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Radiopharmaceuticals operate by combining radionuclides with carriers. The radiation en-
ergy emitted by radionuclides is utilized to selectively irradiate diseased tissues while minim-
izing damage to healthy tissues. In comparison to external beam radiation therapy, radionuc-
lide drugs demonstrate research potential due to their biological targeting capabilities and re-
duced normal tissue toxicity. This article reviews the applications and research progress of ra-
diopharmaceuticals in cancer treatment. Several key radionuclides are examined, including
*®Ra, *Y, Lutetium-177 (*"’Lu), ***Pb, and Actinium-225 (***Ac). It also explores the current
development trends of radiopharmaceuticals, encompassing the introduction of novel radio-
nuclides, advancements in imaging technologies, integrated diagnosis and treatmentap-
proaches, and equipment-medication combinations. We review the progress in the develop-
ment of new treatments, such as neutron capture therapy, proton therapy, and heavy ion
therapy. Furthermore, we examine the challenges and breakthroughs associated with the clin-
ical translation of radiopharmaceuticals and provide recommendations for the research and
development of novel radionuclide drugs.

1. Introduction

In 1896, Henri Becquerel inadvertently discovered a novel
type of ray capable of penetrating black paper and sensitizing
photographic negatives. This discovery facilitated the scientific
study of radioactive processes and identified the spontaneous
penetrating rays emitted by uranium salts. This breakthrough re-
volutionized physics and laid the foundation for subsequent med-
ical applications . Becquerel’s finding inspired the Curies to con-
duct extensive research on radioactive elements, leading to the
discovery of polonium and radium, thereby paving the way for
the utilization of radioactive materials in medicine °. In the early
20" century, George K. Heysham pioneered the use of radioactive
B for treating thyroid diseases °, marking him as one of the
early practitioners of radionuclide therapy (RNT). The advent of
nuclear reactors, particle accelerators, and chemical separation
technologies has significantly simplified and enhanced the ac-
quisition of radioactive elements, greatly advancing the develop-
ment of radiotherapy (Fig. 1)*.

The initial form of radiopharmaceuticals was primarily salts,
such as Nal, due to the thyroid’s selective uptake of iodized salt.
Phosphorus-32, in phosphate form, was utilized to treat certain
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blood disorders like polycythemia vera, owing to its uptake by
rapidly dividing cells. However, direct salt administration presen-
ted limitations, including a lack of targeting and damage to non-
target tissues. Radiopharmaceuticals have since evolved to incor-
porate chelates for binding radioactive elements, with targeted
fragments attached. This development has expanded possibilities,
reducing radioactive element release in the body, enhancing radi-
onuclide stability, and extending drug action duration. The funda-
mental composition of modern radiopharmaceuticals comprises
radionuclides, chelates, linkers, and targeting elements, includ-
ing antibodies, peptides, small molecule fragments, and
aptamers. Current clinical radiopharmaceutical chelating agents
include 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA), which binds various trivalent metal radionuclides, and
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), suitable for
binding divalent metals such as copper (Cu®"). Contemporary re-
search and development of radionuclides focus on two main
areas: carrier innovation and targeted ligand innovation. This art-
icle will examine the application of emerging technologies such as
nanoparticles (NPs), chelating agents, and polymers for nuclide
drug carrier innovation, as well as the discovery of novel targets
including peptides, small molecule probes, and bispecific anti-
bodies °.

In addition, in vitro treatment with radionuclides is also a
component of radiation therapy. In the early 20" century, radi-
um encapsulated in small metal containers was used for internal
irradiation of cancerous tissue when inserted into the body. This

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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early exploration of radioactive internal radiation therapy laid
the foundation for the subsequent application of *°Y micro-
spheres. Extracorporeal irradiation therapy (EBRT) targets can-
cers from outside the body using high-energy rays or particles
(such as protons, electron beams, X-rays, or heavy ions) to act
directly on tumors ®’(Fig. 2). The radiation enters the tumor tis-
sue and destroys it by rotating the equipment at a precise angle.
Precise calculation of radiation field and dose is essential in the
external beam radiation therapy treatment plan to enhance the
likelihood of tumor control and minimize normal tissue damage °.
Radiopharmaceuticals, conversely, represent a more precise
treatment strategy. The advantage of radiopharmaceuticals lies in
their high selectivity, enabling the delivery of therapeutic doses
of radiation directly to the tumor site, thereby reducing damage
to normal tissues *"". This targeting also makes radiopharmaceut-
icals particularly suitable for treating metastasized tumors, as
they can travel through the blood circulation to all parts of the
body to treat metastases. Radionuclide drugs can be admin-
istered systemically > ", orally or intravenously into the body,
selectively concentrating at the lesion site. They can also be ad-
ministered locally, such as by implanting radioactive particles or
radioembolic microspheres .

2. a particle nuclide drugs

Targeted alpha therapy (TAT) harnesses the distinctive char-
acteristics of a particle radiation for cancer treatment. a particles
are high-energy, high-charge particles with a short range
(40-100 pm) and high linear energy transfer (LET = 80 keV/um),
rendering them highly suitable for precise localization and target-
ing of cancer cells '°. This property enables effective and local-
ized damage to tumor cells while minimizing the crossfire effect
on surrounding healthy tissues, thus facilitating targeted deliv-
ery.

2.1.%Ra

*»Ra is a radioactive isotope of radium. It has a half-life of ap-
proximately 11.43 days. During its radioactive decay process,
*»Ra primarily undergoes a-decay, emitting a-particles (helium
nuclei) and reducing the mass of its nucleus. This decay sequence
ultimately results in the formation of *’’Pb.

In May 2013, the Food and Drug Administration (FDA) ap-
proved [**’Ra]RaCl,, the world’s first a-emitting radionuclide
drug, for treating patients with castration-resistant prostate can-
cer (CRPC). [**Ra]RaCl, has demonstrated efficacy against bone
metastasis due to the chemical interchangeability of calcium and
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radium, particularly in areas of high bone turnover /, which is
highly selective for bone metastasis sites. The short-range a-radi-
ation promotes localized cytotoxicity and anti-inflammatory ef-
fects by activating interleukin-2, contributing to its therapeutic
impact ",

Diniz Filho et al. ** (Fig. 3) investigated the nanomechanical
and ultrastructural effects of *’RaCl, on human breast cancer
cells (lineage MDA-MB-231). The cells were cultured atdrug
doses of 2 uCi and 0.9 uCi. The researchers employed atomic
force microscopy “’ (AFM) and transmission electron microsc-
opy *' (TEM) in conjunction with Raman spectroscopy to evalu-
ate the effects. Their findings revealed significant disruption of
the cell membrane, while the nuclear membrane remained int-
act .

Filippi et al. ** investigated the relationship between overall
survival (OS) and total lesion activity (TLA) in patients with
metastatic CRPC ** bone lesions treated with [***Ra]RaCl, using
positron emission tomography-computed tomography (PET-CT).
Their findings indicate that a reduction in TLA following ***Ra
treatment may be associated with improved survival outcomes.
In a separate study, Abbasi et al. ° examined the dose distribu-
tion of RaCl, absorption in human organs. Their research re-
vealed that the absorbed dose value of **Ra (***RaCl,) radiophar-
maceutical in prostate organs was 9.47E° Gy/Bq. The biodynam-
ic distribution of “’Raresulted in the highest absorbed dose
in the thymus (9.53E°Gy/Bq) and the lowest in the lens
(1.30E™ Gy/Bq).

In the treatment of bone metastatic CRPC the
gastrointestinal tract absorbs approximately 50% of the admin-
istered **RaCl, dose, which limits uptake at the target site and
potentially leads to toxicity. Abou et al. **(Fig. 4) investigated the
role of intestinal ion channels and their regulatory effects, reveal-
ing that amiloride (an epithelial sodium channel blocker) and NS-
1619 (a K' channel activator) significantly influence ***RaCl,
membrane transport. Amiloride redirected the uptake of ***RaCl,
from the intestines and nearly doubled its accumulation at bone
remodeling sites ' *’. The combination of these drugs demon-
strated significantly enhanced inhibition of bone tumor growth
compared to single-agent treatments, as measured by biolumin-
escence imaging and radiography. Notably, this combination
therapy did not result in weight loss *.

Rheumatoid arthritis (RA) is a chronic, inflammatory autoim-
mune disease *** that presents significant treatment challenges.
Due to its prolonged nature, RA can result in severe musculo-
skeletal disorders, substantially impacting patients’ quality of
life ** **. Correa et al. ** investigated the use of low-dose
[***Ra]RaCl, (radium dichloride) as an intra-articular injection for
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Fig.3 (A) Schematic of “**Ra decay. Atomic force microscopy (AFM) observed that cell damage. (B, D, F) was untreated and (C, E, G) treated by **’RaCl,_

RA treatment. The study involved administering [***Ra]RaCl, labeled NPs exhibited approximately 85% tumor suppression,
(1.48 pCi; i.a.) to mice 24 hours after zymosan stimulation. The surpassing 60% of “’Ra-labeled MPs. Sakmar et al. *’ evaluated
results demonstrated that intra-articular injection of [***Ra]RaCl, the outcomes of *"'Pb/*"'Bi metabolites in vivo of ***Ra surface-
inhibited zymosan-induced artheroma-mediated leukocyte re- labeled TiO, NPs in vitro and **'Pb in mouse models. The study
cruitment, with reductions of 69%, 77%, and 66% observed in noted that [***Ra] can dissociate from its original carrier, migrate
total leukocytes, neutrophils, and monocytes, respectively. out of the target tissue, undergo translocation, and potentially ac-
The size of drug carriers significantly influences in vivo biod- cumulate in non-target organs.
istribution, tissue penetration, and cellular uptake ***°. Con-
sequently, when these vectors are loaded with therapeutic com- 2.2.°%pb

pounds, their dimensions can impact treatment efficacy. In in-

ternal a-RNT, the vehicle size is particularly crucial, as the short- a2

224

Pb can be derived from a ““"Ra generator. As a promising a-

range a-emitter must be delivered to the tumor volume at a high emitter, “'*Pb possesses an optimal half-life (10.6 h) and a favor-
dose rate while minimizing side effects, such as off-target irradi- able decay chain, making it a focal point of research in the field of
ation and toxicity. RNT. Through its decay, *?Pb produces a-particle emitters *'*Bi

Akhmetova et al. * (Fig. 5) investigated and contrasted calci- and **Po, thereby facilitating effective radiation treatment. Fur-
um carbonate (CaCO3;) microparticles (MPs >2 pum) and NPs thermore, ***Pb functions as an in vivo generator of **Bi, effect-
(< 100 nm) with radium-223 (***Ra)-labeled internal a-radionuc- ively extending the latter’s short half-life. When compared to *'*Bi
lides in treating 4T1 breast cancer. The researchers thoroughly for tumor targeting, ***Pb offers a significant advantage: it deliv-
examined the internalization and osmotic efficiency of these MPs ers more than tenfold the dose per unit of administered activity.
and NPs using 2D and 3D cell cultures, revealing that **’Ra- Additionally, its longer half-life enhances the practicality of dose

643



S. Wang et al.

preparation and administration *'.

Banerjee et al. * developed a low molecular weight ligand for
prostate-specific membrane antigen (PSMA) to assess its poten-
tial in targeted radiopharmaceutical therapy (RPT) for prostate
cancer " by utilizing ***Pb and ***Pb radioisotopes. The study syn-
thesized five low molecular weight ligands (L1-L5) using a lysine-
urea-glutamate scaffold and determined their PSMA inhibition
constants. While the Lutetium-177 (*"’Lu)-PSMA-617 treatment
group showed no survival benefit compared to the control group
(median survival time of 46 and 47 days, respectively), the group
administered **Pb-L2 (3.7 MBq) demonstrated a moderate but
statistically significant improvement in median survival time (58
days, P = 0.002). These findings suggest that **Pb-labeled low-
molecular-weight compounds may offer an effective treatment
approach for prostate cancer, particularly for PSMA-positive tu-
mors.

Li et al. ** identified cluster of differentiation 46 (CD46) as a
novel surface antigen of prostate cancer cells, demonstrating lin-
eage-independent expression in both adenocarcinoma and small

NH, O

T
oL
@“@
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2000006 BO00000
000000 0600000
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cell neuroendocrine subtypes of metastatic CRPC (mCRPC). The
study revealed that the internalized human monoclonal antibody
(mAb) YS5 can bind to tumor-selective CD46 epitopes. Con-
sequently, *’*Pb, which generates a-emission *’Bi and *"*Po in
vivo, is conjugated to YS5 via the chelating agent TCMC to form
the radioimmunoconjugated compound **Pb-TCMC-YS5.

Jiao et al. ** utilized ***Pb-labeled chimeric antibody targeting
melanin ¢8C3 for micro single-photon emission computed tomo-
graphy (SPECT)/CT imaging in mice with B16-F10 melanoma,
while employing ***Pb/*'*Bi-labeled c8C3 for radioimmunother-
apy (RIT). Their findings revealed that ***Pb-c8C3 demonstrated
dose-dependent efficacy within the 5-10 uCi range, inhibiting tu-
mor growth and prolonging mouse survival. Kasten et al. ** in-
vestigated the therapeutic potential of ***Pb-labeled antibody
225.28, which targets chondroitin sulfate proteoglucan 4
(CSPG4), in TNBC mice. They observed a substantial accumula-
tion of??Pb-225.28 in TNBC tumors */, effectively extending
mouse survival. While no significant dose-limiting toxicity was
observed, treatment with 2*?Pb-225.28 induced minor side ef-

Fig. 4 Schematic of the effect of intestinal ion channels and their impact on the bone uptake of “**RaCl,,
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fects, including nausea, hair loss, abdominal pain, diarrhea, and
fatigue. These results suggest that ***Pb-225.28 or its CSPG4-tar-
geting radioimmunoconjugates (RICs) may be suitable for TNBC
treatment, either as monotherapy or in combination with other
approaches in future studies.

In conclusion, ***Pb has demonstrated significant therapeutic
efficacy across various cancer types, including prostate cancer,
melanoma, endocrine tumors, and breast cancer. The ability to
target >*Pb to tumor cells through labeling with specific antibod-
ies or peptides enhances its potential as a therapeutic agent.
While clinical trials utilizing >?Pb for RNT are still in their early
stages, the considerable potential of this approach has garnered
widespread attention. >**Pb holds promise as a safe and effective
novel modality for cancer treatment, potentially offering new
hope for patients.

2.3. Actinium-225 (**Ac)

*2Ac and ***Pb are components of the ***U-decay chain. **Ac
is a promising a-emitting radionuclide for targeted radiotherapy
of prostate cancer *’. With a half-life of 9.92 days, **Ac’s decay
process involves six short-lived radioactive daughter nuclides, ul-
timately reaching a near-stable state of *’Bi (half-life of approx-
imately 19 trillion years) *°. The decay of ***Ac produces four net
a particles, two B-emissions, and two gamma emissions, making
it significant for therapeutic applications *’. **Ac (a-particle
emission, E, is 5.8 MeV, t;,, 9.9 days) decays into *'fr (E, 6.3
MeV, t;;, 4.8 min) and *At (E, 7.1 MeV, t1/, 33 ms), followed
by **Bi (E, 5.8 MeV, 45.6 min). >**Bi undergoes a branching de-
cay (branching ratio 98%, Eg 1.4 MeV) to a-emitter *¥Po, and a-
decay (2%, E, 5.9 MeV) to “*T1. Both ***Po (8.4 MeV, tij2 3.7 us)
and *TI decay to *’Pb (Eg 1.4 MeV), followed by the stable 209,
Two gamma radiations from the daughter **Ac **'Fr (218 keV)
and **Bi (440 keV) are utilized for imaging applications. Further-
more, a-particles’ limited penetrability (short path length,
40-100 um) enables effective targeted radiation delivery to local
cancer cells while minimizing damage to surrounding healthy tis-
sues, thus reducing off-target toxicity.

Compound ""Lu-L1 °* (Fig. 6) has demonstrated reduced off-
target effects in prostate cancer xenograft models *. a-particle-
emitting analogs of L1, specifically **Bi-L1 and ***Ac-L1, were
synthesized using this scaffold to assess their safety and cell-
killing efficacy in PSMA-positive (+) xenograft models *. **Ac-L1
exhibits activity-dependent efficacy with minimal radiotoxicity to
treatment-relevant organs. The development of superior bifunc-
tional chelating ligands capable of sequestering both a-emitting
radionuclides (**Ac,?”Bi) and their diagnostic counterparts
(***Tb, ""'In) remains a significant challenge in translating tar-
geted a-therapy with complementary diagnostic imaging to clin-
ical applications. To address this challenge, H(4)noneupaX, a che-
lating ligand featuring an unusual diametrically opposed arrange-
ment of pendant donor groups, has been developed *’.

RNT necessitates a dose-based, personalized treatment
strategy that relies on precise and consistent non-invasive meas-
urements to ensure both safety and efficacy. While dose estima-
tion using SPECT is feasible, it presents challenges for a-particle
emitting RPT (a-RPT) due to complex gamma emission spectra,
extremely low counts, and various image degradation artifacts
across numerous scanner collimator configurations. The recently
developed projection domain low-count quantitative SPECT (LC-
QSPECT) method, which incorporates physics-based considera-
tions and bypasses potentially lossy voxel-based reconstructions,
shows promise in providing reproducible, accurate, and precise
active concentration and dose measurements across multiple
scanners, a common scenario in multicenter settings. Li et al. o
conducted computed imaging experiments demonstrating that LC-
QSPECT significantly enhanced reproducibility in terms of scan-
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ner-collimator configuration, accuracy, and retest repeatability
compared to conventional reconstruction-based quantitation
methods.

In summary, alpha particles demonstrate limited penetra-
tion (short path length: 40-100 pum), allowing precise radiation
delivery to localized cancer cells with high efficiency while min-
imizing damage to adjacent healthy tissues, thus reducing off-tar-
get toxicity. The radioactive isotope **’Ra exhibits notable thera-
peutic efficacy and an enhanced safety profile due to its minimal
impact on surrounding healthy tissues; it shows strong selectiv-
ity towards bone metastases, promoting local cytotoxicity and
anti-inflammatory effects. ’*Pb can selectively target tumor cells
through specific antibody or peptide labeling techniques, offer-
ing advantages over *'’Bi, including delivering more than tenfold
dosage per unit dosing activity due to its superior half-life, facilit-
ating easier dosage preparation. **Ac-L1 demonstrates an activ-
ity-dependent effect with minimal radiotoxicity to treatment-re-
lated organs.

3. Beta particle radionuclide drugs

Despite the advantages of a-nuclides as radiopharmaceutic-
als in terms of radiolabeling chemistry, the number of o-thera-
peutic-nuclides is significantly lower than that of -therapeutic-
nuclides. B-decay is one of the most frequently utilized types of
radionuclides in clinical RNT, characterized by the emission of (3-
particles (B~ or B*, with B” often employed in PET imaging) or the
process of capturing orbital electrons (EC decay). The energy
transfer line density of B-rays typically remains below 1
keV-um™, yet it demonstrates robust tissue penetration with a
substantial radiation range of 1 to 11 millimeters. -rays can dir-
ectly target cells to induce single-strand deoxyribonucleic acid
(DNA) breaks. Additionally, the efficacy of B-rays is enhanced by
the bystander and cross-fire effects, which allow radiation to im-
pact nearby cells and increase the overall effectiveness of RNT.

31.%

%Y is a radioactive isotope of yttrium. It is characterized as a
pure B-ray emitter. Typically, °°Y is generated from *Sr, which is
a byproduct of nuclear fission in reactors *.

Hepatocellular carcinoma (HCC) represents the most com-
mon primary liver malignancy, contributing to 8% of cancer-re-
lated mortality. Transarterial chemoembolization (TACE)
mains the standard treatment for patients with intermediate-
stage (BCLC B) unresectable HCC and preserved hepatic fun-
ction *"~. Transarterial radioembolization (TARE) is a localized
RPT involving the administration of radioactive *’Y microspheres
to hepatic tumors (Fig. 7).

Costa et al. ' demonstrated that the uEXPLORER scanner ex-
hibited an improved signal-to-noise ratio compared to mCT, par-
ticularly in the low-count interstitial region, potentially enhan-
cing dose quantification and tumor dosimetry. During the pre-
treatment phase, (**"Tc)-MAA SPECT-CT mock-up can assess
dose delivery to tumors and normal liver, while post-treatment
assessment utilizes *’Y PET-CT acquisition. The optimal *°Y activ-
ity for treatment was determined based on (**"Tc)-MAA SPECT-
CT dose results to effectively irradiate tumors while avoiding tox-
icity to healthy parenchyma. Richetta et al.* conducted a com-
parative dosimetry study using (**"Tc) SPECT-CT and *°Y PET-CT
in 10 HCC patients. The Bland-Altman analysis revealed that vari-
ations in healthy parenchyma were lower than those in tumors
(1.96 SD equals 9.1 Gy and 68 Gy, respectively), validating the ro-
bustness of the dose-toxicity approach. Post-treatment PET/CT
imaging may indicate inadequate lesion dosing in *°Y selective in-
ternal radiation therapy (SIRT) for HCC. Mee S F et al.”’ ex-
amined post-treatment PET/CT images of 20 HCC patients fol-
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lowing *°Y SIRT, suggesting that identifying HCC lesions or lesion
subvolumes with insufficient SIRT administration could enhance
tumor control and patient outcomes. This approach may also en-
able SIRT to serve as a targeted debulking tool when stereotactic
body radiation therapy (SBRT) is not independently feasible.

The integration of molecular and external radiotherapy
presents a promising therapeutic approach, potentially enhan-
cing localized tumor dosage while minimizing damage to sur-
rounding healthy tissues. Dietrich et al. * investigated the com-
bination of a *’Y-labeled anti-epidermal growth factor receptor
(EGFR) antibody (Cetuximab) with clinically relevant fraction-
ated radiotherapy in a preclinical study using xenograft tumors in
head and neck squamous cell carcinoma. The results demon-
strated significantly improved tumor growth control in the com-
bination therapy compared to radiotherapy alone. This study sug-
gests that radiolabeled therapy, when combined with clinically
relevant fractionated radiotherapy, holds substantial potential
for improving curative treatment outcomes.

Pyclen-dipicolinate chelates have demonstrated exceptional
efficacy as chelating agents for radiolabeling with B-emitters, par-
ticularly *°Y. Le et al. developed pyclen-dipicolinate ligands with
additional C12-alkyl chain functionalization. Their research re-
vealed that the incorporation of saturated carbon chains did not
compromise the radiolabeling efficiency with *Y, while signific-
antly enhancing the lipophilicity of the resulting radiocomplexes.
This characteristic enables the compound's extraction in lipiodol
and encapsulation in biodegradable pegylated polymalate
NPs °> . These findings underscore the potential of lipophilic
xadiene-dipyridinylcarboxylate derivatives as a foundation for
developing radiopharmaceuticals targeted at liver or brain can-
cer treatment through in-house radiotherapy.

Winter’s modification *’of CD66b-specific mAbs using DTPA-
based chelating agents is anticipated to improve the absorbed
dose distribution during therapy. Furthermore, hematopoietic
cell transplantation (HCT) demonstrates good tolerability follow-
ing pretreatment with radioactive anti-neutrophil therapy
(RANT). These encouraging preliminary results suggest that fur-
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ther investigation into the adjuvant opsonization of *’Y-DTPA-BN-
CHX-A-anti-CD66-mAb in HCT is merited.

Y dosimetry studies present challenges due to the lack of
precise and accurate methods. However, combining PET with
Monte Carlo simulations and other imaging modalities is con-
sidered optimal for calculating segmented dose distributions.
Budzynska et al. * assessed the accuracy of LSF estimation
through phantom imaging and analyzed high-activity *’Y post-
processing scans and *°Y activity of approximately 100 MBq pre-
processing hybrid imaging techniques using various nuclear ima-
ging methods. Unlike *"Tc,*’Y does not emit specific nuclear
gamma radiation. Imaging relies entirely on bremsstrahlung radi-
ation generated by decelerating (3-particles, and PET/CT can ac-
curately estimate LSF during treatment following *’Y administra-
tion. However, at lower activities around 100 MBq, it appears to
provide unreliable estimates. PET imaging facilitates improved
visualization of both hot and cold tumors.

32.7Lu

7Lu demonstrates significant potential in clinical applica-
tions and is increasingly replacing *°Y-labeled peptides in recept-
or-targeted therapies. As a lanthanide with atomic number
71,"’Lu undergoes B-decay, emitting p-particles with an aver-
age energy of 0.497 MeV. Its half-life of approximately 6.65 days
and tissue path length (average 0.16 mm, maximum 2 mm) make
itideal for treating disseminated metastatic cancers while minim-
izing damage to normal tissues. The therapeutic 3-particle emis-
sion of ”’Lu is accompanied by y photons of 208 keV (10.4%) and
113 keV (6.2%) . The physical half-life (t;/, = 6.64 d) of "Lu fa-
cilitates its supply, logistics, and clinical application across a wide
range of targeted agents, from peptides to large biomolecules,
rendering it highly suitable for radiopharmaceutical treatment
and dosimetry purposes.

7Lu, formed by binding to a high-affinity somatostatin ana-
log (octrastyic acid) via a DOTA chelator molecule, was approved
by the FDA in 2018 as "’Lu-DOTATATE therapy for the treat-
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Fig. 6 (A) Structures of DCIBzL, 211At-6, and ligands L1-L5, for 203/212Pb-labeled PSMA-targeted a-particle theranostics. (B) Chemical structures of ***Bi-L1 and **Ac-L1.
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ment of somatostatin receptor (SSTR)-positive gastroenteropan-
creatic neuroendocrine tumors "’ ["""Lu]Ludotadipep, a novel
prostate-specific membrane antigen-targeting therapy, incorpor-
ates albumin motifs to enhance tumor uptake. This treatment is
anticipated to be safe at a dose of 3.7 GBq administered over 6
cycles, with kidneys and bone marrow identified as key organs at
risk (OARs). [""Lu] Ludotadipep has demonstrated a high tumor-
absorbed dose and is scheduled for evaluation in a phase II clinic-
al trial ",

Banerjee et a (Fig. 8) developed and evaluated 14 novel
PSMA-targeted “""Lu-labeled radioligands (‘"’Lu-L1-"""Lu-L14)
utilizing various chelators and linkers. Their assessment
cluded in vitro studies using human prostate cancer PSMA-posit-
ive (PC3 PIP) and PSMA-negative (PC3 flu) cell lines, as well as
corresponding flank tumor models. The efficacy and toxicity
of ’Lu-L1, ""Lu-L3, "’Lu-L5, and ”’Lu-PSMA-617 were evalu-
ated over an 8-week period using a single 111 MBq dose. Further
investigations examined the efficacy of "’’Lu-L1 at different doses
and assessed long-term toxicity in healthy immunocompetent
mice. The radioligands demonstrated high radiochemical yields
and purity. Cellular uptake and internalization studies ”° revealed
specific uptake exclusively in PSMA-positive PC3 cells.

Liposomes represent promising drug delivery systems due to
the reduced toxicity of liposome-encapsulated drugs. However,
broader clinical applications necessitate more effective tumor-
targeting "*”", including enhanced uptake, controlled drug re-
lease, and extended shelf life. Cvjetinovic et al. ”* (Fig. 9) exploit
the unique metabolic properties of cancer cells, specifically their
higher energy requirements and increased glucose utilization, in
the design of glucose-modified liposomes (GMLs). This approach
aims to provide improved tumor targeting and increased drug de-
livery to tumor cells via glucose transporters. Utilizing "’’Lu as a
radiomarker, a straightforward and reliable radiotracer method
demonstrated the tumor accumulation potential of GML in CT26
and LS174T tumor-bearing mice.

Generally, radioactive  particle-emitting drugs demonstrate
robust tissue penetration and a substantial radiation range (1-11
mm), enabling direct cellular targeting to induce DNA single-
strand breaks. Moreover, they can affect adjacent cells through
crossfire and bystander effects, thereby enhancing radioisotope
therapy efficacy. These agents not only facilitate controlled drug
release but also exhibit extended shelf life and superior tumor-
targeting specificity.

L7

in-

4. Proton/heavy ion therapy and boron-neutron capture
therapy

Conventional radiotherapy utilizes photon-based radiation,
such as X-rays and gamma rays, while proton therapy is classi-
fied as a form of particle therapy. Proton therapy exploits the
Bragg peak phenomenon (Fig 10A), wherein high-velocity
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particles release a substantial amount of energy immediately be-
fore coming to rest. In this treatment modality, particles are ac-
celerated to approximately 0.7 times the speed of light and
then precisely directed into the patient’s body *. Upon reaching
the cancer cells, these particles release a significant amount of
energy, effectively destroying the malignant cells.

The field of proton and heavy ion radiotherapy for tumor
treatment has experienced rapid advancement in recent years.
According to the Particle Therapy Co-Operative Group (PTCOG),
as of December 2014, 48 proton and heavy ion therapy centers
were operational worldwide, collectively treating 137 179 pa-
tients. This therapeutic approach capitalizes on the physical
properties of protons and heavy ions as they traverse matter, cre-
ating a Bragg peak (Fig. 10A). The dose distribution in proton and
heavy ion radiotherapy demonstrates superior characteristics
compared to photon radiotherapy, enabling increased tumor
therapy doses while minimizing damage to normal tissue. Cur-
rent research extensively explores the efficacy and safety of pro-
ton and heavy ion therapy for various malignancies, including
head and neck tumors, lung cancer, esophageal cancer, and liver
cancer.

4.1. Proton radiation therapy (PRT)

Leptomeningeal metastasis (LM) represents a severe com-
plication of advanced malignancies with a poor prognosis. Un-
treated LM patients have a median survival of only 2-4 mo-
nths *> %, Currently, photon involved-field radiotherapy (IFRT) is
frequently employed for LM treatment. However, IFRT proves in-
effective in preventing disease progression when tumor cells are
widely disseminated throughout the central nervous system. In
contrast to conventional photon therapy, proton therapy offers
potential benefits for LM patients due to its characteristic Bragg
peaks. Barney et al.* conducted a retrospective analysis of 50
consecutive patients (aged 16-63 years) with diverse histological
malignancies who underwent vertebral body-preserving proton
craniospinal irradiation (p-CSI) treatment at MD Anderson Can-
cer Center from 2007 to 2011. The study assessed acute toxicity
and preliminary clinical outcomes in adults receiving p-CSI treat-
ment. The findings indicated that proton therapy can mitigate the
associated toxic side effects in the treatment of advanced brain
metastases compared to photon therapy. Adeberg et al. ** classi-
fied patients with intracranial tumors undergoing PRT based on
tumor location. They subsequently replanned the treatments us-
ing three-dimensional conformal radiotherapy (3DCRT) and in-
tensity-modulated radiotherapy (IMRT) to evaluate the dose re-
duction to multiple OARs with PRT for various tumor sites. The
study demonstrated that PRT offers superior protection to critic-
al organs compared to 3DCRT and volumetric modulated arc
therapy (VMAT), particularly reducing the risk of damage to the
temporal lobe and hippocampus associated with memory impair-
ment %>,

Yang et al. * conducted a phase I B clinical study to assess the
effectiveness of p-CSI for brain metastases. The study revealed
that patients treated with p-CSI experienced a decrease in aver-
age cerebrospinal fluid-circulating tumor cells (CSF-CTCs),
whereas those treated with IFRT showed an increase in average
CTC count. These findings suggest that proton therapy for LM
may reduce CSF-CTCs and potentially improve patient survival
rates.

A patient diagnosed with medulloblastoma * underwent p-
CSI utilizing a bone marrow-sparing technique. This approach
minimized radiation exposure to structures anterior to the ver-
tebrae while administering the full prescribed dose to the spinal
canal. Magnetic resonance imaging (MRI) scans revealed fatty
bone marrow replacement in the vertebral bodies, consistent
with the treatment’s dose distribution. CT images corroborated
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the treatment plan, including the boost phase .

In comparison to photon therapy, PRT for lung cancer
demonstrates the ability to minimize radiation exposure to sur-
rounding healthy tissues and organs, including the lungs, heart,
and spinal cord. This advantage enables potential dose escalation
to the target while maintaining tolerability when combined with
other treatment modalities, such as chemotherapy. PRT may of-
fer enhanced safety for recurrent tumors ° . Currently, PRT ex-
hibits promising potential in treating inoperable or ineligible pa-
tients with stage I non-small cell lung cancer (NSCLC) and locally
advanced NSCLC. These applications are particularly relevant giv-
en the inherent limitations of the disease itself ***°.

The dosimetric advantage of PRT is particularly significant
for pediatric tumor patients. Previous studies have demon-
strated that PRT can substantially reduce the average dose to
critical structures such as the hippocampal gyrus, dentate gyrus,
subependymal area, supratentorial and infratentorial brain, tem-
poral lobe, pituitary, and optic chiasm. Furthermore, PRT has
shown the potential to improve local control rates and survival
rates in osteosarcoma and prostate cancer cases, while reducing
adverse effects on surrounding tissues ** °’. PRT also exhibits
promising therapeutic effects for gastrointestinal tumors.
However, the dose distribution in PRT is significantly influenced
by postural changes and respiratory motion, presenting chal-
lenges in treatment planning and execution. Due to the rapid
dose attenuation outside the target area in PRT, accurate target
delineation is crucial in the era of “involved field” radiotherapy.
Nonetheless, the high cost of PRT necessitates careful considera-
tion by radiation oncologists to weigh the technological advant-
ages against the expenses and select patients who are most likely
to benefit from this treatment modality.
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4.2. Heavy ion radiotherapy

Heavy ion radiotherapy demonstrates a potent tumor-killing
effect by inducing double-strand DNA breaks in cancer cells, ren-
dering them irreparable and ultimately achieving complete erad-
ication of the cancerous cells. The cytotoxic capacity of heavy ions
is 2 to 3 times greater than that of conventional X-ray radiother-
apy. Heavy ions possess both physical and biological advantages
and show broad prospects for development. Carbon ions are the
most frequently utilized heavy ions in treatment. Carbon ion ther-
apy has demonstrated efficacy against radiation-resistant head
and neck tumors such as mucosal malignant melanoma and aden-
oid cystic carcinoma. Peripheral stage I NSCLC requires only four
sessions, with survival rates comparable to the best photon SBRT
outcomes. Furthermore, for inoperable sacral chordomas, car-
bon ion therapy achieves a five-year local control rate of 88% and
a survival rate of 86%, although sciatic nerve injury occurs in
15% of patients. In a study involving 69 patients with primary liv-
er cancer treated with carbon ion therapy, no treatment-related
liver injury was observed, with a five-year local control rate of
81% and a survival rate of 33% **'"’. For unresectable locally ad-
vanced pancreatic cancer treated with carbon ion therapy and
gemcitabine chemotherapy, the two-year local control rate was
58%, and the overall survival rate was 54%, surpassing the out-
comes of photon IMRT """, Additionally, Combs et al. '** report
that carbon ion radiotherapy for brain and skull base tumors has
demonstrated potential to reduce the incidence of secondary ma-
lignancies and enhance patient quality of life. Nonetheless, these
preliminary findings necessitate confirmation through long-term
follow-up studies to establish their sustained efficacy and clinical
relevance.
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In conclusion, proton and heavy ion therapies offer superior
tumor dose distribution, enabling increased tumor dosage while
minimizing damage to normal tissues. Heavy ion therapy, in par-
ticular, demonstrates enhanced biological effectiveness, making
it advantageous for treating tumors resistant to conventional
photon radiation. Currently, multiple clinical studies are under-
way comparing photon and proton therapies for various tumors,
with a phase III clinical trial for heavy ion therapy in preparation.
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Fig. 11 Schematic diagram of accelerator-based BNCT configuration

The results of these studies will provide valuable insights into the
characteristics and advantages of proton and heavy ion therapies,
facilitating more accurate patient selection and promoting the ra-
tional application of these advanced radiotherapy techniques.

4.3. Boron neutron capture therapy (BNCT)

BNCT represents an innovative, non-invasive approach to
treating solid tumors, including brain cancer, head and neck can-
cer, and melanoma. The fundamental principle of BNCT involves
a nuclear reaction between a non-toxic thermal neutron beam
and B atoms. This reaction generates alpha particles and "Li,
which possess the capability to disrupt DNA bonds in individual
cells containing '°B atoms (Fig. 11) '”*. As a targeted biochemical
radiotherapy, BNCT demonstrates enhanced precision and safety
compared to conventional chemotherapy and radiotherapy meth-
ods .

An effective boron carrier must meet several essential criter-

1% (1) It should facilitate high absorption of '°B atoms by tu-
mor cells or tissues, with concentrations exceeding 20 pg per
gram of tumor tissue; (2) Boron atoms should accumulate prefer-
entially in tumor cells, with a tumor-to-blood (T/B) or tumor-to-
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normal tissue (T/N) concentration ratio greater than 3 : 1; (3)
The carrier must demonstrate low cytotoxicity. Currently, two
compounds are clinically employed in BNCT: Boron phenylalan-
ine (BPA) and sodium borate n-butyrate (BSH). BPA selectively
enters tumor cells due to its high affinity for L-amino acid trans-
porter 1 (LAT1), which is overexpressed in various tumors to
support their nutritional requirements for growth and prolifera-
tion '”’. However, BPA has limitations including low boron con-
tent and susceptibility to direct hydrolysis into boric acid. Con-
versely, BSH exhibits low cytotoxicity but lacks tumor-targeting
ability and deep permeability into hypoxic zones within tumors,
restricting its further application in solid tumor treatment '*,

To overcome the limitations of BPA and BSH, researchers
have developed various boron-containing drugs and drug deliv-
ery systems. However, these approaches primarily focus on en-
hancing boron concentration at the tumor site without ad-
equately considering the microenvironment or heterogeneity of
solid tumors. Consequently, the development of new boron-con-
taining drugs should prioritize both high boron content and tu-
mor specificity.

Addressing the need for optimal BNCT preparations that
meet specific requirements while delivering high boron concen-
trations to tumor sites with sustained retention during neutron
irradiation therapy, Yuan et al. '’ (Fig. 12) developed a series of
non-toxic dual-targeting boron carriers. The carriers B139, B142,
and B151 selectively interact with LAT1 and exhibit affinity for
hypoxic tumor microenvironments, enabling preferential accu-
mulation within malignant cells. These agents demonstrate
markedly higher uptake in hypoxic tumor regions relative to con-
ventional compounds such as BPA. In vivo studies demonstrated
prolonged retention at therapeutic concentrations, reaching a
peak of 50.7 pg-kg ™" with a T/B ratio exceeding 3, suggesting their
potential as ideal candidates for BNCT applications.

The successful clinical implementation of BNCT relies on in-
terdisciplinary collaboration and advancements in various fields,
including nanotechnology, to facilitate its development. Although
challenges persist, BNCT has demonstrated superior outcomes in
prolonging survival rates and minimizing side effects compared
to conventional treatment modalities.

Consequently, interdisciplinary collaboration among re-
searchers is essential to optimize the clinical efficacy of BNCT.
The development of next-generation boron-containing com-
pounds with enhanced tumor-targeting properties and reduced
adverse effects represents a promising avenue for future BNCT
research. Ongoing investigation of diverse targeting approaches
will contribute to the eventual clinical implementation and wide-
spread accessibility of BNCT as a therapeutic option for cancer
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patients.
5. Research progress of radionuclide medicine and imaging

Photodynamic therapy (PDT) is extensively utilized in clinic-
al research and practice for tumor treatment, owing to its high se-
lectivity and minimal invasiveness ''""*. Nevertheless, conven-
tional PDT is typically restricted to superficial tissues due to the
limited penetration depth of visible light. During radioactive de-
cay, nuclei can emit ultraviolet to blue visible light, a phenomen-
on known as Cherenkov radiation (CR), when charged particles
exceed the speed of light in the medium '". Radioactive nuclei
and CR can serve as internal excitation sources to activate photo-
sensitizers for deep-tissue PDT. However, the therapeutic effic-
acy of CR is constrained by its low efficiency '™,

To enhance the therapeutic effect for deep-seated tumors,
Sun et al. ""“developed a **'I-labeled tetrakis (4-carboxyphenoxy)
phthalocyaninatozinc (II) (ZnPcC,) conjugated Cr*" doped galli-
um zinc oxide (ZnGa,0,: Cr’*, ZGCs) nanoplatform for combined
RT and radiation-induced PDT. ZGCs are luminescent NPs that ex-
hibit continuous emission in the near-infrared region (NIR), driv-
en by a broad excitation spectrum spanning from ultraviolet to
visible wavelengths ''* """, ™*'[ exerts a dual therapeutic function
by triggering ZGCs through CL and ionizing radiation, resulting in
sustained near-infrared emission that subsequently activates the
photosensitizer ZnPcC4 for PDT. In parallel, "*'I directly induces
cytotoxicity in cancer cells. The *'I-ZGCs-ZnPcC4 demonstrated
effective tumor suppression both in vitro and in vivo. By combin-
ing self-activated PDT and RT, *'I-ZGCs-ZnPcC4 significantly en-
hances the treatment of deep-seated tumors. CR activation of a
photosensitizer addresses the issue of limited light penetration in
conventional PDT '** '"°, However, the injection of radioactive
drugs and PS alone does not guarantee their effective interaction
in the tumor region '*’, and the simultaneous delivery of radioact-
ive nuclides and PS in normal tissue presents a considerable pho-
totoxicity problem.

In 2021, Sun et al. "' developed an innovative *'I-labeled
photosensitizer. This compound comprises phospho-a (photosen-
sitizer), diisopropyl (pH-sensitive group) '**, "*'I-labeled tyrosine
(CR donor), and polyethylene glycol, which self-assemble into
NPs (*'I-sPS NPs) '*. These "*'I-sPS NPs exhibit reduced photo-
toxicity in normal tissue due to an aggregation-induced quench-
ing effect, while still generating active oxygen at tumor sites post-
decomposition. Following intravenous administration, *'I-sPS
NPs demonstrated significant anti-tumor efficacy in both 4T1 tu-
mor-bearing Balb/c mice and in situ VX2 tumor-bearing rabbits.
This research suggests that '*'I-sPS NPs may broaden the applica-
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tion scope of CR and offer effective strategies for treating deep-
seated tumors.

Cherenkov radiation-induced photodynamic therapy (CR-
PDT) addresses the light penetration limitations of conventional
PDT '**. However, the concurrent circulation of radioactive nuc-
lides and photosensitizers may induce persistent phototoxicity in
healthy tissues. 5-Aminolevulinic acid (ALA), a cancer-selective
photosensitizer, converts intracellularly into the photosensitizer
protoporphyrin IX (PpIX) with minimal side effects. Nevertheless,
the therapeutic efficacy of ALA-based PDT is considerably im-
peded by ALA’s hydrophilic nature and the subsequent trans-
formation of PpIX into photosensitive heme.

In 2023, Sun et al. '** developed an **Zr-labeled, pH-respons-
ive ALA and artemisinin (ART) co-loaded liposome (*Zr-ALA-
Liposome-ART) for highly selective cancer therapy.*Zr func-
tions as an internal excitation source to activate PplX for CR-
PDT """ while the photo-inactivated Heme activates the
chemotherapeutic effect of ART. Through CR-PDT and chemo-
therapy, *Zr-ALA-Liposomes-ART demonstrated effective tumor
suppression in subcutaneous 4T1 tumor-bearing Balb/c mice.
When combined with anti-PD-L1, ®Zr-ALA-Liposomes-ART in-
duced enhanced anti-tumor immunity and inhibited tumor recur-
rence.

Chemotherapy, utilizing cytotoxic drugs to eradicate tumors,
remains a primary cancer treatment modality '*°. However, this
approach is hindered by limitations such as insufficient tumor
specificity and unintended toxicity to healthy tissues '*°. PDT '**
which employs light to modulate drug activity, offers a non-invas-
ive and spatiotemporally controlled method to manage chemo-
therapeutic effects "*’. While radioactive drug therapy using ra-
diolabeled tracers is well-established, the application of radioact-
ive isotopes in PDT for reversible regulation of drug biological ef-
fects remains largely unexplored.

Sun et al. "** (Fig. 13A) recently employed PDT to incorpor-
ate azoPROTAC, a class of photochromic switches, into drugs, en-
abling light-mediated control of pharmacological activity in space
and time. Their research demonstrated that'*'I could induce
trans-photoisomerization of azoPROTAC-containing PROTACs.
Under the influence of 50 uCi mL-""I, the azoPROTAC effectively
reduced the levels of BRD4 and c-Myc in 4T1 cells, achieving res-
ults comparable to those observed under illumination (405 nm,
60 mW cm™).

Furthermore, the degradation of BRD4 could enhance the ef-
ficacy of 'I-based radiotherapy.In vivo studies demonstrated
that the combination of 300 pCi **'I and 25 mg-kg™ azoPROTC,
administered via a hydrogel, successfully induced protein de-
gradation in vivo in 4T1 tumor-bearing mice. This approach ef-
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fectively inhibited tumor growth, augmented the radiotherapeut-
ic effect, and enhanced the anti-tumor immune response. Not-
ably, this represents the first successful application of radioact-
ive isotopes as a PDT trigger in a murine model '*’. This research
is expected to contribute significantly to the advancement of deep-
tissue PDT '

Colorectal cancer (CRC) ranks as the third most preval-
ent malignancy worldwide, with early detection significantly im-
proving prognosis. The gastrin-releasing peptide receptor
(GRPR) exhibits high expression levels in CRC cells, rendering it a
potential biomarker for CRC diagnosis '**. Bombesin (BBN) pep-
tide analogs '*° have been extensively investigated for imaging
human neoplasms characterized by GRPR overexpression.

In 2020, Gu et al. '* developed a novel GRPR-targeting pep-
tide called GB-6. This BBN7-14-based peptide was designed to
enhance metabolic stability in vivo and decrease intestinal up-
take, while largely maintaining the original GRPR binding affinity
of BBN7-14. GB-6 peptide was radiolabeled with *"Tc or conjug-
ated with a fluorescent dye for CRC imaging. The GRPR binding
properties were examined in vitro using Caco-2 cells '*’, and the
in vivo targeting capabilities and kinetics were assessed using
Caco-2 tumor xenograft mouse models.

Additionally, comparative BBN7-14 conjugations were con-
ducted in cellular and murine models. The GB-6 peptide demon-
strates specific GRPR binding in vitro, exhibiting a high affinity
comparable to BBN7-14. Notably, GB-6 displayed enhanced tu-
mor uptake and reduced intestinal activity compared to the un-
modified BBN7-14 probe in Caco-2 tumor-bearing mice. Experi-
mental findings indicate that GB-6 shows promise for early detec-
tion in CRC patients and may serve as a valuable non-invasive
tool for monitoring colorectal tumor progression.

HCC represents one of the most prevalent malignancies with
limited diagnostic options "**'*’, The mesenchymal-epithelial
transition factor (c-Met) has been found to be overexpressed in
HCC, emerging as a prominent target for tumor diagnosis and
treatment "',

In 2021, Gu et al. '** (Fig. 13B) developed a novel c-Met tar-
geting peptide, YQ-M3, labeled with NIR fluorescent dye MPA and
radionuclide **Tc for HCC detection. YQ-M3-MPA demonstrated
a high affinity for c-Met-positive HepG2 tumors in vitro. Fluores-
cence imaging revealed that YQ-M3-MPA exhibited superior tu-
mor uptake and a higher T/N ratio in HepG2 tumor-bearing mice
compared to GE137-MPA, a known c-Met-positive tracer. Fur-
thermore, in vivo SPECT imaging with *"Tc-HYNIC-YQ-M3 dis-
played significant tumor uptake, confirming its effective localiza-
tion in c-Met-positive tumor. These resultsvalidate the efficacy of
YQ-M3-MPA and *"Tc-HYNIC-YQ-M3 in detecting c-Met-express-

131-133

B SO.H
ol HN_NH,
~"N TH
HO,S
g 0
N (/\)LN NH,
;H
H 9o 0 0
HO,S Y YQ-M3-MPA
NN
c SO.H
OH O OH OH O OH
O‘ O‘Omm
() o
OO0 . O‘O "
SO;Na
OH O OH OH O OH
Hyp Shyp

Fig. 13 Several methods for specifically enhancing the uptake of radiopharmaceuticals. (A) '*'I triggered photoisomerization of trans- and cis-azoPROTAC; (B) The struc-
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ing HCC '

Pancreatic cancer, specifically pancreatic ductal adenocar-
cinoma, ranks among the most lethal gastrointestinal malignan-
cies, with a meager 5-year survival rate of 10.8% '**. Despite sig-
nificant medical advancements, patient outcomes for pancreatic
cancer have shown minimal improvement over recent decades.
This is attributed to high mortality and recurrence rates, limited
resectability, rapid metastasis, and resistance to chemothe-
rapy """, Although surgical resection remains the most effect-
ive treatment for resectable pancreatic cancer, fewer than 20% of
patients are eligible for this procedure '*,

Fluorescence-guided surgical edge detection
ents one of the most promising techniques in cancer surgery, ow-
ing to its high sensitivity, real-time visualization capability, and
ability to evaluate the entire surgical margin "*°. NIR fluorescent
probes, including antibody-based agents targeting tumor-associ-
ated embryonic antigens, vascular endothelial growth factors,
and EGFRs, have been engineered for enhanced tumor specificity.
These molecular imaging agents have been investigated in both
preclinical and early-phase clinical studies and have demon-
strated promising utility in intraoperative fluorescence-guided
imaging for the detection of pancreatic cancer ** **. However,
the large size of antibodies presents challenges, including slow
pharmacokinetics, poor tissue penetration, neonatal Fc receptor-
mediated recirculation, and enhanced permeability and reten-
tion effects, which significantly delay the time between adminis-
tration of antibody-fluorophore conjugates and imaging *>'*>'*°.

Furthermore, a significant drawback of using antibody-
fluorophore conjugates is their high non-specific tissue accumula-
tion, which can lead to false-positive signals. In contrast, fluores-
cent probes derived from peptides, combining properties of anti-
bodies and small molecules, offer several advantages. These in-
clude high affinity, rapid metabolism, strong tissue penetration,
low immunogenicity, and ease of modification. These character-
istics make peptide-based probes promising tools for cancer mo-
lecular imaging. Consequently, the discovery and development of
peptide imaging agents for pancreatic cancer detection hold great
significance in advancing diagnostic capabilities.

In 2023, Gu et al. **" investigated the targeting of overex-
pressed GRPR in pancreatic cancer. They utilized NIR fluorescent
dye MPA and radionuclide technetium-(*"Tc) as targeting probes
to demonstrate the efficacy of the novel peptide GB-6. The study
identified a short linear peptide with enhanced in vivo stability.
Its radiotracer [*"Tc] Tc-HYNIC-PEG4-GB-6 and NIR probe MPA-
PEG4-GB-6 exhibited selective and specific uptake by tumors in
SW1990 pancreatic cancer xenograft mouse models. The favor-
able biological distribution of tracer [*"Tc] TcHYNIC-PEG4-GB-
6 in vivo led to tumor-specific accumulation 1 hour post-injection,
with high tumor-muscle and bone contrast and renal body clear-
ance. Biodistribution analysis "> '* revealed that the fluorescence
signal ratio of SW1990 subcutaneous *’ xenograft model tumor
to pancreas and intestine was 5.2 + 0.3 and 6.3 * 1.5, respectively.
Furthermore, in orthotopic pancreatic and hepatic metastatic tu-
mor models, the imaging probes demonstrated robust fluores-
cence signal accumulation within tumor tissues. Quantitative ana-
lysis revealed tumor-to-pancreas and tumor-to-liver fluores-
cence intensity ratios of 7.66 + 0.48 and 3.94 + 0.47, respectively.
These high tumor-to-background contrast levels enabled precise
tumor delineation. The rapid tumor targeting, precise tumor
boundary delineation, chemical diversity, and high efficiency of
the novel GB-6 peptide render it a high-contrast imaging probe
for clinical detection of GRPR """’ with additional potential in
molecular targeted therapy.

The development and metastasis of tumors are intricately
connected to the tumor microenvironment (TME) "', which
encompasses cancer-associated fibroblasts (CAFs) ', immune
cells, vascular endothelial cells, and other cellular components.
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CAFs constitute a significant portion of the tumor stroma in most
epithelial cancers. Fibroblast activation protein (FAP), a mem-
brane-bound serine protease belonging to the dipeptidyl pepti-
dase 4 (DPP4) family, is highly expressed in CAFs across various
tumor types but is seldom detected in healthy adult tissues '**.

In numerous tumor types, the overexpression of FAP in CAFs
facilitates highly selective targeting strategies utilizing FAP inhib-
itors (FAPI). Radionuclide-labeled quinoline FAPI has been ex-
tensively employed in tumor-targeted nuclear medicine imag-
ing '*>'”°. However, the brief residence time of FAPI at the tumor
site restricts its application in RNT ',

In 2023, Guo et al. ' (Fig. 14) developed a novel dimeric
form of FAPI-04, which was radiolabeled with the therapeutic ra-
dionuclide "’’Lu for application in RNT. The dimerization strategy
significantly enhanced the intratumoral retention of FAPI-04,
thereby improving its performance for both diagnostic imaging
and targeted radiotherapy of FAP-expressing tumors. The FAPI-
04 dimer DOTA-Suc-Lys-(FAPI-04)2 was synthesized by coupling
two FAPI-04 structures using Fmoc-Lys(Boc)-OH as a linker
through an amide reaction. The resulting product was further
functionalized with a DOTA group to enable coupling with radio-
active metals. Both ®*Ga-(FAPI-04)2 and """Lu-(FAPI-04)2 demon-
strated radiochemical purities exceeding 99% and remained
stable in vitro. In vivo microscopic PET imaging of SKOV3, A431,
and H1299 xenografts revealed that tumor uptake of **Ga-(FAPI-
04)2 was approximately twofold higher than that of ®Ga-FAPI-
04. Notably, 3 hours post-injection, the accumulation of Ga-(FAPI-
04)2 at the tumor site remained largely unchanged. The **Ga-
(FAPI-04)2 images exhibited a significantly higher tumor-to-ab-
domen ratio compared to **F-FDG images. In RNT applications,
7Lu (FAPI-04)2 effectively delayed tumor growth and demon-
strated good tolerability.

In summary, the DOTA-Suc-Lys-(FAPI-04)2 design enhanced
uptake in FAP-expressing tumors, improved residence time at tu-
mor sites, and produced high-contrast imaging in xenografts after
radionuclide labeling "’*. Furthermore, it demonstrated a signific-
ant anti-tumor effect. DOTA-Suc-Lys-(FAPI-04)2 presents a novel
approach to the application of FAPI derivatives in tumor therapy.

Necrotic myocardial imaging '"*"’ provides crucial indicat-
ors of the salvaged myocardial region in patients with myocardi-
al infarction '””"”° (MI) and offers guidance for clinical decision-
making '*. A significant challenge in necrosis imaging, however,
is the absence of an ideal necrosis imaging tracer capable of ac-
curately and promptly delineating necrotic myocardium. 1-131-
hypericin (I-131-HYP) represents a promising tracer for precise
delineation of necrotic myocardium '*'. Nevertheless, due to its
high lipophilicity, clear imaging of necrotic myocardium is not
achievable until 9 hours post-injection, owing to elevated back-
ground signals in the blood and lungs.

Yin et al. '*”'** (Fig. 13C ) developed an optimized "*'I-hyperi-
cin-2,5-disulfonate sodium salt (I-131-SHYP) probe to enhance
the pharmacokinetic and biodistribution properties for necrosis
imaging. The study explored the mechanism of necrotic affinity
between 1-131-HYP and 1-131-SHYP. 1-131-SHYP demonstrated
selective high accumulation in necrotic cells and tissues. Biod-
istribution analysis revealed reduced uptake of 1-131-SHYP in
normal organs (lungs, spleen, and heart) and blood, as evidenced
by pharmacokinetic studies "**".

[-131-SHYP demonstrated superior imaging of necrotic
myocardium at 4 hours compared to [-131-HYP, with enhanced
speed and clarity. This suggests that the increased hydrophilicity
of [-131-SHYP may contribute to improved pharmacokinetic and
biodistribution properties. Furthermore, DNA competitive bind-
ing assays and blocking assays indicate that E-DNA is a potential
target for the necrotic affinity of SHYP and HYP. 1-131-SHYP
shows promise as a potential E-DNA targeting probe for necrotic
myocardial imaging with molecular specificity, which may have
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clinical applications.
6. Prospects for the research of radionuclide drugs

Radiopharmaceuticals in medicine offer significant advant-
ages but face numerous challenges. These include high produc-
tion costs, complex regulatory approval processes, safe disposal
of radioactive waste, limited supply of radionuclides with ideal
half-lives, potential side effects from radiation exposure, and the
requirement for specialized equipment and personnel. Further-
more, tumor cell heterogeneity and the ongoing exploration of
new targets and indications present additional obstacles in the
current RPT. These factors collectively restrict the widespread
use of radiopharmaceuticals and motivate the medical
munity to seek innovative solutions to enhance their efficacy and
safety. The integration of molecular biology and nanotechnology
is expected to improve the targeting capabilities of radiopharma-
ceuticals. By attaching specific biomolecules, drugs can be de-
livered precisely to lesion sites, minimizing damage to healthy
tissues '*. Advancements in nuclear physics, accelerator techno-
logy, and medical reactor construction will provide cleaner nuc-
lide sources for radiopharmaceutical research and development.
Clinical data from various radionuclide drugs targeting SSTR2,
PSMA, and FAP have demonstrated good tolerability and feasibil-
ity, highlighting the significant potential of radiopharmaceuticals
in cancer treatment '*”'®, The development of radionuclides with
integrated diagnostic and therapeutic functions is crucial for es-
timating medium doses '*

com-

»1%, personalizing treatment plans, and
enabling precision drug use in radionuclide drug research and
development. As precision medicine advances, the application of
radionuclide drugs will become increasingly personalized, with
treatment plans tailored to individual genomic information, dis-
ease characteristics, and lifestyle factors. In conclusion, the fu-
ture development of radionuclide drugs is expected to yield safer,
more effective, and smarter solutions, making substantial contri-
butions to human health.
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