD, ****P < 0.0001.

to C57BL/6 mice and collected urine and blood samples after a
30-min interval. Following purification with acetonitrile, HPLC
analysis underscored the robust stability of [(¥Ga]Ga-SPM,
revealing radiochemical purities exceeding 90% in both blood
and urine samples (Fig. 1D). This underscores the ability of
[8Ga]Ga-SPM to maintain excellent stability within both in
vitro and in vivo metabolic environments. Furthermore, the
partition coefficient of [*8Ga]Ga-SPM in a lipid-water system
at pH 7.4 was determined, yielding a LogD value of —3.7 + 0.44,
along with a molar activity of 270.1 + 11.3 x 10> GBg/mmol.
These values collectively attest to the high water solubility
and specific activity of [*8Ga]Ga-SPM. Subsequently, the
pharmacokinetics of [*®Ga]Ga-SPM was performed in C57BL/6
mice with the half-life of 16.2 min (Fig. S5). Collectively,
[*8Ga]Ga-SPM emerges as a highly promising PET molecular
probe. It offers the advantages of facile synthesis, a notable
radiolabeling yield, exceptional radiochemical purity, robust
stability, and a commendable specific activity.

3.2.  PTS-mediated recognition of [*3Ga]Ga-SPM by tumor
cells in vitro

After conducting a comprehensive structural
characterization, we delved into the biomedical implications

of [#8Ga]Ga-SPM. In the context of its potential biomedical
applications, ensuring its safety is paramount. To assess this,
we conducted CCK-8 assays on A549 and B16 tumor cells
as well as HEK293 human embryonic kidney cells using the
non-radioactive precursor NOTA-SPM of [*8Ga]Ga-SPM. Our
results demonstrated that even at a concentration as high as
200 pg/ml (millimolar level), NOTA-SPM exhibited negligible
toxicity towards all cell lines (Fig. 2A). Given that the dosage
range for [*8Ga]Ga-SPM PET/CT imaging in humans falls
within the nanomolar range, these findings substantiate the
non-toxic nature of NOTA-SPM and its suitability for human
applications. What'’s more, we also researched the anti-tumor
effects of [Y/Lu]Lu-SPM in B16 cells in vitro and the result
showed significant differences among the blank control
group, 0.185 MBq, 0.37 MBq, and 0.74 MBq nuclide treatment
groups (P<0.0001, n = 5), indicating that [Y’7Lu]Lu-SPM has a
significant killing effect on tumor cells in vitro (Fig. S6).
Subsequently, we conducted uptake experiments with
[8Ga]Ga-SPM across 12 distinct tumor cell lines. Intriguingly,
most of these tumor cell lines exhibited minimal uptake of
[°8Ga]Ga-SPM, with cellular uptake rates< 0.12%/10° cells after
2 h (Fig. 2B). This observation diverges from the findings
reported by Allen et al. [45-47], where HCT116 and A549
cells displayed substantial uptake of spermine derivatives. We
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attribute this discrepancy to the markedly higher doses of
spermine derivatives employed in their studies, which were
intended for therapeutic purposes and were a thousandfold
greater than our diagnostic doses. Notably, among the tested
cell lines, only the B16 cell line demonstrated significant
uptake of the probe, which increased over time, culminating
in a 2-h uptake rate of 3.21 4+ 0.11%/10° cells. This observation
indirectly underscores the higher affinity of the B16 cell line
for spermine derivatives.

In this study, our probe was designed to target tumor
cells through its interaction with the PTS. To substantiate
this mechanism, we conducted blocking experiments in the
B16 cell line using the non-radioactive precursor NOTA-SPM
and the PTS inhibitor AMXT-1501. Specifically, NOTA-SPM
primarily reduced the uptake of [*8Ga]Ga-SPM by B16 cells
through competitive inhibition, while AMXT-1501 inhibited
the activity of PTS, consequently diminishing its uptake
of polyamines/polyamine derivatives. As anticipated, both
pretreatments significantly curtailed the uptake of [*¥Ga]Ga-
SPM by B16 cells across all time points, exhibiting a more
than tenfold difference in uptake rate at 2 h (Fig. 2C and
D). These findings align with the use of spermine analogs
in pancreatic cancer therapy [48] and PTS inhibitors in
glioma treatment [49], providing compelling evidence for
the PTS-mediated recognition of tumor cells by [*¥Ga]Ga-
SPM. To further validate this mechanism, we conducted
blocking experiments with three distinct polyamines
(spermine, spermidine, and putrescine). Encouragingly,
all three substances substantially impeded the uptake
of [*8Ga]Ga-SPM, with increasing blocking efficiency as

their molecular structures progressively resembled that of
[(8Ga]Ga-SPM (Fig. 2E, refer to their structural comparison in
Fig. $3). This outcome underscores the differential affinities
of PTS for these diverse polyamine substrates [50,51].

Notably, the prevailing PET/CT imaging agent in clinical
practice, ['8F]FDG, is a radiolabeled glucose analog that
enters cells via glucose transporters (GLUTSs) through active
receptor-mediated, energy-consuming processes [52]. To
shed light on the PTS-mediated uptake mechanism of
[°8Ga]Ga-SPM, we conducted uptake experiments at different
temperatures, employing ['8F]FDG as a comparative reference.
As anticipated, the uptake of ['8F]FDG by B16 cells exhibited
a significant temperature dependency, with higher uptake
observed at 37 °C compared to 4 °C (Fig. 2F). In contrast, the
uptake of [*8Ga]Ga-SPM displayed no discernible temperature-
related variations, indicating that the PTS-mediated uptake
of [°8Ga]Ga-SPM is not solely energy-dependent. This finding
contrasts with the hypothesis proposed by Grillo et al. [53].
In light of these observations, we posit that PTS-mediated
cellular internalization of polyamines follows a passive
binding and diffusion process rather than an actively energy-
driven mechanism.

3.3.  PET/CT tumor imaging and biodistribution of
[(8Ga]Ga-SPM in vivo

The above experiments have convincingly established the
specificity of [*8Ga]Ga-SPM for B16 cells among the diverse
array of 12 tumor cell lines, thereby underscoring its potential
utility in the diagnosis and treatment of melanoma. To
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substantiate this observation, we embarked on in vivo
imaging studies, employing tumor-bearing mouse models.
Static PET/CT imaging outcomes across the 12 distinct tumor
models consistently mirrored the cellular uptake findings,
where [*8Ga]Ga-SPM exhibited pronounced accumulation in
B16 tumors, while negligible accumulation was evident in the
remaining 11 tumor types (Fig. 3A). Importantly, the imaging
agent exhibited rapid clearance from non-target organs such
as blood, brain, liver, and muscle, with subsequent excretion
via the urinary system. This dynamic resulted in a substantial
accumulation of [®8Ga]Ga-SPM in the kidneys and bladder. The
uptake of [®8Ga]Ga-SPM by B16 tumors reached 10.33 + 0.16
%ID/g just 0.5 h post-injection, with a tumor-to-muscle (T/M)
ratio of 44.40 + 1.38. In stark contrast, the uptake of [*8Ga]Ga-

SPM by other tumors failed to surpass 1.0 %ID/g, yielding T/M
ratios of less than 7.0 (Fig. 3B and C).

The biodistribution profiles of [(¥Ga]Ga-SPM in tumor-
bearing mice were in alignment with the PET/CT imaging
findings, reflecting rapid and widespread distribution in
various tissue organs. However, it was notable that [*8Ga]Ga-
SPM exhibited swift clearance from non-target organs,
with pronounced retention in tumor tissue and significant
accumulation exclusively in the excretory organ, the kidney.
Notably, 1 h post-injection of the imaging agent, tumor
uptake reached its zenith at 9.33 + 0.61 %ID/g. Importantly,
this uptake was effectively attenuated by pre-administration
of the non-radioactive precursor NOTA-SPM, resulting in a
substantial reduction in uptake values to 2.14 + 0.28 %ID/g
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(P < 0.0001), while concomitantly, there was a modest
elevation in the concentration of the imaging agent within the
bloodstream and urinary system (Fig. S7).

3.4. Confirmation of the tumor targeting mechanism of
[(3Ga]Ga-SPM in vivo

To further elucidate the in vivo tumor targeting mechanism
of [#8Ga]Ga-SPM, we conducted blocking imaging experiments
at the animal level. These experiments employed AMXT-
1501, the non-radioactive precursor NOTA-SPM, and an excess
of three polyamine substances. The results indicated that
the AMXT-1501 group exhibited the most effective blocking,
followed by the precursor NOTA-SPM group, spermine group,
spermidine group, and putrescine group (Fig. 4A and B). These
observations were consistent with the blocking outcomes
at the cellular level. At the peak uptake time of 1 h, the
uptake values of the imaging agent in the tumors of the
[(8Ga]Ga-SPM group, AMXT-1501 group, precursor group, and
spermine, spermidine, and putrescine groups were as follows:
12.38 + 0.67 %ID/g, 1.00 + 0.07 %ID/g, 1.98 + 0.31 %ID/g,
2.34 + 0.38 %ID/g, 5.33 + 0.72 %ID/g, and 9.57 + 0.38 %ID/g,
respectively (Fig. 4B). The dynamic imaging and T/M results
are presented in Figs. S8 and S9. This animal-level verification
once again corroborated that the targeting specificity of
[*8Ga]Ga-SPM is achieved through PTS-mediated binding.

Given that B16 was the sole tumor model among the
12 tested that exhibited a robust response to [*®Ga]Ga-SPM,
it is plausible that this result may be linked to melanin
content. Therefore, we conducted in vivo imaging experiments
employing mouse-derived melanoma B16 and human-derived
melanoma SK-MEL-3 models. In these experiments, we
utilized the melanin-targeting probe [F|DMPY2 PET/CT
as a control [54]. Notably, ['®F]DMPY2 exhibited significant
signals in both melanin-producing B16 and SK-MEL-3 tumors
(Fig. 4C-F). In contrast, [*3Ga]Ga-SPM was notably taken up
only by B16 tumors and not by SK-MEL-3 tumors. This
outcome effectively refutes the hypothesis that the imaging
principle of [*#8Ga]Ga-SPM in B16 tumors is melanin-related.

Emerging evidence suggests that higher polyamine levels
in tumors are associated with the immunosuppressive
properties commonly observed in malignant tumors
[34,55]. To investigate whether variations exist in the
uptake of [*3Ga]Ga-SPM by B16 tumors in different immune
microenvironments, we separately implanted B16 cells into
C57BL/6 mice and BALB/c mice and subsequently performed
[*8Ga]Ga-SPM PET/CT imaging on both groups after tumor
formation. The results unveiled favorable imaging outcomes
in both settings, with B16 tumors exhibiting significant
uptake of [*®Ga]Ga-SPM without substantial differences
between the immune environments (Fig. 4G and H). This
observation implies that [®3Ga]Ga-SPM is primarily taken
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of 3 groups. The data are shown as mean =+ SD.

up by tumor cells and remains unaffected by the tumor
microenvironment.

3.5. A comparison of [®3Ga]Ga-SPM with [*8F]FDG for
PET/CT tumor imaging

In light of the remarkable imaging performance of [*®Ga]Ga-
SPM in B16 tumors, we sought to ascertain whether its
imaging capabilities could rival those of [8F|FDG, a widely
recognized PET/CT imaging gold standard. Both [*8Ga]Ga-SPM
and ['8F]FDG distinctly depicted B16 tumors (Fig. 5A-D). Both
imaging agents provided clear tumor visualization at 0.5 h
post-injection, with optimal results and peak uptake observed
at the 1-h mark (12.38 + 0.67 %ID/g for [®®Ga]Ga-SPM vs
15.61 + 1.69 for [*8F]FDG). Notably, the T/M and tumor-to-brain
ratio (T/B) reached their zenith at 1 h post-probe injection,
followed by a gradual decline. While B16 displayed a higher
specific uptake of [®®F]JFDG compared to [*8Ga]Ga-SPM, it is
noteworthy that [F]JFDG also exhibited significantly greater
accumulation in non-target organs such as the heart, brain,

liver, and intestines when compared to [#8Ga]Ga-SPM. The T/M
and T/B values for tumors in [*®Ga]Ga-SPM imaging gradually
increased over time and were markedly superior to those of
[*8F|FDG. Specifically, at the 4-h mark, the T/M and T/B values
for tumors were 344.2 + 1.93 and 258.19 =+ 2.3 for [*®Ga]Ga-
SPM, in contrast to 10.71 + 0.36 and 2.77 =+ 0.05 for [*8F]FDG. It
is pertinent to mention that both our study and the findings
of Volkow et al. [56]. underscore the inability of radiolabeled
polyamines to penetrate the normal blood-brain barrier.
Additionally, we conducted a comparative assessment of
PET/CT imaging with [®8Ga]Ga-SPM in B16 tumor-bearing
mice under fasting and non-fasting conditions. Intriguingly,
imaging under non-fasting conditions yielded results on
par with those obtained under fasting conditions, with no
discernible disparity between the two (Fig. 5E and F). In
contrast, PET/CT imaging with ['8F]FDG necessitates a fasting
period of at least 4-6 h, coupled with the imperative control of
blood glucose levels below 10 mmol/1 to avoid compromising
imaging efficacy [57]. In summary, [*®Ga]Ga-SPM holds the
potential to replace ['8F]FDG entirely in B16 tumor imaging,
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Fig. 7 - [*3Ga]Ga-SPM PET imaging in healthy volunteers (n = 3). (A) Maximum intensity projection imaging at different time
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as mean % SD. (D) Human organ radiation dosimetry estimates for [8Ga]Ga-SPM.

particularly in scenarios involving diabetic patients and
presentations involving brain metastases, where it may offer
distinct advantages.

3.6.  Anti-tumor therapeutic application of [*””Lu]Lu-SPM
in vivo

Malignant melanoma, recognized as the most aggressive
and lethal skin cancer, has exhibited an alarming rise
in global incidence [2]. Current therapeutic approaches for
melanoma predominantly encompass surgery, chemotherapy,

immunotherapy, and radiotherapy. However, metastatic
melanoma often develops resistance to prevailing
chemotherapy and immunotherapy regimens, resulting

in an average survival duration of merely 3-15 months
[58,59]. Consequently, there is an urgent need for effective
interventions against advanced melanoma. In contrast to
external radiation therapy and chemotherapy, targeted
radiopharmaceutical therapy for melanoma offers the
potential to selectively deliver radiation doses to tumor
cells, thus minimizing damage to normal tissues. The
preceding findings highlight the substantial uptake and
favorable target-to-background ratio of [*®Ga]Ga-SPM in
B16 tumors. Consequently, we conjectured that therapeutic
nuclear-labeled SPM might hold promise as a melanoma
treatment strategy. To validate this hypothesis, we employed

a commonly used therapeutic nuclide [’Lu] in clinical
practice to label SPM. Notably, it displayed the highest
accumulation in B16 tumor-bearing mice and exhibited
prolonged retention, primarily in the kidneys, with minimal
retention in most other tissue organs (Fig. 6A), consistent
with the biodistribution patterns observed for [(¥Ga]Ga-
SPM. To evaluate the therapeutic potential of [V77Lu]Lu-SPM
against B16 tumors, we randomly divided B16 tumor-bearing
mice into three groups: a PBS blank control group, a 7.4
MBq [Y7LuJLu-SPM nuclear therapy group, and an 18.5
MBq [Y7Lu]Lu-SPM nuclear therapy group. At the outset
of treatment, there were no discernible differences in
body weight or tumor volume among the three groups
(Figs. 6B and C, and S10). Subsequently, tumor size and weight
progressively increased over time in the blank control group.

On the second day following the initial treatment,
significant disparities in tumor size and weight emerged
between the blank control group and the nuclear therapy
groups (P < 0.01). Seven days after the second treatment,
a marked discrepancy in B16 tumor volume was evident
between the 7.4 MBq and 18.5 MBq [Y/Lu]Lu-SPM nuclear
therapy groups. Since the growth rate of B16 tumors in
the blank control group was very fast, the body weight of
mice with solid tumor weight was much higher than that
of the nuclide treatment groups where tumor growth was
suppressed. While, despite tumor growth, the body weight
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of mice in both nuclear therapy groups steadily increased,
with no significant disparity between them, indicative of the
absence of substantial adverse effects on the overall health
of the mice. This observation was further corroborated by the
histological analysis of heart, liver, spleen, lung, and kidney
tissues, which exhibited no discernible differences among the
three groups (Fig. 6D).

The ultimate therapeutic outcome was evaluated through
the assessment of survival rates. The average survival time
for mice in the blank control group was 14.63 + 0.52 d.
Following nuclear therapy, mice survival was significantly
extended, reaching 16.14 + 0.69 and 21.43 + 1.72 d for the
7.4 MBq and 18.5 MBq [*//Lu]Lu-SPM nuclear therapy groups,
respectively (Fig. 6E). This extension in survival exhibited
a dose-dependent therapeutic efficacy. In comparison, our
therapeutic effect surpassed that of targeted melanocortin-
1 receptor (MC1-R)-specific [ Re]Re-(Arg11)CCMSH [60], but
was inferior to that of [*12Pb]Pb-DOTA-Re(Arg11)CCMSH [61],
which emits «-rays. However, it is worth noting that [?'?Pb]Pb-
DOTA-Re(Argl1)CCMSH exhibited moderate kidney toxicity
at a dose of 7.4 MBq, limiting its clinical applicability. As a
radiopharmaceutical emitting medium-to-low-energy g-rays,
[V7Lu]Lu is more suitable for the treatment of small tumors
and metastases [62,63].

3.7.  Human organ distribution and dosimetry of
[(8Ga]Ga-SPM

In preparation for the prospective clinical translation of
[8Ga]Ga-SPM, it is imperative to ascertain the safety of
intravenous administration of this radiopharmaceutical
in humans. Accordingly, we conducted an initial safety
assessment by investigating the distribution of the required
dose of [%8Ga]Ga-SPM (3.7 MBg/kg) and the associated
radiation dose in healthy volunteers. The outcomes of this
study revealed that, aside from substantial accumulation in
the urinary excretory system, [*8Ga]Ga-SPM exhibited rapid
clearance from various other vital tissue organs, including
the blood, heart, liver, spleen, lungs, and brain, with negligible
background levels (Fig. 7A-C).

The radiation doses incurred by [%¥Ga]Ga-SPM, as
computed employing the OLINDA (Version 2.2) software,
are presented in Fig. 7D. The kidneys, serving as the
primary excretion organs for this radiopharmaceutical,
registered the highest exposure dose at 4.82E-02 + 1.48E-03
mSv/MBgq, followed by the bladder wall at 2.63E-02 + 1.33E-
03 mSv/MBqg. The overall effective dose to the whole body
was calculated to be 1.78E-02 + 7.21E-04 mSv/MBq, a value
lower than that typically associated with the clinically
routine PET/CT imaging agent [F]FDG [57]. Consequently,
the usage of [%8Ga]Ga-SPM is considered to be highly
safe for human applications. These findings establish
a robust foundation for subsequent clinical translation
endeavors.

4, Conclusion

In the pursuit of effective tools for tumor diagnosis and
therapy, this study introduces [*®Ga]Ga-SPM, a novel PET

probe targeting PTS. The probe showcases rapid synthesis,
high purity, and exceptional stability, positioning it as a
promising candidate for tumor imaging. Rigorous in vitro
and in vivo investigations unequivocally confirm its specific
uptake in melanoma cells, facilitated by PTS, highlighting its
potential for precise tumor detection. [*8Ga]Ga-SPM primarily
undergoes urinary excretion in vivo, exhibiting minimal
uptake in normal tissues and organs, thereby yielding an
impressive tumor-to-non-tumor ratio. Unlike the widely
utilized [*F]FDG, [*8Ga]Ga-SPM’s uptake remains impervious
to various influencing factors, enhancing its suitability for
clinical application. Furthermore, [#8Ga]Ga-SPM successfully
evolves into a therapeutic nuclear probe ([*/’Lu]Lu-SPM),
demonstrating substantial promise in restraining tumor
growth. Human-level investigations corroborate its safety
profile and low radiation exposure, thus setting the stage
for clinical translation. In summation, [*®Ga]Ga-SPM emerges
as a propitious PET probe capable of serving dual roles
in accurate tumor diagnosis and polyamine-targeted cancer
therapies, holding immense potential for enhancing patient
outcomes in the ongoing battle against cancer. A compelling
avenue for further exploration involves the identification of
human-derived tumor cell lines with elevated PTS expression,
potentially catalyzing direct clinical applications of SPM-
based nuclear probes.
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