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Abstract: Radiopharmaceuticals are radioactive compounds used for diagnostic imaging and therapeutic purposes. In diagnostic, gamma
emitters are commonly utilized. Conversely, radioisotopes employed for therapy are beta and alpha emitters, which generally have contrasting
Linear Energy Transfer (LET) and tissue penetration profiles. These distinguishable characteristics allow for the complementary or improve-
ment of radiopharmaceuticals. For instance, noticeable breakthroughs have been made with the approval of targeted beta-emitting radio-
pharmaceuticals using agents such as Lutathera (['”’Lu]Lu-DOTA-TATE) or Pluvicto (['”"Lu]Lu-PSMA-617). However, with the increase in
isotope production and purification technology, new radiolabeling variations in multiple o-emitting particles have emerged. Preclinical
investigation is a critical multi-step process to evaluate the safety and effectiveness of radiopharmaceuticals before being tested in humans
with the purpose of translating these innovations into clinical practice. Accordingly, a narrative review was conducted on the preclinical
investigation of radiopharmaceuticals to ensure positive direction for radiopharmaceuticals study. From this narrative review, notable results
were obtained for actinium-225 and lead-212 based radiopharmaceuticals. From the perspective of targeted beta therapy, limited studies on
terbium-161 have revealed that it is more potent than lutetium-177 with the same targeting molecules in the same animal models. It has been
concluded that targeted alpha therapy is generally better than targeted beta therapy in many preclinical settings.
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Introduction
Radiopharmaceuticals represent a transformative class of drugs that harness the unique properties of radioisotopes for both
diagnosing and treating diseases, with a particular emphasis on oncology.! These agents offer distinct advantages over
conventional therapies by enabling the selective delivery of radiation to malignant cells, thereby minimizing collateral damage
to healthy tissues.” Radiopharmaceuticals are composed of two main components which are radioisotopes and vectors.
Chelators and linkers are added to aid radioisotopes stability on the process of delivery to the targeted tumor. Chelators,
including DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), bind to the radioisotope and form a stable
complex, preventing its release into normal tissue, while the linker connects the complex to the vector.® Radioisotope therapy
is designed to selectively target specific tumors.* Vectors, including small molecules, peptides, and antibodies, were labeled
with radioisotopes to grant specificity, radiolabeling.” The goal is to deliver a precise radiation dose to the tumor while
minimizing its impact on healthy tissues.® The scheme usually involves the diagnosis of a certain cancer using positron
emission tomography (PET) and single-photon emission computed tomography (SPECT) imaging. For instance, fluorine-18
fluorodeoxyglucose (PET/CT) has a capability to diagnose gall bladder, thyroid, or even lymphoma.”™ After being diagnosed,
a specific radiopharmaceutical is administered, enabling precise and noninvasive therapy.'’

The historical trajectory of radiopharmaceutical therapy has been marked by pioneering scientific achievements, notably
the introduction of Todine-131 (**'T) in 1942 for the treatment of Graves’ disease and later differentiated thyroid cancer.

Starting with '*'I for cancer treatment, since then, more than 60 radiopharmaceuticals have been approved for various types of
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cancers. The combination of precise diagnosis with a selective, high cell-killing capability agent is defined as
radiotheranostic.!’ The arrival of agents such as Lutathera ([177Lu]Lu—DOTA—TATE), Pluvicto ([177Lu]Lu—PSMA—6l7), and
their complementary diagnostic imaging agents, Netspot ([®®Ga]Ga-DOTA-TATE), and Locametz ([**Ga]GaPSMA-11) have
gained radiopharmaceutical recognition as potential subject to be extensively studied because of their capability to eliminate
cancer, especially metastatic and refractory cancers, which poses a challenge for chemotherapy or other therapeutic agents.'>

Another type of particle that has distinct characteristics compared to beta particles is alpha particles. This particle has high
linear energy transfer and low tissue penetration compared to beta particles.'* In 2013, Bayer’s [**?Ra]RaCl,, the first a-
particle radiopharmaceutical, markedly improved metastatic cancer treatment. Marcu et al, in 2018, have made a global
comparison of alpha- and beta-emitting particles based on their preclinical and clinical trials."* However, with the increase in
isotope production and purification technology and the emergence of new radiolabeling variations in multiple o-emitting
particles such as astatine-211 (*'' At), actinium-225 (***Ac), bismuth-213 (*'*Bi), and lead-212 (*'?Pb) for various cancers,
an update is needed to ensure a positive direction for the development of therapeutic agents for cancers, not only a-emitting
particles but also B-emitting particles, judging from the early stage of the test: preclinical trials.

Radiophysical and Radiobiological Properties of Alpha and Beta Emitters
Alpha Emitters: Energy, LET, Tissue Penetration, Mechanism of Action

Alpha particles have been an interesting subject to discuss as alpha particles exhibit strong biological effects owing to
their limited penetration in tissues, typically only 50-80 pum, and their high linear energy transfer (LET) along this short
path. These particles generally have energies between 5 MeV and 9 MeV and vary in half-life. For instances, **>Ac has
a long half-life at the value of 10 days, yet 2'*Bi has a short half-life only at the count of 45.6 minutes.'>"'® However, they
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still share the same profile in producing LET values in the range of approximately 80—100 keV per micrometer.'*'” This
highly localized energy deposition is a critical advantage, as it minimizes damage to surrounding healthy tissues, making
alpha emitters ideal for targeting small tumor clusters or individual cancer cells.'®

This is illustrated in Figure 1, which shows that radiation from alpha particles primarily targets the cell nucleus.'’
High LET radiation delivers intense radiotoxicity to each alpha particle, producing a cytotoxic response that does not rely
entirely on reactive oxygen species.”’ This characteristic is especially beneficial when treating tumors with low oxygen
levels.?! The DNA damage caused by alpha particles frequently results in complex double-strand breaks (DSBs).?

Beta Emitters: Energy, LET, Tissue Penetration, Mechanism of Action

Beta particles are relatively low-mass particle, electrons or positrons, which possess significantly greater penetration
capabilities than alpha particles due to their smaller size. This longer range allows beta emitters to irradiate larger or more
diffuse tumors, or those with heterogeneous expression patterns, ensuring a more uniform dose distribution across
a broader area. Most B-particles have a LET of 0.1-1.0 keV/um and an energy of 50-2300 keV which is smaller than
alpha particles.”> They have roughly the same half-life, such as Lutetium-177 (*"’Lu) and "*'I which have half-life of
approximately 6.6 and 8.0 days, respectively.***

Ionizing radiation from these radionuclides induces considerable DNA damage within target cells, primarily through
the generation of reactive oxygen species (ROS) as a result of water radiolysis. This oxidative stress can trigger the
upregulation of specific proteins associated with the apoptotic pathways.?® The design of irradiation protocols is tailored
to the characteristics of the tumor, such as type, size, and heterogeneity, as well as pharmacokinetics and biodistribution

of the administered radionuclides.?’

Key Differences and Therapeutic Implications

The fundamental radiophysical differences between the alpha and beta emitters lead to distinct therapeutic implications.
The characteristics of the alpha and beta emitters are listed in Table 1. At the bottom of this section, alpha emitters offer
unparalleled precision for microscopic disease or small lesions due to their high LET and short range, delivering a highly
potent, localized dose.?®2° In contrast, beta emitters provide a broader kill zone, making them suitable for larger tumor
burdens or more diffuse disease.’® The ROS-independent mechanism of alpha emitters offers a distinct advantage in

hypoxic tumor microenvironments, which often presents a challenge for beta emitters.?'='
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Figure | Targeted Radionuclide Therapy Mechanism of Action.

Drug Design, Development and Therapy 2026:20 https: 3



Luhung et al

Table | Summary of Alpha and Beta Particle LET, Energy, Half-Life, and Tissue Penetration

Particle Type | Radioisotope LET Particle Energy Physical Half-Life Tissue Penetration
[Ref] (keV/pm) (MeV) (hour) (mm)
Alpha Radium-223*2 80 - 100 5.87 273.6 0.1
Actinium-225'° 5.8 237.8 0.047-0.085
Bismuth-213'¢ 6 -84 0.76 0.04-0.08
Lead-212% 6.0 10.6 0.04-0.08
Astatine-2 13 7.5 7.2 0.08
Beta Lutetium-177% | 0.1-1.0 0.133 158.4 0.673
lodine-131%* 0.606 192.0 2
Terbium-161% 0.154 165.6 0.29

The logistical considerations also vary significantly between the two types. Radioisotopes with very short half-lives,
such as *'*Bi (46 minutes), pose substantial challenges for manufacturing, transport, and clinical scheduling, necessitat-
ing advanced infrastructure and rapid deployment for optimal dose administration.>® Conversely, longer-lived isotopes
such as '""Lu (7 days) and ***Ac (10 days) offer greater logistical flexibility but require careful consideration of
prolonged patient radiation exposure.'>?>

At the preparation phase, radioisotope is chelated with chelator that has been paired with antibody. Radioisotope ionic
radius plays crucial part in stability of radiopharmaceutical. For instances, >'*Pb has an ionic radius of 1.19 A and 6
coordination number.>” 2'?Pb is chelated with chelator with large cavity, macrocyclic chelator such as DOTA, and high
coordination number so 2'*Pb would remain in a complex form throughout its circulation in the body. Release of any free
radioisotope would increase the risk of radiotoxicity, as illustrated in Figure 2 below, such as Pb** that mimic Ca®" and

has a high likelihood to retain in bones.*®

Compatibility between radioisotope half-life and
biological retention is crucial to maximize tumor
accumulation, leading to more frequent and
lethal DNA single/ double-strand breaks

Good compability of radioisotope ionic radius and chelator
cavity size resulted in good in vivo stability preventing free
unbound radioisotope to retain in healthy tissue

Chelator Cavity

Paired with Linker
and Vector

Radioisotope
lonic Radius

Incompatibility between chelator cavity and
radioisotope ionic radius could result in instability
and free unbound radioisotope and increase risk of
radiotoxicity

Retention in

3 Slow penetration causing short-
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Figure 2 Radioisotope, Chelator, Linker, and Vector Characteristics Affected it Therapeutic Potential.
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Each of these radioisotopes has their distinctive characteristic which will affect their compatibility with their conjugated
vector. Physical half-life of radioisotope should match the biological half-life of vector. Antibody vectors typically have 2 to 5
days of biological half-life are therefore deemed to be compatible with long half-life radioisotope such as ***Ac, '"’Lu, *'I,
and '°'Tb.*>* On the other hand, peptide and small-molecule vectors have shorter half-life and faster clearance, yet higher
penetration to the tumor tissues, making them compatible with short half-life radioisotope such as *'*Bi, 2'*Pb, and 2''At.
Specifically, their rapid tumor accumulation ensures the radioactive payload is delivered before the isotope decays away.***!

Differences of released energy per decay event when radiopharmaceutical interacted with tumor receptor would contribute
to the outcome of therapeutic. For instances, '”’Lu and '®'Tb exhibit only subtle differences in their mean beta energies
EB tverage> Which are approximately 133 keV and 154 keV, respectively.“z’43 However, '°'Tb has additional advantages of
emitting conversion electrons (3—50 keV) and 2 Auger electrons per decay, which could potentially result in a higher cellular
dose on a shorter range.** In comparison to alpha and beta particles, alpha emitters such as **>Ac emits 4 alpha particles per
decay event (5.87 MeV), significantly higher compared to '”’Lu. For alpha-emitters, simple surface binding is inadequate,
high percentage of vector internalization, defined as the radiopharmaceutical penetrates the membrane and enters the cell, is

a prerequisite for >*>Ac therapy to ensure the cytotoxic energy is deposited in range to the tumor DNA.*3¢

Key Preclinical Investigation Parameters in Radiopharmaceutical Development
Cell-Binding/Internalization/Viability/Killing Assays

These in vitro assays assess the specificity and intrinsic cytotoxic potential of the radiopharmaceuticals. Key metrics
included K values (dissociation constant), Bmax (maximum number of binding sites), percentage of binding, percentage
of internalization, ICs, (half maximal inhibitory concentration), and the observed reductions in cell viability.*”**® Lower
K, values indicate higher affinity, and a high Bmax value indicates that the target cell has many binding sites/receptors.
The percentage of binding in radiopharmaceuticals refers to how much of a radiopharmaceutical attaches to its target; for
instance, 10.45%+0.45% of 99mTc-labeling attached to LNCaP cells after 4-hour incubation.** Upon binding to the
membrane, the radiopharmaceuticals that are taken inside of the cells were measured. Internalization assays provide
insights into the ability of tracers to enter the intracellular space by passive diffusion or active mechanisms. High
internalization upon cell binding indicates that radiopharmaceuticals are taken into the cell rather than only binding to the

cell.>® St

Lower ICs, indicates higher potency of agents to inhibit 50% of biological processes in tumors.

Finally, cell viability measured the percentage of cells survivability, potential radiopharmaceutical significantly
reduced the percentage of surviving cells. For instance, administration of 10, 20, and 60 Gy radiation dose of
1311 reduced cell viability up to 61% by causing apoptosis to the TFK-1 cell lines and it has positive correlation with
the doses of radiation.”® Another example is 100 kBg/mL [**>Ac]Ac-DOTA-SP that reduce cell viability to 80% after
72 hours of incubation, and it can continue reduce cell viability up to 50% after 5 and 6 days of treatment. Cell viability
differences in time are caused by alpha particles severe double-strand breaks. It is explained in the flow cytometry
analysis that late apoptosis is the main pathway. This is caused by the cells’ inability to repair DNA damage during G2/M

(preparation) phase thus cannot continue to the mitosis phase.>

Biodistribution
Biodistribution characterizes the distribution of radiopharmaceuticals throughout organs (such as the liver, kidneys,
lungs, muscle, pancreas, spleen, and bone marrow). The designs of these studies reflect the planned indications of the
agent. For instance, in preclinical settings, the PC-3 PIP cell line for prostate cancer may be used to observe the
accumulation and retention of the agent.* The key metric is the percentage of injected dose per gram (%ID/g) in tumors
and organs (eg, the kidneys, liver, spleen, blood, and salivary glands), interpreted as tumor uptake and organs uptake.>”
High tumor uptake indicates high accumulation of the agent in the tumor, and if tumor uptake remains high through
several points of time, it indicates agent retention in the tumor, both of which are indicative of potential efficacy.
Conversely, high and retained off-target uptake indicates potential toxicity.”®

Biodistribution profiles are critical predictors of a radiopharmaceutical’s clinical potential, where the balance between
tumor accumulation and off-target clearance contributed to the efficacy and safety. An antibody hTAB004 conjugated by
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DOTA is radiolabeled with *°*Ac resulting in high tumor uptake of 65+15%ID/g while maintaining off-target uptake in
critical organs below 10%ID/g. This agent achieved 100% survival in animal models until the end of study (52 days).”’
This could be resulted by ***Ac long half-life at the value of 9.9 days paired with hTAB004 antibody that typically has
a long circulating time, biological half-life, thus maximizing the cytotoxic potential of **>Ac before being excreted
outside the body.'*> Modifying biodistribution of agents could also be a potential strategy, [**>Ac]Ac-crown-TATE study
highlights that the tumor-to-kidney ratio improved significantly over time, rising from 1.3:1 at 4 hours to 3.9:1 by
120 hours. This indicates that while the kidneys receive an initial dose during clearance, long half-life of **>Ac would
prevent damage to the kidney at the early hours of injection but, by the long-term, exposure is heavily weighted toward
the tumor, which is desirable for safety.’®

Dosimetry and Dose-Limiting Organs

Dosimetry quantifies the absorbed radiation dose in both tumors and critical normal organs, which is essential for
determining the maximum tolerated dose (MTD) and identifying the dose-limiting organs. Key metrics include the mean
absorbed dose (in Gy/MBq or mGy/kBq) to the tumor, kidneys, spleen, lungs, and red marrow. A high mean absorbed
dose in a certain organ indicates a dose-limiting organ. Thus, the dose (Bq) that is administered must not exceed the
threshold radiation (Gy) for that organ, this dose represents the agent’s MTD.?” For instance, based on published
threshold doses from external beam irradiation data, an absorbed dose that ranges from 18-23 Gy in whole kidney
volume would increase risk of kidney injury by 5% over 5 years.”® With this information, if doses that are administered
exceed the MTD, the risk of kidney injury could be mitigated by the co-administration of amino acids (lysine and
arginine) and polygelines (eg, gelofusine [Braun]).®

Therapeutic Efficacy Assessment

Therapeutic efficacy assessment investigates the potential of a radiopharmaceutical to inhibit tumor growth, resulting in
time-to-death improvement in animal models.®’ This in-vivo investigation involved the implantation of human cancer
cells (xenografts) into immunodeficient animals. The tested agents were administered and observed over time to evaluate
their clinical potency of the tested agents.®? Therapeutic efficacy is typically measured by parameters such as tumor
growth delay, median survival time, tumor volume decrease, complete remission (CR) rates, and partial response (PR)
rates. Delay in tumor growth and median survival were measured in units of time. Tumor growth delay involves
comparing the differences in time it takes for a tumor to grow to a predetermined size between the treatment and control
groups, while median survival is time at which 50% of the animal subjects were still alive. The decrease in tumor volume
quantifies the reduction in the size of a tumor following treatment in a unit of percentage between the difference in
volume after a certain point of time per initial volume. Complete remission, also known as complete response, indicates
the disappearance of all signs of tumor in response to treatment, while partial response or partial remission means that the
tumor has responded to treatment, but has not been eliminated.®® Improved survival and tumor regression in animal
models are indicators of potential radiopharmaceuticals and are likely to proceed to the next stage of the study.>

Toxicity and Safety Profile Evaluation

Toxicity determines potential damage to normal organs/tissues after the administration of radiopharmaceuticals. When
treated with radioligand therapy, the kidneys and bone marrow were the two most significant dose-limiting tissues.®*
The investigation involved administration of the tested agents to xenografted animals for a predetermined time. Blood
samples were taken at several points in time to observe hematological changes, such as white blood cells (WBC),
lymphocytes (LYM), monocytes (MON), neutrophils (NEU), red blood cells (RBC), hemoglobin (HGB), and platelets
(PLT). Significant hematological changes could indicate bone marrow suppression.®” At the end of the predetermined
time, the animals were euthanized and organs such as the thyroid, salivary glands, stomach, small intestine, spleen,
kidney, and bone were extracted. Histological analysis allows visualization of the damages induced by the tested agents.
For instance, 1.00 and 1.93 MBq of [*'' At]At-NpG-PSMA induced kidney damage, as observed by shrinking glomeruli
in the stained kidney sections.®® In conclusion, abnormalities in organ tissues indicate the potential toxicity of the
agents.(’9
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DNA Double-Strand Break (DSB) Analysis

This study provides direct mechanistic evidence for the impact of radiation at the cellular level by assessing DNA damage,
specifically double-strand breaks (DSBs), which are a critical mechanism of action in radiation therapy.”® The metric is the
number of foci observed in YH2AX-positive cells. For instance, [**>Ac]Ac-DOTA-YS5 treatment resulted in 4.90 foci
observed at 14 days post-injection suggesting the effective induction of DNA double-strand breaks in tumor cells. This
analysis confirmed that the radiopharmaceutical induced cytotoxic DNA damage and could be used to compare the relative
potency of different radiopharmaceuticals or isotopes in inducing this damage. Changes in DSB repair pathways can also
contribute to resistance, making this a valuable parameter for understanding therapeutic limitations.”™”" Table 2 below
summarizes the key preclinical investigation parameters in radiopharmaceutical development.

Ideally, preclinical investigations of radiopharmaceuticals must include radiolabeling data, cell binding-
internalization, stability tests in PBS and HS, cell viability/toxicity, clonogenic tests, DNA DSB analysis, biodistribution
data, tumor-bearing mice, and renal retention.*” However, through literature review, we concluded that preclinical
investigations mostly include dosimetry, biodistribution, and therapeutic efficacy. The significance of these tests is
presented in Table 2. Dosimetry is responsible for the determination of MTD, biodistribution to predict therapeutic
efficacy or toxicity, and therapeutic efficacy as the goal outcome of a radiopharmaceutical that is to eliminate the tumor.

Updates in Preclinical Investigation of Targeted Alpha Therapy (TAT)
Radiopharmaceuticals

TAT radiopharmaceuticals are gaining significant attention in cancer therapy due to their high linear energy transfer and
short range, offering potent and localized cell killing. Recent preclinical investigations have explored various alpha emitters
conjugated with targeting molecules for the treatment of specific cancers. Table 3 below elaborates on targeted alpha-

emitting radiopharmaceuticals that have been investigated and their cell lines corresponding to their planned disease.

Table 2 Key Preclinical Investigation Parameters in Radiopharmaceutical Development

Parameter [Ref]

Description

Key Metrics

Significance

Cell-binding/
Internalization/
Viability/ Killing

47,49,50

Assays

In vitro evaluation of
radiopharmaceutical’s affinity to
target cells, internalization, and ability

to induce cell death.

K4 Bmax, % binding, % internalization,

ECso, ICso, cell viability reduction.

Early validation of targeting specificity
and intrinsic cytotoxic potential;

guides initial dose selection.

Biodistribution®**®

In vivo evaluation and visualization of
radiopharmaceutical distribution in

animal models over time.

%ID/g in tumor and organs, tumor-to-

organ uptake ratios.

Predicts therapeutic efficacy and
potential off-target toxicity; informs
dosing strategy; basis for human

dosimetry.

Dosimetry and
Dose-Limiting

Organs?’

In vivo evaluation of
radiopharmaceuticals absorbed dose

in organs of animal models.

Mean absorbed dose (Gy/MBq or mGy/
kBq) to tumor and organs; identification of

dose-limiting organs.

The basis of dose selection for the
therapeutic efficacy assessment and

clinical study.

Therapeutic
Efficacy

Assessment®?

In vivo evaluation of
radiopharmaceutical’s treatment

effectiveness.

Median survival days, % tumor growth
inhibition, complete/partial responses,

tumor volume changes.

Direct indicator of potential clinical
benefit; establishes optimal

therapeutic doses.

Toxicity and Safety
Profile

In vivo evaluation of physiological

change that is related to organ

Changes in blood counts (WBC, RBC,

platelets), elevated liver/kidney enzymes,

Identifies maximum tolerated dose
(MTA).

Strand Break
(DSB) Analysis”®7"'

specifically double-strand breaks.

Evaluation®®7? injuries of animal models. histological evaluations, body weight
changes.
DNA Double- Assessment of DNA damage, Number of foci (eg, YH2AX-positive cells). | Confirms mechanism of action;

compares potency; helps understand

resistance.
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Table 3 Updates in Preclinical Investigation of Targeted Alpha Emitting Radiopharmaceuticals

Cancer Type Radiopharmaceuticals [R*f] Experimental Type (Cell Lines)
Prostate cancer [**Ac]Ac-PSMA-617°° PC-3 PIP cells
[2*Ac]Ac-SibuDAB*® PC-3 PIP cells
[**Ac]Ac-LI73 PC3 PIP cells
[***Ac]Ac-DOTA-YS5”" 22Rv! cells
[***Ac]Ac-Macropa-Pelgifatamab®® | C4-2, LNCaP CDX, KUCaP-1 PDX cells
[>'®Bi]Bi-L173 PC3 PIP cells
[2'?Pb]Pb-L27* PC3 PIP cells
[2'*Pb]Pb-TCMC-YS57° PC3, PC3-luc cells
[*'?Pb]Pb-DOTAM-GRPR 176 PC-3 cells
2" At]At-PSMAL7? LNCaP cells
2" AtJAt-PSMA57? LNCaP cells
2" AtJAt-PSMA677 LNCaP cells
"' At]JAt-NpG-PSMAS®® LNCaP cells
NETs? [***Ac]Ac-MACROPATATE’® H69 cells
[?*Ac]Ac-crown-TATE®® AR42J cells
[2'*Pb]Pb-DOTAMTATE®' AR42J cells
[**Ac]Ac-DOTA-R I 17° H69 cells
[>'*Pb]Pb-eSOMA-01% NCI-H69
[2'?Pb]Pb-PSC-PEG-T®' AR42J cells
Thyroid cancer [***Ac]Ac-DOTA-CCK-6672 AR42J cells
Breast cancer [**Ac]Ac-DOTA-hTAB004>” HCC70 cells
Glioblastoma multiforme [?**Ac]-DOTA-SP>3 T98G, US7MG, U138 MG cells
Multiple myeloma [2'?Bi]Bi-9¢7.4®' 5T33 MM cells
Non-hodgkin’s lymphoma [2'3Bi]Bi-rituximab82 Raji green fluorescent protein luciferase lymphoma cells
[2'2Pb]Pb-rituximab® EL4-hCD20-luc cells
Malignant peritoneal mesothelioma | [*'*Pb]Pb-TCMC-hlgG 184 MSTO-21 IH, NCI-H226 cells
[2'*Pb]Pb-TCMC-chOI-3% MSTO-21 IH, NCI-H226 cells

Comparing radiopharmaceutical’s therapeutic efficacy is not a straightforward process.® From the same type of
emitters, the amounts of alpha particles emitted per decay event could indicate which of these radioisotopes is the most
potent. For example, a single atom of **>Ac undergoes a cascade of decays, releasing a total of four high-energy alpha
particles.*® While *'“Pb undergoes much more complex route of emission, it first decays into bismuth-212 (*'*Bi)
through beta decays then 36% of *'?Bi would decay into thallium-208 by producing alpha particles. At the same isolated
cancer cells, **Ac far exceeded 2'?Pb in terms of therapy outcome. However, 2'?Pb shorter half-life benefitted in terms
of toxicity and potential issues in storing radioactive waste from patients.®” Thus, it is not ideal to conclude that
a radiopharmaceutical can proceed to the clinical stage based only by its therapeutic outcomes in animal models.
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223Ac-Based Radiopharmaceuticals

Recent preclinical evaluations of actinium have resulted in novel radiolabeling of many target cancers. In the case of
prostate cancer, subcellular dosimetry of [**°Ac]Ac-PSMA-617 was performed by Lee and showed that [**>Ac]Ac-
PSMA-617 deposited 0.129 Gy in the nucleus, resulting in a 464-fold higher absorbed dose compared to ['"’Lu]Lu-
PSMA-617, which deposited 2.78x10™* Gy.’® Radiopharmaceuticals that are studied by Buslinger et al and Banerjee
et al, respectively, [**°Ac]Ac-SibuDAB and [***Ac]Ac-L1 (small peptides) have shown promising biodistribution profiles
with good tumor uptake, 80+8%ID/g at 24 hours and 45.8% to 49.0%ID/g at 2—8 hours post-injection, respectively.’*"?
SibuDAB is a new class of PSMA ligands comprising (s)-ibuprofen as an albumin binding entity. (S)-ibuprofen binds
reversibly to serum albumin, which is the most abundant protein in the blood plasma which extend the radiopharma-
ceutical’s circulation in the body. It optimized the cytotoxic potential of *’Ac as it has long half-life.® L1, Low
Molecular Weight Compound, is built on 4-bromobenzyl Lys-urea-Glu-targeting moiety, short linker, and DOTAMA as
a chelator. The targeting moiety is critical for tight binding, p-bromo-benzyl moiety achieves high tumor retention
primarily by increasing the binding affinity of the molecule to the PSMA receptor, indicated by tumor uptake, compared
to other Low Molecular Weight Compound that are experimented.®®

The application of actinium, which has a long half-life, is beneficial and achieves good results when combined with
monoclonal antibodies. Another study by Bidkar et al, an in-vitro study revealed [**>Ac]Ac-DOTA-YS5 good binding of
19.25% and viability of IC50=10.09 nCi/mL. It effectively induced DNA double-strand breaks, with 4.90 foci observed at
14 days post-injection. [**>Ac]Ac-DOTA-YS5 showed an extended biodistribution profile with tumor uptake increased
significantly over time from 11.64%ID/g at 24 hours to 31.78%ID/g at 408 hours. However, significant renal injury was
confirmed at 0.5 mCi of dose.®’ A study by Schatz et al revealed that [**Ac]Ac-Macropa-Pelgifatamab showed
promising therapeutic efficacy, including partial responses and stable disease in C4-2 xenograft models, total tumor
eradication and complete remission in LNCaP CDX models, and partial responses in KUCaP-1 PDX models.®

Another type of cancer that has been extensively studied is neuroendocrine tumor. Study by Ingham et al demon-
strated that [**>Ac]Ac-crown-TATE exhibited higher tumor uptake, peaking at 11.1=1.5%ID/g at 4 hours and retaining
6.9242.03%ID/g at 120 hours, compared to [**>Ac]Ac-MACROPATATE, a study conducted by King et al, with 9%ID/g
at 2 hours and 4%ID/g at 24 hours post-injection. However, [**>Ac]Ac-MACROPATATE demonstrated superior outcome
of median survival days with less dose compared to [**>Ac]Ac-crown-TATE (46.3 kBq of administration resulted in
median survival of 55 days and 55 kBq of administration resulted in median survival of 26 days, respectively).’® Even
though [**°Ac] Ac-MACROPATATE achieved better survival outcome of animal models, this could be due to the cell
lines that are used, H69, grew relatively slow than AR42J cell lines that are used on [**’Ac]Ac-crown-TATE. When
normalizing with the control groups, [**’Ac]Ac-crown-TATE achieved a 5—6-fold extension in median survival,
significantly outperforming [**>Ac]Ac-MACROPATATE, which only achieved a 2-fold extension. This could be due
to Crown chelator having more coordination number, large cavity, which are preferred with a large radioisotope like
225 A¢, this increased in vivo stability and optimize the delivery of cytotoxic ***Ac to the tumor.”®’® Another compound
with long biodistribution profile was [**Ac]Ac-DOTA-JR11, this compound showed high tumor uptake, increased at
4 hours post-injection (19.3+2.6%ID/g) and decreased over time (8.10.3%ID/g at 72 hours post-injection).””

Recent studies of ***Ac have targeted medullary thyroid carcinoma, triple-negative breast cancer, and glioblastoma
multiforme. For medullary thyroid cancer, [**>Ac]Ac-DOTA-CCK-66 at 37 kBq demonstrated a mean survival of 54+6
days in animal models.”? In another subject, triple negative breast cancer, Kelly et al found that [**Ac]Ac-DOTA-
hTABO004 exhibited a high tumor uptake, reaching 65+15%ID/g, and low off-target uptake (blood, bone, kidneys, liver,
lungs, muscle, pancreas, spleen) reaching < 10% ID/g) at 120 hours post-injection. [**>Ac]Ac-DOTA-hTAB004 demon-
strated potential therapeutic efficacy. Administration with 18.5 kBq of this agent resulted in all mice surviving until
endpoint (48 d).%” For glioblastoma multiforme, a study of [**>Ac]Ac-DOTA-SP by Majkowska-Pilip et al, in-vitro
evaluation of [***Ac]Ac-DOTA-SP, a neuropeptide vector, resulted in cytotoxic effect that reduced cell viability to 80%
at 72 hours post-injection at high dose (100 kBg/mL).>® Table 4 below summarizes the most significant results of 2> Ac

based radiopharmaceutical studies.
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Table 4 Observation Summary of 22*A° Based Radiopharmaceuticals

Radiopharmaceutical
[Ref]

Observation

[2*Ac]Ac-PSMA-617°°

At subcellular dosimetry, Actinium deposited 0.129 Gy per decay event.

[2*Ac]Ac-SibuDAB*®

Good tumor uptake, 80+8%ID/g at 24 hours.

[**Ac]Ac-LI7

37 and 74 kBq of administration results in median survival days for 56 and 79 days in PSMA-positive PC-3 PIP tumors.

[**Ac]Ac-DOTA-YS57

Demonstrated good binding of 19.25% and viability of IC50=10.09 nCi/mL.

Effectively induced DNA double-strand break with 4.90 foci observed at 14 days post-injection.

Extended biodistribution profile of tumor uptake |1.64% ID/g at 24 hours, increasing to 31.78% ID/g at 408 hours

post-injection.

[***Ac]Ac-Macropa-
Pelgifatamab® stable disease (SD) in 3/10 mice.

In C4-2 xenograft model: treatment with a single dose of 300 kBq/kg resulted in partial responses (PR) in 7/10 and

In LNCaP CDX model: treatment with 70, 125, or 250 kBq/kg, led to total tumor eradication and complete

remission.

In KUCaP-1 PDX model: treatment with 150 kBq/kg resulted in 2/9 CR, 1/9 PR, and 4/9 SD and 300 kBq/kg resulted
in 8/8 PR.

[2*Ac]Ac-crown-TATE®® | High tumor uptake of I 1.1%1.5%ID/g at 4 hours and retaining 6.92+2.03%ID/g at 120 hours.

55 kBq of administration resulted in median survival of 26 days.

[*Ac]Ac-
MACROPATATE’®

Exhibited tumor uptake reaching 9%ID/g at 2 hours and 4%ID/g at 24 hours.

46.3 kBq of administration resulted in median survival of 55 days.

[**Ac]Ac-DOTA-RI17° High tumor uptake reached 19.3£2.6%ID/g at 4 hours and 8.1£0.3%ID/g extended till 72 hours.

[2*Ac]Ac-DOTA-CCK
-6 672

37 kBq of agents resulted in 546 days mean survival.

[2*Ac]Ac-DOTA-
hTAB004>”

High tumor uptake reaching 65+15%ID/g and low off-target uptake (blood, bone, kidneys, liver; lungs, muscle,
pancreas, spleen) reaching less than 10% ID/g at 120 hours.

[***Ac]Ac-DOTA-SP* Reduced cell-viability to 80% at 72 hours with 100 kBg/ mL of agent.

213Bj-Based Radiopharmaceuticals
The extremely short half-life of *'*Bi means that it delivers its dose very rapidly, which is advantageous for fast-growing
tumors, but necessitates efficient targeting and rapid administration logistics. Recent preclinical findings for 2'*Bi by Banerjee
et al included labeling with low-molecular-weight protein and monoclonal antibody (mAb). For prostate cancer, labeling with
low molecular weight (L1) exhibited rapid tumor uptake (18.9+£3.1%ID/g at 10 minutes post-injection, increasing to 29.4
+8.0%ID/g at 2 hours). Initial renal uptake was high (49.0+21.2%ID/g at 10 minutes) but declined rapidly. Treatment with as
much as 3.7 MBq resulted in 35 days in tumor growth.”® Conjugating 9¢7.4 mAb, as demonstrated by Fichou et al, for multiple
myeloma demonstrated potential therapeutic efficacy, as observed by 3.7 MBq of [*'°Bi]Bi-9¢7.4, resulting in a median
survival of 80 days.®' A study conducted by Havlena et al revealed that [*'*Bi]Bi-rituximab (non-Hodgkin’s lymphoma)
demonstrated dose-dependent effects. Treatment with a single dose of either 1.295 MBq or 3.7 MBq led in mice remaining
alive after 28 days (end of study), with a 3.7 MBq dose resulting in a 75% potential cure rate.**

The key findings for each 2'’Bi based radiopharmaceutical are presented in Table 5 below. Despite logistical
challenges, the high alpha energy and observed therapeutic efficacy highlight its potent cytotoxic potential, especially
in hematological malignancies where rapid systemic distribution might be beneficial.
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Table 5 Observation Summary of 2'>Bi Based Radiopharmaceuticals

Radiopharmaceutical [**1 | Observation

[2'3Bi]Bi-L17 Rapid tumor uptake of 18.9£3.1%ID/g at 10 minutes and 29.4£8.0%ID/g at 2 hours.
At 3.7 MBgq, 35 days of tumor growth delay was observed.

[2"*Bi]Bi-9¢7.4%' At 3.7 MBq, median survival of 80 days was observed.

[2'3Bi]Bi-rituximab®? At 1.295 MBq or 3.7 MBq, mice remaining alive after 28 days.

At 3.7 MBq, 75% potential cure rate.

212pp_Based Radiopharmaceuticals
Many preclinical studies have demonstrated the potential of lead-based radiopharmaceuticals in prostate cancer. Banerjee
et al labeled Low-Molecular Weights Compound with lead. L2 is built on 4-iodoobenzyl Lys-urea-Glu-targeting moiety,
short linker, and DOTAMA as a chelator. It allows 212pp achieved a low off-target absorbed dose, with a tumor absorbed
dose of 8.0 mGy/kBq, a kidney absorbed dose of 4.4 mGy/kBq, and a blood absorbed dose of 0.1 mGy/kBq. The
distinguishing feature of the compound is its fast clearance kinetics, resulting in tumor uptake values of less than 10%
ID/g. This behavior is advantageous given the short half-life of 2'*Pb, as it facilitates immediate cytotoxic efficacy while
minimizing prolonged renal exposure, thereby addressing the dose-limiting toxicity common to Pb-based agents.”* J. Li
et al reported that [2'?Pb]Pb-TCMC-YS5 had high survival rates and extended median survival days in various models
(55-100.5 days). The tolerated dose range for this agent was 0.185—0.74 MBq and no significant hematological toxicity
was observed compared with the control group.®' Preclinical evaluation of a novel compound, a GRPR-targeting
antagonist, was conducted by Saidi et al [>'*Pb]Pb-DOTAM-GRPRI. Tumor uptake was 5%ID/g at 24 hours after
injection. The kidney was identified as the dose-limiting organ, but the absorbed dose to the kidney was 7.5-fold lower
than the 23-Gy threshold for kidney injury, and treatment up to 1665 kBq was well tolerated, with no signs of radiation-
or lead-induced damage in the kidneys, gastrointestinal mucosa, bone marrow, or other organs. Administration of 370
kBq x 4 at 3-week intervals resulted in median survival of 19 weeks.”®

Another type of cancer that has been extensively studied is neuroendocrine tumor. The somatostatin agonists,
octreotate (TATE) and octreotide (TOC), were examined and labeled with lead. A study by Stallons et al, [*'?Pb]Pb-
DOTAMTATE, was observed to 20%ID/g at 1 hour post-injection and remained constant for 4 hours until 24 hours post-
injection. Dose-dependent effect was observed, 0.37 MBq administration of this agent resulted in median survival of 8.5
weeks.”! A new series of octreotate derivatives, dubbed eSOMA, was labeled by Chapeau et al, containing either the
DO3AM or p-Bn-SCN-TCMC chelator, two functionalized DOTAM derivatives, and an Amcha or Pip linker was tested
with 2'2Pb. [>'?Pb]Pb-eSOMA-01 is built on DOTAM chelator, Amcha (trans-4-(aminomethyl)cyclohexanecarboxylic
acid) linker, and TATE as vector. DOTAM (1,4,7,10-Tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane), also
known as TCMC, forms highly stable complex with 2'*Pb due to its four ring nitrogens and four amide oxygen atoms
fully saturate the metal’s coordination sphere. This structural arrangement encapsulates the ion, making the complex
exceptionally inert in vivo and resistant to dissociation.’® [*'?Pb]Pb-eSOMA-01 demonstrated high tumor uptake,
approximately 16% ID/g at 1h, decreasing to ~9% at 4h and ~6% at 24h. In-vitro evaluation showed ICs, (nM) of
unlabeled complexes is inferior compared to DOTAMTATE, at the value of 2.5440.20 vs 0.91+0.18. However, the Lead-
complexed versions showed the opposite, the structure changes because the chelator physically closes around the metal
resulting in higher binding affinity to the tumor receptor. [*'?Pb]Pb-eSOMA-01 demonstrated superior affinity (lower
ICso) compared to [*'?Pb]Pb-DOTAM-TATE (5.29 nM vs 7.60 nM).* Preclinical evaluation of a lead specific chelator
(PSC) conjugated to radiopeptide by Li et al, [*'*Pb]Pb-PSC-PEG-T, revealed good biodistribution profile with specific
uptake in tumors, peaking at 1 hour post-injection (5.2%ID/g at 1 hour; 2.0%ID/g at 5 hour), accompanied by fast
clearance were observed in 3 hour post-injection (tumor: 1.2%ID; kidneys: 6.6%ID), however minimal retention in the
kidney was observed (0.9%ID in tumor; 1%ID in kidneys).®'

In some cancers, monoclonal antibody labeling with *'?Pb yields good results. For malignant peritoneal mesothelioma,
preclinical findings of [*'?Pb]Pb-TCMC-hIgG1 (human IgG1 isotype control) and [*'?Pb]Pb-TCMC-chOI-3 (IgG1 chimeric
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variant) by Lindland et al showed good internalization of 36.0+10.3% and 55.2+8.1% at 24 hours post-treatment, respectively.
As an antibody with specific binding, chOI-3 demonstrates a high affinity for the CD146 antigen, with a dissociation constant
(K,) of approximately 1.8 nM. This high affinity facilitates stable binding and subsequent internalization. At lower doses,
[*'2Pb]Pb-TCMC-chOI-3 demonstrated superior therapeutic efficacy compared to [*'?Pb]Pb-TCMC-hIgG1, as measured by
median survival times of 55 and 42 days, respectively.** For non-Hodgkin lymphoma, promising results were observed by
Durand-Panteix et al biodistribution profile of [*'*Pb]Pb-rituximab, tumor uptake reached 13.4-18.4%ID/g at 6-48 hours
post-injection, with low off-target uptake (<5%ID/g). It was effective in early-stage lymphoma models, resulting in a high
survival rate of approximately 75% at over three months post-treatment with a single injection. However, it is less effective in
advanced-stage lymphomas. Dose-dependent bone marrow suppression was observed, leading to significant decreases in
leukocyte, platelet, and hemoglobin counts, although these results were reversible, with hemoglobin remaining low after three
months.®® While the kidneys are often dose-limiting, several studies have reported good tolerability and absorbed doses below
injury thresholds, suggesting that with careful dosimetry and targeting, 2'*Pb can achieve good therapeutic outcomes. The
main outcomes of the various 2'*Pb radiopharmaceuticals are presented in Table 6 below.

2!1 At-Based Radiopharmaceuticals

Several studies have been conducted to utilize 2''At for prostate cancer. Watabe et al investigated a series of PSMA
molecules radiolabeled with 2''At. The three PSMA analogs have different amino acid residues in their side chains, Gly-
Lys, ©-GO(R)-Glu, and (S)-Glu-(S)-Glu in PSMA1, PSMA5, and PSMAG6, respectively. [*'' At]JAt-PSMA-5 exhibited

Table 6 Observation Summary of 2'?Pb-Based Radiopharmaceuticals

Radiopharmaceutical Observation
[Ref]
[2'*Pb]Pb-L27* Tumor absorbed dose of 8.0 mGy/kBq, kidney absorbed dose of 4.4 mGy/kBq, and a blood absorbed dose of 0.1

mGy/kBq were observed.

[*'*Pb]Pb-TCMC-YS5 7® At 0.74 MBgq, in PC3 subcu-CDX model, administration of treatment resulted in 80% mice surviving for 55 days
after treatment.

At 0.74 MBq, in mCRPC CDX model, administration of treatment resulted in 100.5 median survival days.

At 0.37 MBq and 0.74 MBq, in the PDX model, administration of treatment resulted in 56 and 99 median survival
days, respectively.

[2'*Pb]Pb-DOTAM-GRPR17¢ | Tumor uptake of 5%ID/g at 24 hours.
At 370 kBq x 4, median survival of 19 weeks was observed.

[2'?Pb]Pb-DOTAMTATE® Tumor uptake of 20%ID/g at |, 4, and 24 hours.
At 0.37 MBq, median survival of 8.5 weeks was observed.
ICs50 = 0.91£0.18 nM.

[2'?Pb]Pb-eSOMA-01% Tumor uptake of 16%ID/g at | hour and 9%ID/g at 4 hours and 6% ID/g at 24 hours.
1Cs0 = 5.29 nM.
[2'?Pb]Pb-PSC-PEG-T®' Good biodistribution profile with tumor uptake of 5.2%ID/g at | hour and 2.0%ID/g at 5 hours.

Minimal retention in the kidney was observed at 24 hours (0.9%ID in tumor; 1%ID in kidneys).

[2'?Pb]Pb-TCMC-hlgG 14 Internalization = 36.0+10.3%
At 371 kBq, median survival of 55 days was observed.

[2'?Pb]Pb-TCMC-chOI-3% Internalization = 55.2+8.1%
At 348 kBq, median survival of 42 days was observed.

[2'?Pb]Pb-rituximab® Tumor uptake of 13.4-18.4%ID/g at 648 hours.
At 277.5 kBq, 75% cure rate at early stage and median survival of 28 days at advance stage of the disease were

observed.

Dose-dependent bone marrow suppression was observed.
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excellent tumor growth suppression in a xenograft model. The result is [*'' AtJPSMAS5 exhibited higher tumor retention
compared to [*'' AtJPSMAI and [*''AtJPSMAG6 (30.6+17.8, 12.4+4.8, and 19.1+4.5%ID/g at 3 h versus 40.7+2.6, 8.7
+3.5, and 18.1£2.2%ID/g at 24 h, respectively). Not only that, [*'' AtJPSMAS5 was subjected to slow deastatination in
mice, resulting in not more than 1.0% of the injected doses of the metabolites, including astatide ions. It may have
connection with PSMAS side chain being ©-GO(R)-Glu, (R) is an unnatural configuration of molecule which are harder
to decompose and make it more stable Further evaluation revealed a high mean absorbed thyroid dose; however, no
pathological abnormalities related to the administration of [*'' AtJPSMA-5 were observed in the brain, salivary glands,
thyroid, heart, liver, gallbladder, pancreas, rectum, kidney, bladder, adrenal glands, or pros‘[a‘[e.77

A more recent development by Yaginuma et al, [*'' AtJAt-NpG-PSMA, featuring a neopentyl-glycol structure, showed
significant in vivo stability against deastatination. It exhibited high tumor uptake (42.0+13.1%ID/g at 3 hours), with minimal
uptake in non-target tissues like the thyroid (0.28+0.20%ID/g), stomach (0.71+0.12%ID/g), and salivary glands (0.88+0.10%
ID/g) at 3 hours. This low off-target accumulation suggests successful mitigation of deastatination, which is a common
challenge for 2! At-labeled compounds. This agent demonstrated dose-dependent anti-tumor effect which with 1.00 MBq
treatment of this agent resulted in —76.4+19.2% change and the 1.93 MBq group a —59.5+41.6% change in tumor volume,
compared to the control group that experience tumor volume increased by 796.0+437.6% at 15 days post-treatment. However,
the kidney was identified as a dose-limiting organ, with mild renal tubule regeneration observed at 1.00 MBq and moderate
changes were observed by 1.93 MBq group at 35 days post-treatment.®® Table 7 below summarizes the results for each 2! At

based radiopharmaceuticals.

Updates in Preclinical Investigation of Targeted Beta Therapy (TBT)

Radiopharmaceuticals

Beta-emitting radionuclides, with their longer tissue penetration compared to alpha emitters, are well-suited for treating
larger or more diffuse tumors. Recent preclinical studies have continued to refine their application, focusing on
optimizing their targeting, efficacy, and safety. Table 8 below elaborates on targeted beta-emitting radiopharmaceuticals
that have been investigated and their cell lines corresponding to their planned disease.

At the subject of TBT, '”"Lu is the most studied radioisotope following its success as an approved agent. Emerging
radioisotopes, such as terbium-161 ('®'Tb), can be attached to the same cancer-targeting molecules to treat tumors, such
as neuroendocrine tumors.”’ The unique characteristic of '®'Tb is that '®'Tb also emits a significant shower of low-
energy Auger and electron conversion. This emission releases an energy at the value of 46.5 keV per decay. The high
LET (~4-26 keV/um) and short tissue range (~2—500 nm), by hypothesis, this would benefit '*' Tb in an isolated cancer
cell.** Because of this short tissue range, a vector that is needed not only specific but also has a good internalization, this
data are essential for "' Tb to proceed to the clinical stage.”®

Table 7 Observation Summary of 2'' At Based Radiopharmaceuticals

Radiopharmaceutical | Observation

[Ref]
"' AgJAt-PSMAI7? Tumor uptake of 12.4£4.8%ID/g at 3 hours and 8.7+3.5%ID/g at 24 hours.

"' AtJAt-PSMAS”? Tumor uptake of 30.617.8%ID/g at 3 hours and 40.7£2.6%ID/g at 24 hours.
"' AtJAt-PSMAG”” Tumor uptake of 19.124.5%ID/g at 3 hours and 18.1£2.2% ID/g at 24 hours.

"' AtJAt-NpG-PSMA®® | High tumor uptake of 42.0%13.1%ID/g at 3 hours.
Minimal retention in non-target tissues.
Dose-dependent tumor volume reduction was observed with 1.00 and 1.93 MBq resulting in —=76.4+19.2% and —59.5

+41.6% change in tumor volume.

At 1.93 MBg, moderate changes in kidney were observed.
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Table 8 Updates in Preclinical Investigation of Targeted Beta Emitting Radiopharmaceuticals

Cancer Type Radiopharmaceuticals [R*f] Experimental Type (Cell Lines)

Prostate tumor ['77Lu]Lu-L1%8 PC3 PIP cells
['77Lu]Lu-Alb-L2%* PC3 PIP cells
['77Lu]Lu-Alb-L3%* PC3 PIP cells
['77Lu]Lu-Alb-L4%* PC3 PIP cells
['"’Lu]Lu-Alb-L5>* PC3 PIP cells
['"’Lu]Lu-Alb-L6>* PC3 PIP cells
['7”Lu]Lu-lbu-DAB-PSMA?® PC3 PIP cells
['77Lu]Lu-rhPSMA-10.1%® LNCaP, 22Rv| cells

NETs* ['77Lu]Lu-DOTATOC?! AR42) cells
['77Lu]Lu-DOTA-LM3%! AR42) cells
['7Lu]Lu-DOTA-JR 1172 Hé9 cells
['®'Tb]Tb-DOTA-LM3?" AR42J cells
['*'Tb]Tb-DOTATOC® AR42J cells
['®'Tb]Tb-Crown-TATE”? AR42) cells

Cholangiocarcinoma Unconjugated '3'1* TFK-1, HUCCTI

Human solid tumors ['7’Lu]Lu-OncoFAP-23%* SK-RC-52.hFAP, CT-26.hFAP

Non-hodgkin’s lymphoma | ['77Lu]Lu-CHX-A’-DTPA-Rituximab®® | Raji cells

'”7Lu-Based Radiopharmaceuticals

A preclinical evaluation of '’"Lu-Labeled PSMA-based Low-Molecular-Weight was conducted by Banerjee et al
revealed that injection of 111 MBq ['”’Lu]Lu-L1 resulted in a potential therapeutic efficacy outcome with 60% of
animal survival until 190 days after administration.®® Boinapally et al study on a series of novel albumin-binding '""Lu-
labeled PSMA-based low-molecular-weight to the low-molecular-weight results in, initially, alb-L4 exhibited the highest
tumor uptake at 2 hours post-injection, reaching 40.89+4.73%ID/g, followed by alb-L6, alb-L5, alb-L2, and alb-L3
"7 u-labeled compounds. Shockingly, at 48 hours post-injection, alb-L5 reached peak tumor uptake with a value of
127.44+22 .85%ID/g, followed by alb-L4, alb-L2, alb-L3, and alb-L6. These findings suggest that alb-L4 and alb-L5 have
superior tumor-targeting and retention abilities. These two new series of albumin binding ligand is built on DOTA-
monoamide chelator, long linker, and albumin binding moiety ibuprofen (IBU) for alb-L4 and 4-(para-iodophenyl)
butyricacid (IPBA) for alb-L5. While the IBU moiety facilitated more rapid initial tumor accumulation, the IPBA moiety
demonstrated superior long-term retention, maintaining significantly higher radioactivity levels within the tumor over
extended periods.”*

Another study on PSMA molecules by Tschan et al discovered that ibuprofen as an albumin-binding entity conjugated
via a linker composed of a diaminobutyric acid (DAB) and a lysine residue resulted in ['"’Lu]Lu-Ibu-DAB-PSMA. As
previously explained, the incorporation of an ibuprofen moiety allows the radioligand to bind reversibly to serum
albumin in the blood and extend the blood circulation time thus ['”’Lu]Lu-Ibu-DAB-PSMA (prostate cancer), with 5
MBq of treatment, demonstrated a remarkable result which is that more than 50% of mice survived until the end of study,
84 days.”® A novel preclinical investigation of PSMA-based conjugation was conducted by Foxton et al. However,
['""Lu]Lu-rhPSMA-10.1 showed moderate tumor uptake of 4.9%ID/g, 15 hours post-injection.’”
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7" u-labeled somatostatin receptor (SSTR) analogues have been extensively studied in preclinical settings for
neuroendocrine tumors with overexpression of SSTR. Preclinical studies of this non-internalizing SST analogues/
antagonist (DOTA-LM3, DOTA-JRI1) resulted in much higher tumor accumulation compared to SSTR agonists
(DOTATATE, DOTATOC). SSTR antagonists have an ability to bind to more binding sites on the receptor than the
agonist. A study by Borgna et al revealed that in-vitro evaluation of ['”’Lu]Lu-DOTATOC, which localizes in the
cytoplasm, resulted in ECsy value of 8.2 MBg/mL and 10 MBg/mL resulted in 5% yH2AX-positive cells, indicating
DNA double-strand breaks. Treatment with 2x10 MBq of this agent resulted in a median survival of 19.5 days. SSTR
antagonists are also a favorable choice for SSTR2-mediated peptide receptor radionuclide therapy (PRRT); for instance,
2x10 MBq of DOTA-LM3, which localizes in cell membranes, resulted in superior tumor growth delay of 35+7 days and
a median survival of 48.5 days, compared to ['/’Lu]Lu-DOTATOC.’" Another type of SSTR antagonist is JR-11.
Albrecht et al revealed a higher tumor uptake because of its higher ability to bind into more binding sites. ['”’Lu]Lu-
DOTA-JR11 has a high mean absorbed dose to tumor at a value of 464.4 mGy/MB(q, and mean absorbed dose to kidney
was 406.9 mGy/MBq. Treatment with 2x20 MBq of this agent resulted in a remarkable median survival of 207 days.
However, severe haematological toxicity was observed at 30 MBq.”>

A study on human solid tumors was also conducted using '"’Lu. As mentioned by Galbiati et al, ['’"Lu]Lu-OncoFAP
-23 is built through the trimerization of the original OncoFAP ligand which is a small organic ligand that binds with high
affinity to Fibroblast Activation Protein (FAP). This high selectivity results in high tumor uptake (42%ID/g at 24 hours
and 16%ID/g at 96 hours post-injection) with favorable off-target ratios (tumor-to-kidney of 30, tumor-to-liver of 62, and
tumor-to-spleen of 108). It also showed dose-dependent anticancer effects, including complete remissions.”* A study of
['"Lu]Lu-CHX-A'-DTPA-Rituximab (non-Hodgkin’s lymphoma), rivaling [*'?Pb]Pb-rituximab, revealed long biodis-
tribution profile, reaching 9.1+1.5%ID/g at 24 hours, 17.2+1.8%ID/g at 48 hours, and 23.3+4.8%ID/g at 72 hours post-
injection.”® However, antibody vector typically has long biological half-life causing accumulation in organs known to
catabolize antibodies, including the blood, liver, kidneys, and spleen, which suggests a low specificity of tumor targeting.
All the highlighted results for '”’Lu based radiopharmaceuticals are presented in Table 9 below for review.

Table 9 Observation Summary of '7’Lu-Based Radiopharmaceuticals

Radiopharmaceutical [R*f] Observation
['"77Lu]Lu-LI%8 At |11 MBgq, 60% of animal survive until 190 days after administration.
['7’Lu]Lu-Alb-L2%* Highest tumor uptake of 26.41+6.73%ID/g at 24 hours and 3.39+1.03%ID/g at 192 hours.
['7’Lu]Lu-Alb-L3* Highest tumor uptake of 30.55+7.44%ID/g at 24 hours and 5.94+1.38%ID/g at 192 hours.
['77Lu]Lu-Alb-L4>* Highest tumor uptake of 40.89+4.73%ID/g at 2 hours and 42.22+14.05%ID/g at 192 hours.
["77Lu]Lu-Alb-L5>* Highest tumor uptake of 127.44£22.85%ID/g at 48 hours and 70.96+2.34%ID/g at 192 hours.
["7Lu]Lu-Alb-L6>* Highest tumor uptake of 38.73£1.26%ID/g at 2 hours 2.2240.37%ID/g at 192 hours.
['7”Lu]Lu-lbu-DAB-PSMA™ At 5 MBq, 50% of mice survive until the end of study (84 days).
[77Lu]Lu-rhPSMA-10.1°® Tumor uptake of 4.9%ID/g at 15 hours.
['"7Lu]Lu-DOTATOC®! ECso = 8.2 MBq/mL.
['77Lu]Lu-DOTA-LM3®" At 10 MBq/mL, DNA double-strand breaks were observed, indicated by 5% yH2AX-positive cells.
['77Lu]Lu-DOTA-JR I 172 At 2x20 MBq, median survival of 207 days was observed.
['77Lu]Lu-OncoFAP-23%* At 2x10 MBq, tumor growth delay of 35+7 days and a median survival of 48.5 days were observed.
['77Lu]Lu-CHX-A'-DTPA- Extended tumor uptake with 9.1%1.5%ID/g at 24 hours, 17.2+1.8%ID/g at 48 hours, and 23.3+4.8%ID/g at
Rituximab®® 72 hours.

Accumulation in normal tissue such as blood, liver, kidneys, and spleen.
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'3!|_Based Radiopharmaceuticals

Todine-131 (**'T) has a half-life of eight days and emits beta particles (0.606 MeV) and gamma particles (0.364 MeV).
A study by Brito et al revealed that in other preclinical settings, such as cholangiocarcinoma, the in vitro evaluation of
B significantly decreased cell survival in a dose-dependent manner. HuCCT1 cells were more sensitive to
317 irradiation than TFK-1 cells were. The irradiated HuCCT1, undergoing cell death with irradiation of 60 Gy '*'I,
decreased significantly to a value of 7.17+2.80% and initial apoptosis of 6.00+0.82% cells. Cell viability decreased with
increasing '*'T dose, primarily because of the increased percentage of cells undergoing initial apoptosis. For TFK-1 cells,
viability decreased significantly from 89.17% (control) to 61.00% at 60 Gy, with initial apoptosis increasing from 4.83%
to 31.17%.7* The results are summarized in Table 10 below.

'¢!Tb-Based Radiopharmaceuticals

It was found that SSTR agonists and antagonists can be labeled with '®'Tb. A study by Borgna et al comparing terbium-
based and lutetium-based agents in neuroendocrine tumor preclinical settings reported that ['*'Tb]Tb-DOTA-LM3
(SSTR antagonist) was superior than ['®'Tb]Tb-DOTATOC (SSTR agonist). In biodistribution profile, ['®'Tb]Tb-
DOTA-LM3 tumor uptake reached 35+7%ID/g at 4 h and 21+4%ID/g at 48 hours post-injection, whereas ['®' Tb]Tb-
DOTATOC displayed fast clearance with tumor uptake at the value of 15+1%ID/g, 6.3£0.6%ID/g, 3.7+0.7%ID/g at
0.5 hours, 24 hours, and 48 hours post-injection, respectively. Furthermore, at the same dose (2 x 10 MBq), ['®'Tb]Tb-
DOTA-LM3 demonstrated a median survival of 49 days, whereas ['*'Tb]Tb-DOTATOC demonstrated a median survival
of 21 days.”’ These differences could be due to SSTR antagonists has more binding affinity on overexpressed SSTR
tumor. A new chelating ligand has been developed that contains large molecules and is suitable for combination with the
SSTR agonist (TATE). As observed by Wharton et al, a fast accumulation of activity, ['®'Tb]Tb-Crown-TATE, was
obtained with tumor uptake reaching 38.5+3.5%ID/g at 2 hours post-injection. This study proven Crown to be a versatile
chelator, as mentioned before, it could hold actinium stably. It labeled efficiently under mild conditions (room
temperature, 10 minutes, pH 6.0) with high purity (>99%).”* Table 11 below presents the results of the study.

Comparative Analysis: Alpha vs Beta Emitters in Preclinical Settings

This section focuses on preclinical studies, in which both types of emitters were conjugated to the same targeting
molecule and applied to the same cancer type. This approach is crucial because it minimizes confounding variables
related to targeting specificity or tumor biology. The following Table 12 analyzed key preclinical parameters such as
biodistribution, dosimetry, therapeutic efficacy, toxicity, and DNA Double-Strand Break (DSB).

Table 10 Observation Summary of '*'l Based Radiopharmaceuticals

Radiopharmaceutical [Refl | Observation

Unconjugated'?'|°2 At 60 Gy, cell viability decreased to 61.00%.

Table 11 Observation Summary of 161 Tb-Based Radiopharmaceuticals

Radiopharmaceutical®®*? | Observation

['®'Tb]Tb-DOTA-LM3?" Tumor uptake of 35+7%ID/g at 4 hours and 21+4%ID/g at 48 hours.

['*'Tb]Tb-DOTATOC?! At 2x10 MBq, median survival of 49 days was observed.

[""Tb]Tb-Crown-TATE93 Tumor uptake of 15+1%ID/g, 6.3£0.6%ID/g, 3.7£0.7%ID/g at 0.5 hours, 24 hours, and 48 hours, respectively.
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Table 12 Comparative Preclinical Findings of Radioisotopes Shared Targeting Vectors

Cancer Type

Targeting
Vector

Alpha
Emitter
[Ref]

Beta

Emitter
[Ref]

Key Findings and Analysis

Prostate tumor

PSMA-617

IISAC97

I77Lu97

The treatment outcome was determined with therapeutic efficacy assessment which observed the survival
time of tumor xenograft animal models after being administered with the tested compound. Administration
of actinium resulted in higher time to death for half of the animal models, median survival days, 70 days vs 30
days for lutetium. In conclusion, the therapeutic evaluation indicates that actinium offers a significant survival
advantage over lutetium, proven its compatibility with chelator/ vector in this diseases.

LI

IISAC73

I77Lu88

Biodistribution evaluation which evaluate the distribution of compound in the body revealed that actinium
exhibited the highest tumor uptake, at 24 hours post-injection, (49.0+17.9%ID/g), compared to lutetium
(< 20%ID/g). However, comparing the therapeutic efficacy, lutetium with higher dose than actinium (111
MBq x | and 9.3 kBq X 6, respectively) demonstrated the highest survival time. While Actinium is a more
potent and specific agent, the study indicates that Lutetium can still achieve better survival outcomes
through high-dose administration, suggesting that maximum tolerated dose (MTD) and total injected
activity are just as critical to survival as tumor affinity

L2

2I2Pb74

I77Lu54

Lead could specifically target tumors better from its organ-absorbed doses profile, which could be observed
by the compound absorbed at the value of 8.0 mGy/kBq to the tumor—nearly twice the dose absorbed by
the kidneys (4.4 mGy/kBq). On the other hand, lutetium exhibited an unfavorable biodistribution profile.
Although lutetium achieved a high tumor uptake of 26.41 + 6.73%ID/g at 24 hours, its overall distribution in
healthy organs was considered inferior to lead. This could increase the risk of radiotoxicity.

YS5

225AC7I

2I2Pb75

Therapeutic efficacy which evaluates the outcome of the treatment revealed that administration of
actinium (0,0185 MBq) resulted in 50% of the animal models surviving until 13| days compared to lead
(0,74 MBq) with 80% of the animal models having already been euthanized at 55 days post-injection. From
its therapeutic efficacy evaluation, those studies indicate that actinium is more compatible in this vector
and model due to its 4 alpha-particle emissions compared to Lead’s single alpha emission.

Neuroendocrine

tumor

Crown-
TATE

ZISACSS

I6ITb93

Biodistribution evaluation resulted in terbium exhibited higher tumor uptake, reaching 38.5 + 3.5%ID/g at
2 hours post-injection, while the highest tumor uptake for actinium was | I.1%1.5%ID/g at 4 hours post-
injection. Both terbium and actinium exhibited low kidney uptake (7.71£2.11%ID/g at 2 hours and 8.4
+1.4%ID/g at 4 hours post-injection, respectively). Both agents successfully target tumors with low kidney
retention, terbium demonstrate significantly higher tumor uptake efficiency. However, the therapeutic
efficacy of actinium may still be potent due to the high LET of alpha particles. Further therapeutic efficacy
assessment is needed and Internalization study is suggested on actinium as it is more important for alpha
particles than beta particles that have high penetration ranges.

DOTATOC

I77Lu9l

I6I-|-b9l

In vitro tumor cell viability revealed that terbium ECs, activity concentration necessary to reduce
cells activity by 50%, was 5-fold lower than lutetium, indicating that, terbium is 5-fold more potent
than lutetium. This profile contributed to the therapeutic efficacy results. Tumor growth delay, the
time it takes to reach a predetermined size of tumor, for terbium was 9.0 + 5.5 days, not significantly
higher (p> 0.05), compared to lutetium, only 6.0 + 4.4 days thus resulting in comparable median
survival days of 2| for terbium and 19.5 days for lutetium.

LM3

I77Lu9l

I6ITb9I

In vitro tumor cell viability, MTT assays revealed that terbium ECso was 102-fold lower than lutetium,
indicating that, terbium is 102-fold more potent than lutetium. This profile contributed to the therapeutic
efficacy results. Tumor growth delay for terbium was 44 + 5 days, significantly higher (p< 0.05), compared
to lutetium, only 35 % 7 days thus resulting in 100% animal models that are treated with terbium surviving
in the end of study (49 days) compared to lutetium with its median survival days of 48.5 days.

DOTA-
IRI

225AC79

I77Lu79

The evaluation focused on the biodistribution and off-target uptake, examining accumulation of
compound in healthy tissues. It was observed that the absorbed dose of actinium in dose-limiting organs
was higher, kidney (952.6 mGy/kBq vs 406.9 mGy/MBq), liver (271.4 mGy/kBq vs 38.5 mGy/MBq),
compared to lutetium. These actinium accumulations could result in greater risk of radiotoxicity thus
limiting its dosage or co-administration with amino acid cocktails could be a viable strategy for the
treatment.

(Continued)
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Table 12 (Continued).

Cancer Type Targeting | Alpha Beta Key Findings and Analysis
Vector Emitter Emitter
[Ref] [Ref]
Non-hodgkin’s Rituximab 212pp83 77 % Biodistribution evaluation resulted in tumor uptake of lead is higher than lutetium only at 24 hours
lymphoma e o2 post-injection (13.4-18.4%ID/g vs 9.1£1.5%ID/g). At 48 hours post-injection, while lead tumor uptake
Bi

remained, lutetium exhibited an increase thus resulting in a higher tumor uptake (17.2+1.8%ID/g).
Although biodistribution data for bismuth and therapeutic efficacy data for lutetium were not
available for direct comparison, the therapeutic efficacy assessment highlighted the potency of lead.
Treatment with 277.5 kBq of lead resulted in a 75% survival rate at 3 months, demonstrating superior

efficacy compared to Bismuth-213, even when Bismuth was administered at higher doses.

Conclusion

Based on preclinical investigations of 225 Ac, 213Bi, 212pb, 2'At, V"Lu, ''Tb, and '*'I-based radiopharmaceuticals,
actinium is the most studied TAT, followed by 212Pb, 213Bi, and 2''At. On the side of TBT, Ly is predominant in TBT
study as it is also used as a comparator radiopharmaceutical for emerging radiopharmaceuticals. The comparison of
radiopharmaceuticals is not a straightforward process because many variables can interfere with the results. However, in
TRT subjects, the following results were obtained:

1. *Ac is a potent radiopharmaceutical, and some studies have shown that **Ac has superior efficacy compared to
"Lu. However, due to its high physical half-life, toxicity investigation is required for its clinical translation.

2. In addition to actinium, *'*Pb has also demonstrated potential therapeutic efficacy. However, some studies have
stated that >'?Pb is associated with safety concerns in the kidneys. Future studies on 2'?Pb should focus on
mitigating kidney damage by amino acid co-administration or optimal dosing of radiopharmaceuticals.

3. For TBT, a limited number of studies have revealed that '°'Tb has potential because of its good biodistribution
profile and better therapeutic efficacy than '"’Lu.

4. "Lu remains an option as the base for radiopharmaceuticals. Studies have shown that high tumor uptake results
in good therapeutic efficacy. However, for beta-emitting particles, a higher dose is required to have a relatively
similar effect, and a high tissue penetration range causes damage to nearby organs. Therefore, dosimetry and
toxicity investigations are required for clinical translation.

While the number of preclinical investigations that are reviewed were limited, with the emergence of bifunctional chelators
and vectors that enhance the specificity and safety of radiopharmaceuticals. TATs have generally demonstrated better
therapeutic efficacy than TBTs in tumors due to its compatibility with emerging chelator/vector mentioned in this article.

Acknowledgments
The authors would like to thank Universitas Padjadjaran for APC funding.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Kilbourn MR, Scott PJH. Handbook of Radiopharmaceuticals: Methodology and Applications: Second Edition. 2021:1-744. doi:10.1002/
9781119500575

2. Varghese TP, John A, Mathew J. Revolutionizing cancer treatment: the role of radiopharmaceuticals in modern cancer therapy. Precis Radiat Oncol.
2024. doi:10.1002/PR0O6.1239

3. Liu X, Chen L, Li Y, et al. Synthesis of novel DOTA-/AAZTA-based bifunctional chelators: solution thermodynamics, peptidomimetic conjugation,
and radiopharmaceutical evaluation. Biomed Pharmacother. 2023;165:115114. doi:10.1016/J.BIOPHA.2023.115114

4. Gill MR, Falzone N, Du Y, Vallis KA. Targeted radionuclide therapy in combined-modality regimens. Lancet Oncol. 2017;18(7):e414—e423.
doi:10.1016/S1470-2045(17)30379-0

18 https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1002/9781119500575
https://doi.org/10.1002/9781119500575
https://doi.org/10.1002/PRO6.1239
https://doi.org/10.1016/J.BIOPHA.2023.115114
https://doi.org/10.1016/S1470-2045(17)30379-0

Luhung et al

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.
38.

. Edelmann MR. Radiolabelling small and biomolecules for tracking and monitoring. RSC Adv. 2022;12(50):32383-32400. doi:10.1039/

D2RA06236D

. Lepareur N, Ramée B, Mougin-Degraef M, Bourgeois M. Clinical Advances and Perspectives in Targeted Radionuclide Therapy. Pharmaceutics.

2023;15(6). doi:10.3390/PHARMACEUTICS15061733

. Annunziata S, Pizzuto DA, Caldarella C, Galiandro F, Sadeghi R, Treglia G. Diagnostic accuracy of fluorine-18-fluorodeoxyglucose positron

emission tomography in gallbladder cancer: a meta-analysis. World J Gastroenterol. 2015;21(40):11481. doi:10.3748/WJG.V21.140.11481

.Zou Y, Tong J, Leng H, et al. Diagnostic value of using 18F-FDG PET and PET/CT in immunocompetent patients with primary central nervous

system lymphoma: a systematic review and meta-analysis. Oncotarget. 2017;8(25):41518-41528. doi:10.18632/ONCOTARGET.17456

. Younis AFH, Yousif AF, Khater HM. Importance of fluorine 18 fluorodeoxyglucose (FDG) positron emission tomography (PET)/computed

tomography (CT) in detection of post-thyroidectomy recurrence in differentiated thyroid cancer with negative radio-isotope iodine scan, yet,
elevated serum thyroglobulin level. Egypt J Radiol Nucl Med. 2022;53(1):1-8. doi:10.1186/S43055-022-00787-Z/FIGURES/3

Vallabhajosula S, Polack BD, Babich JW. Molecular Imaging of Prostate Cancer: radiopharmaceuticals for Positron Emission Tomography (PET)
and Single-Photon Emission Computed Tomography (SPECT). In: Precision Molecular Pathology of Prostate Cancer; 2018:475-501. doi:10.1007/
978-3-319-64096-9_27

. Sgouros G, Bodei L, McDevitt MR, Nedrow JR. Radiopharmaceutical therapy in cancer: clinical advances and challenges. Nat Rev Drug Discov.

2020;19(9):589-608. doi:10.1038/S41573-020-0073-9

Zhang S, Wang X, Gao X, et al. Radiopharmaceuticals and their applications in medicine. Signal Transduct Target Ther. 2025;10(1):1-51.
doi:10.1038/541392-024-02041-6

Chan HS, De BE, Morgenstern A, et al. In Vitro comparison of 213Bi- and 177Lu-radiation for peptide receptor radionuclide therapy. PLoS One.
2017;12(7):e0181473. doi:10.1371/JOURNAL.PONE.0181473

Marcu L, Bezak E, Allen BJ. Global comparison of targeted alpha vs targeted beta therapy for cancer: in vitro, in vivo and clinical trials. Crit Rev
Oncol Hematol. 2018;123:7-20. doi:10.1016/J.CRITREVONC.2018.01.001

Galea R, Moore K. Primary standardization and half-life determination of 225Ac at NRC. 4pp! Radiat Isot. 2024;203:111105. doi:10.1016/J.
APRADISO.2023.111105

Marouli M, Suliman G, Pommé S, et al. Decay data measurements on 213Bi using recoil atoms. Appl Radiat Isot. 2013;74:123-127. doi:10.1016/J.
APRADIS0.2012.12.005

Graf F, Fahrer J, Maus S, et al. DNA Double Strand Breaks as Predictor of Efficacy of the Alpha-Particle Emitter Ac-225 and the Electron Emitter
Lu-177 for Somatostatin Receptor Targeted Radiotherapy. PLoS One. 2014;9(2):¢88239. doi:10.1371/JOURNAL.PONE.0088239

Nelson BJB, Andersson JD, Wuest F. Targeted alpha therapy: progress in radionuclide production, radiochemistry and applications. Pharmaceutics.
2021;13(1):1-28. doi:10.3390/PHARMACEUTICS13010049

Haberkorn U, Giesel F, Morgenstern A, Kratochwil C. The Future of Radioligand Therapy: a, B, or Both? J Nucl Med. 2017;58(7):1017-1018.
doi:10.2967/JNUMED.117.190124

Maucksch U, Runge R, Ochme L, Kotzerke J, Freudenberg R. Radiotoxicity of alpha particles versus high and low energy electrons in hypoxic
cancer cells. Nuklearmedizin. 2018;57(2):56—63. doi:10.3413/NUKMED-0950-17-12

. Wenker STM, van Lith SAM, Tamborino G, Konijnenberg MW, Bussink J, Heskamp S. The potential of targeted radionuclide therapy to treat

hypoxic tumor cells. Nucl Med Biol. 2025;140-141:108971. doi:10.1016/J.NUCMEDBIO.2024.108971

Roobol SJ, van den Bent I, van Cappellen WA, et al. Comparison of High- and Low-LET Radiation-Induced DNA Double-Strand Break Processing
in Living Cells. Int J Mol Sci. 2020;21(18):1-19. doi:10.3390/IJMS21186602

Jang DG. Therapeutic radionuclides: beta radiation range. J Instrum. 2020;15(8). doi:10.1088/1748-0221/15/08/T08002

Audi G, Bersillon O, Blachot J, Wapstra AH. The Nubase evaluation of nuclear and decay properties. Nucl Phys A. 2003;729(1):3-128.
doi:10.1016/J.NUCLPHYSA.2003.11.001

Marganiec-Gatazka J, Czudek M, Lech E, et al. Activity standardization and half-life measurement of 177Lu. App! Radiat Isot. 2023;197:110829.
doi:10.1016/J.APRADIS0.2023.110829

Ward JE. DNA Damage Produced by Ionizing Radiation in Mammalian Cells: identities, Mechanisms of Formation, and Reparability. Prog Nucleic
Acid Res Mol Biol. 1988;35(C):95-125. doi:10.1016/S0079-6603(08)60611-X

O’Donoghue J, Zanzonico P, Humm J, Kesner A. Dosimetry in Radiopharmaceutical Therapy. J Nucl/ Med. 2022;63(10):1467. doi:10.2967/
JNUMED.121.262305

Eychenne R, Chérel M, Haddad F, Guérard F, Gestin JF. Overview of the Most Promising Radionuclides for Targeted Alpha Therapy: the “Hopeful
Eight. Pharmaceutics. 2021;13(6):906. doi:10.3390/PHARMACEUTICS13060906

Grieve ML, Paterson BM. The Evolving Coordination Chemistry of Radiometals for Targeted Alpha Therapy. Aust J Chem. 2021;75(2):65-88.
doi:10.1071/CH21184

Cunningham SH, Mairs RJ, Wheldon TE, Welsh PC, Vaidyanathan G, Zalutsky MR. Toxicity to neuroblastoma cells and spheroids of
benzylguanidine conjugated to radionuclides with short-range emissions. Br J Cancer. 1998;77(12):2061-2068. doi:10.1038/BJC.1998.348

V GS, Shilyagina NY, Vodeneev VA, V ZA. Targeted radionuclide therapy of human tumors. /nt J Mol Sci. 2016;17(1). doi:10.3390/1JMS17010033
Collins SM, Pearce AK, Ferreira KM, Fenwick AJ, Regan PH, Keightley JD. Direct measurement of the half-life of (223)Ra. Appl Radiat Isot.
2015;99:46-53. doi:10.1016/J.APRADISO.2015.02.003

Bergmann B, Jelinek J. Measurement of the 212Po, 214Po and 212Pb half-life time with Timepix3. Eur Phys J A. 2022;58(6). doi:10.1140/EPJA/
S10050-022-00757-Z

Guérard F, Gestin JF, Brechbiel MW. Production of [211At]-astatinated radiopharmaceuticals and applications in targeted a-particle therapy.
Cancer Biother Radiopharm. 2013;28(1):1-20. doi:10.1089/CBR.2012.1292;PAGE:STRING:ARTICLE/CHAPTER

Collins SM, Gilligan C, Pierson B, et al. Determination of the 161Tb half-life. Appl Radiat Isot. 2022:182. doi:10.1016/J.APRADIS0.2022.110140.
Radchenko V, Morgenstern A, Jalilian AR, et al. Production and supply of a-particle-emitting radionuclides for targeted a-therapy. J Nucl Med.
2021;62(11):1495-1503. doi:10.2967/JNUMED.120.261016

Martell AE, Hancock RD. Metal Complexes in Aqueous Solutions. Metal Complexes Aqueous Solutions. 1996. doi:10.1007/978-1-4899-1486-6
Harriswangler C, Freire-Garcia A, Argibay-Otero S, et al. Structural effects of the Pb2+ 6s2 lone pair activity: eccentricity. Coord Chem Rev.
2025;529:216434. doi:10.1016/J.CCR.2025.216434

Drug Design, Development and Therapy 2026:20 https: 19


https://doi.org/10.1039/D2RA06236D
https://doi.org/10.1039/D2RA06236D
https://doi.org/10.3390/PHARMACEUTICS15061733
https://doi.org/10.3748/WJG.V21.I40.11481
https://doi.org/10.18632/ONCOTARGET.17456
https://doi.org/10.1186/S43055-022-00787-Z/FIGURES/3
https://doi.org/10.1007/978-3-319-64096-9_27
https://doi.org/10.1007/978-3-319-64096-9_27
https://doi.org/10.1038/S41573-020-0073-9
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1371/JOURNAL.PONE.0181473
https://doi.org/10.1016/J.CRITREVONC.2018.01.001
https://doi.org/10.1016/J.APRADISO.2023.111105
https://doi.org/10.1016/J.APRADISO.2023.111105
https://doi.org/10.1016/J.APRADISO.2012.12.005
https://doi.org/10.1016/J.APRADISO.2012.12.005
https://doi.org/10.1371/JOURNAL.PONE.0088239
https://doi.org/10.3390/PHARMACEUTICS13010049
https://doi.org/10.2967/JNUMED.117.190124
https://doi.org/10.3413/NUKMED-0950-17-12
https://doi.org/10.1016/J.NUCMEDBIO.2024.108971
https://doi.org/10.3390/IJMS21186602
https://doi.org/10.1088/1748-0221/15/08/T08002
https://doi.org/10.1016/J.NUCLPHYSA.2003.11.001
https://doi.org/10.1016/J.APRADISO.2023.110829
https://doi.org/10.1016/S0079-6603(08)60611-X
https://doi.org/10.2967/JNUMED.121.262305
https://doi.org/10.2967/JNUMED.121.262305
https://doi.org/10.3390/PHARMACEUTICS13060906
https://doi.org/10.1071/CH21184
https://doi.org/10.1038/BJC.1998.348
https://doi.org/10.3390/IJMS17010033
https://doi.org/10.1016/J.APRADISO.2015.02.003
https://doi.org/10.1140/EPJA/S10050-022-00757-Z
https://doi.org/10.1140/EPJA/S10050-022-00757-Z
https://doi.org/10.1089/CBR.2012.1292;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1016/J.APRADISO.2022.110140
https://doi.org/10.2967/JNUMED.120.261016
https://doi.org/10.1007/978-1-4899-1486-6
https://doi.org/10.1016/J.CCR.2025.216434

Luhung et al

39.
40.

41.

42.

43.

44,
45.

46.

47.

48

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wohlrab J. Pharmacokinetic characteristics of therapeutic antibodies. J Dtsch Dermatol Ges. 2015;13(6):530-534. doi:10.1111/DDG.12648

De Groot AS, Mattei A, Gabriel B, et al. Immunogenicity of Generic Peptide Impurities: current Orthogonal Approaches. Pharm Res. 2025;42
(5):805-818. doi:10.1007/S11095-025-03843-1/TABLES/2

Shaabani S, Huizinga HPS, Butera R, et al. A patent review on PD-1/PD-L1 antagonists: small molecules, peptides, and macrocycles (2015-2018).
Expert Opin Ther Pat. 2018;28(9):665-678. doi:10.1080/13543776.2018.1512706

Haller S, Pellegrini G, Vermeulen C, et al. Contribution of Auger/conversion electrons to renal side effects after radionuclide therapy: preclinical
comparison of 161Tb-folate and 177Lu-folate. E/JNMMI Research. 2016;6(1):13. doi:10.1186/S13550-016-0171-1

Dash A, Pillai MRA, Knapp FF. Production of 177Lu for Targeted Radionuclide Therapy: available Options. Nucl Med Mol Imaging. 2015;49
(2):85. doi:10.1007/S13139-014-0315-Z

Eckerman K, Endo A. PREFACE. 4nn ICRP. 2008;38(3):9—10. doi:10.1016/J.ICRP.2008.10.004

Morgenstern A, Apostolidis C, Kratochwil C, Sathekge M, Krolicki L, Bruchertseifer F. An Overview of Targeted Alpha Therapy with
225Actinium and 213Bismuth. Curr Radiopharm. 2018;11(3):200. doi:10.2174/1874471011666180502104524

Tafreshi NK, Doligalski ML, Tichacek CJ, et al. Development of Targeted Alpha Particle Therapy for Solid Tumors. Molecules. 2019;24(23):4314.
doi:10.3390/MOLECULES24234314

IAEA. Guidance for Preclinical Studies with Radiopharmaceuticals Atoms for Peace Atoms for Peace. Available from: www.iaea.org/publications.
Accessed July 26, 2025.

. Piranfar A, Moradi Kashkooli F, Zhan W, et al. Radiopharmaceutical transport in solid tumors via a 3-dimensional image-based spatiotemporal

model. Npj Syst Biol Applicat. 2024;10(1):1-17. doi:10.1038/s41540-024-00362-4

Fuscaldi LL, Sobral DV, Durante ACR, et al. Radiochemical and biological assessments of a PSMA-I&S cold kit for fast and inexpensive 99mTc-
labeling for SPECT imaging and radioguided surgery in prostate cancer. Front Chem. 2023:11. doi:10.3389/FCHEM.2023.1271176.

Busslinger SD, Tschan VJ, Richard OK, Talip Z, Schibli R, Miiller C. [225Ac]Ac-SibuDAB for Targeted Alpha Therapy of Prostate Cancer:
preclinical Evaluation and Comparison with [225Ac]Ac-PSMA-617. Cancers. 2022;14(22):5651. doi:10.3390/CANCERS 14225651

Stallons TAR, Saidi A, Tworowska I, Delpassand ES, Torgue JJ. Preclinical investigation of 212Pb-DOTAMTATE for peptide receptor radionuclide
therapy in a neuroendocrine tumor model. Mol Cancer Ther. 2019;18(5):1012-1021. doi:10.1158/1535-7163.MCT-18-1103/87742/AM/
PRECLINICAL-INVESTIGATION-OF-212PB-DOTAMTATE-FOR

Brito AF, Abrantes AM, Teixo R, et al. Iodine-131 metabolic radiotherapy leads to cell death and genomic alterations through NIS overexpression
on cholangiocarcinoma. Int J Oncol. 2020;56(3):709. doi:10.3892/1J0.2020.4957

Majkowska-Pilip A, Rius M, Bruchertseifer F, et al. In vitro evaluation of 225Ac-DOTA-substance P for targeted alpha therapy of glioblastoma
multiforme. Chem Biol Drug Des. 2018;92(1):1344—1356. doi:10.1111/CBDD.13199

Boinapally S, Alati S, Jiang Z, et al. Preclinical Evaluation of a New Series of Albumin-Binding 177Lu-Labeled PSMA-Based Low-Molecular-
Weight Radiotherapeutics. Molecules. 2023;28(16):6158. doi:10.3390/MOLECULES28166158/S1

Foxton C, Waldron B, Grenlund RV, et al. Preclinical Evaluation of 177Lu-rhPSMA-10.1, a Radiopharmaceutical for Prostate Cancer: biodistribu-
tion and Therapeutic Efficacy. J Nucl Med. 2025;66(4):599-604. doi:10.2967/JNUMED.124.268508

Zang J, Wen X, Lin R, et al. Synthesis, preclinical evaluation and radiation dosimetry of a dual targeting PET tracer [68Ga]Ga-FAPI-RGD.
Theranostics. 2022;12(16):7180-7190. doi:10.7150/THNO.79144

Kelly VI, Wu ST, Gottumukkala V, et al. Preclinical evaluation of an 111In/225Ac theranostic targeting transformed MUCI for triple negative
breast cancer. Theranostics. 2020;10(15):6946—-6958. doi:10.7150/THNO.38236

Ingham A, Wharton L, Koniar H, et al. Preclinical evaluation of [225Ac]Ac-crown-TATE — an alpha-emitting radiopharmaceutical for neuroendo-
crine tumors. Nucl Med Biol. 2024;138-139:108944. doi:10.1016/JNUCMEDBIO0.2024.108944

Dawson LA, Kavanagh BD, Paulino AC, et al. Radiation-Associated Kidney Injury. Int J Radiat Oncol Biol Phys. 2010;76(3 SUPPL):S108-S115.
doi:10.1016/J.1JROBP.2009.02.089

Stangl S, Nguyen NT, Brosch-Lenz J, et al. Efficiency of succinylated gelatin and amino acid infusions for kidney uptake reduction of radiolabeled
avf6-integrin targeting peptides: considerations on clinical safety profiles. Eur J Nucl Med Mol Imaging. 2024;51(11):3191-3201. doi:10.1007/
S00259-024-06738-2

Li M, Baumhover NJ, Liu D, et al. Preclinical Evaluation of a Lead Specific Chelator (PSC) Conjugated to Radiopeptides for 203Pb and
212Pb-Based Theranostics. Pharmaceutics. 2023;15(2):414. doi:10.3390/PHARMACEUTICS15020414/S1

Yoshida GJ. Applications of patient-derived tumor xenograft models and tumor organoids. J Hematol Oncol. 2020;13(1). doi:10.1186/S13045-019-
0829-Z

Schatz CA, Zitzmann-Kolbe S, Moen I, et al. Preclinical Efficacy of a PSMA-Targeted Actinium-225 Conjugate (225Ac-Macropa-Pelgifatamab):
a Targeted Alpha Therapy for Prostate Cancer. Clin Cancer Res. 2024;30(11):2531-2544. doi:10.1158/1078-0432.CCR-23-3746

Groener D, Nguyen CT, Baumgarten J, et al. Hematologic safety of 177Lu-PSMA-617 radioligand therapy in patients with metastatic
castration-resistant prostate cancer. EJNMMI Res. 2021;11(1). doi:10.1186/S13550-021-00805-7

Fallah J, Agrawal S, Gittleman H, et al. FDA Approval Summary: lutetium Lu 177 Vipivotide Tetraxetan for Patients with Metastatic
Castration-Resistant Prostate Cancer. Clin Cancer Res. 2023;29(9):1651-1657. doi:10.1158/1078-0432.CCR-22-2875

Hartrampf PE, Weinzierl FX, Serfling SE, et al. Hematotoxicity and Nephrotoxicity in Prostate Cancer Patients Undergoing Radioligand Therapy
with [177Lu]Lu-PSMA 1&T. Cancers. 2022;14(3). doi:10.3390/CANCERS14030647

Dainiak N. Hematologic consequences of exposure to ionizing radiation. Exp Hematol. 2002;30(6):513-528. doi:10.1016/S0301-472X(02)00802-0
Yaginuma K, Takahashi K, Hoshi S, et al. Novel astatine (211At)-labelled prostate-specific membrane antigen ligand with a neopentyl-glycol
structure: evaluation of stability, efficacy, and safety using a prostate cancer xenograft model. Eur J Nucl Med Mol Imaging. 2025;52(2):469-481.
doi:10.1007/800259-024-06945-X/FIGURES/9

Urbano N, Scimeca M, Bonanno E, Schillaci O. Preclinical Investigation of Radiopharmaceuticals: an Accurate and Multidisciplinary Approach.
Curr Radiopharm. 2021;15(2):157-163. doi:10.2174/1874471014666211209154317

Lobrich M, Shibata A, Beucher A, et al. yYH2AX foci analysis for monitoring DNA double-strand break repair: strengths, limitations and
optimization. Cell Cycle. 2010;9(4):662—669. doi:10.4161/CC.9.4.10764

Bidkar AP, Wang S, Bobba KN, et al. Treatment of Prostate Cancer with CD46-targeted 225Ac Alpha Particle Radioimmunotherapy. Clin Cancer
Res. 2023;29(10):1916-1928. doi:10.1158/1078-0432.CCR-22-3291

20

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1111/DDG.12648
https://doi.org/10.1007/S11095-025-03843-1/TABLES/2
https://doi.org/10.1080/13543776.2018.1512706
https://doi.org/10.1186/S13550-016-0171-1
https://doi.org/10.1007/S13139-014-0315-Z
https://doi.org/10.1016/J.ICRP.2008.10.004
https://doi.org/10.2174/1874471011666180502104524
https://doi.org/10.3390/MOLECULES24234314
http://www.iaea.org/publications
https://doi.org/10.1038/s41540-024-00362-4
https://doi.org/10.3389/FCHEM.2023.1271176
https://doi.org/10.3390/CANCERS14225651
https://doi.org/10.1158/1535-7163.MCT-18-1103/87742/AM/PRECLINICAL-INVESTIGATION-OF-212PB-DOTAMTATE-FOR
https://doi.org/10.1158/1535-7163.MCT-18-1103/87742/AM/PRECLINICAL-INVESTIGATION-OF-212PB-DOTAMTATE-FOR
https://doi.org/10.3892/IJO.2020.4957
https://doi.org/10.1111/CBDD.13199
https://doi.org/10.3390/MOLECULES28166158/S1
https://doi.org/10.2967/JNUMED.124.268508
https://doi.org/10.7150/THNO.79144
https://doi.org/10.7150/THNO.38236
https://doi.org/10.1016/J.NUCMEDBIO.2024.108944
https://doi.org/10.1016/J.IJROBP.2009.02.089
https://doi.org/10.1007/S00259-024-06738-2
https://doi.org/10.1007/S00259-024-06738-2
https://doi.org/10.3390/PHARMACEUTICS15020414/S1
https://doi.org/10.1186/S13045-019-0829-Z
https://doi.org/10.1186/S13045-019-0829-Z
https://doi.org/10.1158/1078-0432.CCR-23-3746
https://doi.org/10.1186/S13550-021-00805-7
https://doi.org/10.1158/1078-0432.CCR-22-2875
https://doi.org/10.3390/CANCERS14030647
https://doi.org/10.1016/S0301-472X(02)00802-0
https://doi.org/10.1007/S00259-024-06945-X/FIGURES/9
https://doi.org/10.2174/1874471014666211209154317
https://doi.org/10.4161/CC.9.4.10764
https://doi.org/10.1158/1078-0432.CCR-22-3291

Luhung et al

72.

73.

74.

75.

76.

71.

78.

79.

80.

8

—_

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Holzleitner N, Vilangattil M, Swaidan A, et al. Preclinical evaluation of 225Ac-labeled minigastrin analog DOTA-CCK-66 for Targeted Alpha
Therapy. Eur J Nucl Med Mol Imaging. 2024;52(2):458-468. doi:10.1007/S00259-024-06927-Z/FIGURES/6

Banerjee SR, Lisok A, Minn I, et al. Preclinical Evaluation of 213Bi- and 225Ac-Labeled Low-Molecular-Weight Compounds for
Radiopharmaceutical Therapy of Prostate Cancer. J Nucl Med. 2021;62(7):980-988. doi:10.2967/JNUMED.120.256388

Banerjee SR, Minn I, Kumar V, et al. Preclinical Evaluation of 203/212Pb-Labeled Low-Molecular-Weight Compounds for Targeted
Radiopharmaceutical Therapy of Prostate Cancer. J Nucl Med. 2020;61(1):80-88. doi:10.2967/INUMED.119.229393

Li J, Huang T, Hua J, et al. CD46 targeted 212Pb alpha particle radioimmunotherapy for prostate cancer treatment. J Exp Clin Cancer Res. 2023;42
(1):1-13. doi:10.1186/S13046-023-02636-X/FIGURES/8

Saidi A, Stallons TA, Wong AG, Torgue JJ. Preclinical Investigation of [212Pb]Pb-DOTAM-GRPRI1 for Peptide Receptor Radionuclide Therapy in
a Prostate Tumor Model. J Nucl Med. 2024;65(11):1769—-1775. doi:10.2967/JNUMED.124.268101

Watabe T, Kaneda-Nakashima K, Shirakami Y, et al. Targeted a-therapy using astatine (211At)-labeled PSMA1, 5, and 6: a preclinical evaluation as
a novel compound. Eur J Nucl Med Mol Imaging. 2023;50(3):849-858. doi:10.1007/S00259-022-06016-Z/FIGURES/6

King AP, Gutsche NT, Raju N, et al. 225Ac-MACROPATATE: a Novel a-Particle Peptide Receptor Radionuclide Therapy for Neuroendocrine
Tumors. J Nucl Med. 2023;64(4):549-554. doi:10.2967/JNUMED.122.264707

Handula M, Beekman S, Konijnenberg M, et al. First preclinical evaluation of [225Ac]Ac-DOTA-JR11 and comparison with [177Lu]Lu-DOTA-
JR11, alpha versus beta radionuclide therapy of NETs. E/JNMMI Radiopharm Chem. 2023;8(1):1-16. doi:10.1186/S41181-023-00197-0/TABLES/4
Chapeau D, Koustoulidou S, Handula M, et al. [212Pb]Pb-eSOMA-01: a Promising Radioligand for Targeted Alpha Therapy of Neuroendocrine
Tumors. Pharmaceuticals. 2023;16(7):985. doi:10.3390/PH16070985/S1

. Fichou N, Gouard S, Maurel C, et al. Single-dose anti-CD138 radioimmunotherapy: bismuth-213 is more efficient than lutetium-177 for treatment

of multiple myeloma in a preclinical model. Front Med Lausanne. 2015;2(NOV):163628. doi:10.3389/FMED.2015.00076/BIBTEX

Havlena GT, Kapadia NS, Huang P, et al. Cure of Micrometastatic B-Cell Lymphoma in a SCID Mouse Model Using 213Bi-Anti-CD20
Monoclonal Antibody. J Nucl Med. 2023;64(1):109-116. doi:10.2967/JNUMED.122.263962

Durand-Panteix S, Monteil J, Sage M, et al. Preclinical study of 212Pb alpha-radioimmunotherapy targeting CD20 in non-Hodgkin lymphoma. Br
J Cancer. 2021;125(12):1657-1665. doi:10.1038/S41416-021-01585-6

Lindland K, Malenge MM, Li RG, et al. Antigen targeting and anti-tumor activity of a novel anti-CD146 212Pb internalizing
alpha-radioimmunoconjugate against malignant peritoneal mesothelioma. Sci Rep. 2024;14(1):1-18. doi:10.1038/s41598-024-76778-z

Pouget JP, Lozza C, Deshayes E, Boudousq V, Navarro-Teulon I. Introduction to radiobiology of targeted radionuclide therapy. Front Med Lausanne.
2015;2(MAR):12. doi:10.3389/FMED.2015.00012

Bidkar AP, Zerefa L, Yadav S, VanBrocklin HF, Flavell RR. Actinium-225 targeted alpha particle therapy for prostate cancer. Theranostics.
2024;14(7):2969. doi:10.7150/THNO.96403

Zimmermann R. Is 212Pb Really Happening? The Post-177Lu/225Ac Blockbuster? J Nucl Med. 2024;65(2):176-177. doi:10.2967/INUMED.123.266774
Banerjee SR, Kumar V, Lisok A, et al. 177Lu-labeled low-molecular-weight agents for PSMA-targeted radiopharmaceutical therapy. Eur J Nucl
Med Mol Imaging. 2019;46(12):2545. doi:10.1007/S00259-019-04434-0

Scaffidi-Muta JM, Abell AD. 212Pb in targeted radionuclide therapy: a review. EJNMMI Radiopharm Chem. 2025;10(1):34. doi:10.1186/S41181-
025-00362-7

Tschan VIJ, Borgna F, Busslinger SD, et al. Preclinical investigations using [177Lu]Lu-Ibu-DAB-PSMA toward its clinical translation for
radioligand therapy of prostate cancer. Eur J Nucl Med Mol Imaging. 2022;49(11):3639-3650. doi:10.1007/S00259-022-05837-2/FIGURES/5
Borgna F, Haller S, Rodriguez JMM, et al. Combination of terbium-161 with somatostatin receptor antagonists—a potential paradigm shift for the
treatment of neuroendocrine neoplasms. Eur J Nucl Med Mol Imaging. 2022;49(4):1113-1126. doi:10.1007/S00259-021-05564-0/FIGURES/7
Albrecht J, Exner S, Grotzinger C, et al. Multimodal Imaging of 2-Cycle PRRT with 177Lu-DOTA-JR11 and 177Lu-DOTATOC in an Orthotopic
Neuroendocrine Xenograft Tumor Mouse Model. J Nucl Med. 2021;62(3):393-398. doi:10.2967/JNUMED.120.250274

Wharton L, McNeil SW, Merkens H, et al. Preclinical Evaluation of [155/161Tb]Tb-Crown-TATE—A Novel SPECT Imaging Theranostic Agent
Targeting Neuroendocrine Tumours. Molecules. 2023;28(7):3155. doi:10.3390/MOLECULES28073155/S1

Galbiati A, Bocci M, Ravazza D, et al. Preclinical Evaluation of 177Lu-OncoFAP-23, a Multivalent FAP-Targeted Radiopharmaceutical
Therapeutic for Solid Tumors. J Nucl Med. 2024;65(10):1604-1610. doi:10.2967/INUMED.124.268200

Kameswaran M, Pandey U, Dhakan C, et al. Synthesis and Preclinical Evaluation of 177Lu-CHX-A”-DTPA-Rituximab as a Radioimmunotherapeutic
Agent for Non-Hodgkin’s Lymphoma. Cancer Biotherapy Radiopharmaceuticals. 2015;30(6):240-246. doi:10.1089/CBR.2015.1836

Van Laere C, Koole M, Deroose CM, et al. Terbium radionuclides for theranostic applications in nuclear medicine: from atom to bedside.
Theranostics. 2024;14(4):1720. doi:10.7150/THNO.92775

Vilangattil MM, Swaidan A, Godinez J, et al. Hematological toxicity of [225Ac]Ac-PSMA-617 and [177Lu]Lu-PSMA-617 in RM1-PGLS
syngeneic mouse model. EJNMMI Radiopharmacy Chem. 2025;10(1):12. doi:10.1186/S41181-025-00333-Y

Drug Design, Development and Therapy Dovepress
Taylor & Francis Group

Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2026:20 EXin>QO 21


https://doi.org/10.1007/S00259-024-06927-Z/FIGURES/6
https://doi.org/10.2967/JNUMED.120.256388
https://doi.org/10.2967/JNUMED.119.229393
https://doi.org/10.1186/S13046-023-02636-X/FIGURES/8
https://doi.org/10.2967/JNUMED.124.268101
https://doi.org/10.1007/S00259-022-06016-Z/FIGURES/6
https://doi.org/10.2967/JNUMED.122.264707
https://doi.org/10.1186/S41181-023-00197-0/TABLES/4
https://doi.org/10.3390/PH16070985/S1
https://doi.org/10.3389/FMED.2015.00076/BIBTEX
https://doi.org/10.2967/JNUMED.122.263962
https://doi.org/10.1038/S41416-021-01585-6
https://doi.org/10.1038/s41598-024-76778-z
https://doi.org/10.3389/FMED.2015.00012
https://doi.org/10.7150/THNO.96403
https://doi.org/10.2967/JNUMED.123.266774
https://doi.org/10.1007/S00259-019-04434-0
https://doi.org/10.1186/S41181-025-00362-7
https://doi.org/10.1186/S41181-025-00362-7
https://doi.org/10.1007/S00259-022-05837-2/FIGURES/5
https://doi.org/10.1007/S00259-021-05564-0/FIGURES/7
https://doi.org/10.2967/JNUMED.120.250274
https://doi.org/10.3390/MOLECULES28073155/S1
https://doi.org/10.2967/JNUMED.124.268200
https://doi.org/10.1089/CBR.2015.1836
https://doi.org/10.7150/THNO.92775
https://doi.org/10.1186/S41181-025-00333-Y
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Radiophysical and Radiobiological Properties of Alpha and Beta Emitters
	Alpha Emitters: Energy, LET, Tissue Penetration, Mechanism of Action
	Beta Emitters: Energy, LET, Tissue Penetration, Mechanism of Action
	Key Differences and Therapeutic Implications

	Key Preclinical Investigation Parameters in Radiopharmaceutical Development
	Cell-Binding/Internalization/Viability/Killing Assays
	Biodistribution
	Dosimetry and Dose-Limiting Organs
	Therapeutic Efficacy Assessment
	Toxicity and Safety Profile Evaluation
	DNA Double-Strand Break (DSB) Analysis

	Updates in Preclinical Investigation of Targeted Alpha Therapy (TAT) Radiopharmaceuticals
	<sup>225</sup>Ac-Based Radiopharmaceuticals
	<sup>213</sup>Bi-Based Radiopharmaceuticals
	<sup>212</sup>Pb-Based Radiopharmaceuticals
	<sup>211</sup>At-Based Radiopharmaceuticals

	Updates in Preclinical Investigation of Targeted Beta Therapy (TBT) Radiopharmaceuticals
	<sup>177</sup>Lu-Based Radiopharmaceuticals
	<sup>131</sup>I-Based Radiopharmaceuticals
	<sup>161</sup>Tb-Based Radiopharmaceuticals

	Comparative Analysis: Alpha vs Beta Emitters in Preclinical Settings
	Conclusion
	Acknowledgments
	Disclosure

