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In recent years, there has been an increased interest in exploring the potential 
synergy between nanotechnology and nuclear medicine. The application 
of radioactive isotopes, commonly referred to as radiopharmaceuticals, is 
recognized in nuclear medicine for diagnosing and treating various diseases. 
Unlike conventional pharmaceutical agents, radiopharmaceuticals are designed 
to work without any pharmacological impact on the body. Nevertheless, the 
radiation dosage employed in radiopharmaceuticals is often sufficiently high to 
elicit adverse effects associated with radiation exposure. Exploiting their capacity 
for selective accumulation on specific organ targets, radiopharmaceuticals 
have utility in treating diverse disorders. The incorporation of nanosystems may 
additionally augment the targeting capability of radiopharmaceuticals, leveraging 
their distinct pharmacokinetic characteristics. Conversely, radionuclides 
could be  used in research to assess nanosystems pharmacologically. 
However, more investigation is needed to verify the safety and effectiveness 
of radiopharmaceutical applications mediated by nanosystems. The use of 
nano-radiopharmaceuticals as therapeutic agents to treat various illnesses and 
disorders is majorly covered in this review. The targeted approach to cancer 
therapy and various types of nanotools for nano-radiopharmaceutical delivery, 
is also covered in this article.
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Introduction

Numerous commonly accessible radiopharmaceuticals are used for illustrating the 
structure and operation of bodily tissues, organs, and cells. These radiopharmaceuticals are 
designed to treat a variety of cancers, joint problems, pain relief from bony metastases, and 
numerous other conditions of a similar nature. Essentially, nuclear medicine constitutes a 
medical discipline that employs radiotracers and carrier molecules to visualize the local 
biochemistry of the body. Impacts on organ absorption, retention, transportation, and 
biological distribution toward the targeted location depends on the biochemical properties of 
the carrier molecule and radiotracer. Thus, for a deeper understanding, it is imperative to 
comprehend the biochemistry of radiopharmaceuticals (1). Nuclear pharmacists need to 
be aware of the action process, or how radiopharmaceuticals localize and start working. This 
knowledge is crucial to evaluate the pharmacokinetics and substrate specificity of the 
labeled medication.
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According to Vallabhajosula et al., radiopharmaceuticals (2) offer 
us the chance to do prompt diagnostics utilizing blood flow, 
multimolecular cellular localization, bioenergies, tissue metabolism, 
the physiological activity of the specific organ, and intercellular and 
intracellular signaling networks. Depending on how each organ 
functions, distinct radiopharmaceuticals are utilized to scan different 
organs. Because inorganic iodine is more readily absorbed in the 
thyroid, labeled iodine, for instance, would be perfect for imaging 
thyroid cancers. In a similar vein, radiolabeled phosphate is frequently 
utilized for bone scans because it has been found that phosphate ions 
accumulate greater in bone. As a result, since tagged atoms are more 
concentrated in organs, they can be used for organ imaging. Numerous 
radiopharmaceutical agents in various phases of clinical development 
or already commercialized are presented in Table 1.

There is an abundance of mechanisms via which radiation therapy 
affects cancer cells. The principal applications of high-energy ionizing 
radiations, such as gamma rays and X-rays, involve ionizing water or 
biological components. In selective scenarios, particulate radiations 
like electron, proton, or neutron beams and alpha or beta particles are 
utilized to target cancerous tissues. As a major constituent of cellular 
composition, water is the principal target for ionizing radiations. 
These radiations induce the lysis of water molecules through 
radiolysis, resulting in the generation of charged species and free 
radicals, including hydroxyl radicals (OH•), hydrogen radicals (H•), 
superoxides (O2

−), and charged water species such as H2O+ and H2O+. 
In contrast to chemical lysis, this radiolysis process occurs due to the 
impact of radiation. Although many other biological components are 
harmed, DNA is the main target of ionizing radiation and radicals. 
Free radical interaction with cell membrane structures also results in 
structural damage that triggers apoptosis. The hydroxyl ion is well-
documented as a primary initiator of lipid peroxidation and cellular 

damage. Empirical evidence has illustrated that interaction with lipid 
bilayers enhances cellular permeability (14).

Medical and scientific research has garnered much interest in 
nanomaterials (15). In their early iterations, significant amounts 
of drug were first delivered using nanoparticles as delivery agents. 
Subsequently, radionuclides were used to tag nanomaterials to 
investigate in-vivo biodistribution, pharmacokinetics, and 
pharmacodynamics. Nanomaterials attached to radionuclides 
have become increasingly promising for cancer treatment. 
Common characteristics of these formulations include high 
surface area-to-volume ratios, efficient radionuclide loading and 
labeling, and straightforward synthesis, enabling the production 
of constructs with diverse physico-chemical characteristics, 
shapes, and sizes.

Nanomaterials have a few other characteristics in addition to the 
ones stated above that may make them appealing for use in medicine. 
One of these is the ability to easily build nanotheranostics by 
multiplexing therapeutic and diagnostic radionuclides onto the same 
nanomaterial framework. Nanomaterials can be customized with 
vectors with homing components specifically designed to bind to 
overexpressed receptors on tumor cells. This enables the radiolabeled 
nanomaterial with several functions to engage with the target site via 
various receptors, resulting in increased selectivity and accumulation 
at higher concentrations (16). In addition to these characteristics, 
nanomaterials may be able to lower associated side effects and boost 
specificity (17). In principle, nanomaterial-based formulations can 
potentially augment both the conventional imaging capabilities and 
therapeutic efficacy of radionuclides. Additionally, they can 
be  readily tailored to address specific limitations inherent in 
traditional radionuclide therapy. Based on these potentialities of 
nanomaterials, the present review focuses on using 

TABLE 1 Radiopharmaceuticals in various clinical development phases.

Radiopharmaceutical Disease/disorder
Company 
name

Development 
phase/ 

commercial

Clinical phase 
identification 

number
References

177Lu-labeled PSMA-617 Metastatic Castration-Resistant 

Prostate Cancer

Endocyte Phase 3 NCT03511664 (3)

177Lu-labeled NeoBOMB1 GRPR over expressing tumor Novartis Phase I/IIa NCT03872778 (4)

166Ho microspheres Unresectable Hepatocellular 

Carcinoma

Marnix Lam, UMC, 

Utrecht

Early Phase II Study NCT05114148 (5)

166Ho microspheres Neuroendocrine Tumors Terumo – NCT02067988 (6)

177Lu-labeled PSMA-R2 Metastatic castration-resistant 

prostate cancer (mCRPC)

Advanced Accelerator 

Applications

Phase 1/2 study NCT03490838 (7)

225Ac-labeled aCD38 Multiple myeloma Actinium 

Pharmaceuticals

Open label Phase I trial NCT02998047 (8)

177Lu-labeled CTT-1403 Prostrate cancer Cancer Targeted 

Technology

Phase 1 clinical trial NCT03822871 (8)

227 conjugate PSMA-TTC Metastatic Castration Resistant 

Prostate Cancer (mCRPC)

Bayer Phase 1 NCT03724747 (9)

227Th-labeled aCD22-TTC (BAY 1862864) Lymphoma, non-Hodgkin Bayer Open-label Phase I NCT02581878 (10)

227Th-labeled MSLN-TTC Mesothelin tumor Bayer Phase I/II NCT03507452 (11)

225Ac-labeled FPX-01a Lung cancer J&J / Fusion Pharma Phase I NCT03746431 (8, 12)

Radium-223 chloridea Bone metastasis Bayer Commercialized – (13)

a-alpha emitter based radiopharmaceutical therapy (RPT) agents.
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nano-radiopharmaceuticals as therapeutic agents for treating various 
diseases/disorders.

Targeted approach for cancer therapy 
employing radiopharmaceuticals

Exploiting specific characteristics of tumors, such as angiogenesis 
and the distinct tumor microenvironment that differentiates it from 
the vasculature and surroundings of normal tissues, intravenously 
administered nanostructures exhibit a notable predilection for tumor 
accumulation over normal tissues (18). This is referred to as the EPR 
effect, a physiological phenomenon characterized by increased 
absorption and decreased clearance, permits passive buildup of 
nanostructures in tumors without causing comparable accumulation 
levels in nearby normal tissues (19). The targeting approach 
employing radiopharmaceuticals to target cancer cells is illustrated 
in Figure 1.

Passive targeting encompasses the infiltration of the targeting 
agent into the tumor site via permeable blood vessels and other 
components generated by the tumor. This involves the agent traversing 
the bloodstream to reach the tumor site and subsequently accruing at 
the tumor site due to insufficient drainage mechanisms. The 
effectiveness of the radiopharmaceutical in this form of targeting is 
dependent on the circulation time. For passive targeting, a variety of 
polymer-radiopharmaceutical combinations have been studied (20). 
The biological interaction of radiopharmaceutical agents with tumor 
surfaces is known as active targeting. In active targeting, the 
radionuclide is conjugated to tumor-specific vectors (such as peptides 
or antibodies), with or without the incorporation of chelators. Tumors 
with poor permeability are most suited for active targeting, which 
identifies certain cells within the tumor milieu (21).

Types of nanotools for the delivery of 
nano radiopharmaceuticals

An array of nanotools have been widely investigated in the past 
years for the delivery of therapeutics in order to treat a number of 
diseases (Figure  2). The following section enlists a handful of 
nanotools for the delivery of nano radiopharmaceuticals.

 a. Polymeric nanoparticles
Polymeric nanoparticles (NPs) are solid colloidal particles that exhibit 

distinct characteristics like increased surface-to-volume ratio, 
biodegradability, quantum properties, low cytotoxicity, and the capacity 
to adsorb and transport additional molecules (22–24). Furthermore, NPs 
are solid in nature. One of the most crucial problems in pharmaceuticals 
is the utilization of polymeric nanoparticles in the drug delivery sector.

About 90% of nuclear medicine diagnostic procedures utilize 99mTc 
(25). Nanoradiopharmaceuticals based on 99mTc and, more recently, 
rhenium-186 have become indispensable tools for detecting and treating 
various illnesses or malfunctions in the body’s organs and systems (25, 
26). The emergence of these nano radiopharmaceuticals provides an 
appealing alternative for tumor treatment and diagnosis, introducing a 
novel approach to nuclear medicine, radioprotection, and dosimetry (27). 
Other radiopolymers such as rhenium-186 etidronate, samarium-153 
lexidronam, and strontium-89 chloride are currently employed to alleviate 
bone discomfort associated with bone metastases.

Despite variations in several aspects among these 
radiopharmaceuticals, no documented benefit in terms of a higher 
response rate has been observed, including physical half-life, beta energy, 
penetration spectrum, and biochemical characteristics (28). 
Technetium-99 m is the most widely employed SPECT radionuclide due 
to its optimal imaging properties, such as a 140 keV γ emission and a short 
half-life of 6.0 h. In exploring the biodistribution features of nanoparticles 
(NPs), 99mTc has been utilized for a more in-depth understanding. In an 

FIGURE 1

Targeting approach of radiopharmaceuticals in cancer therapy.
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effort to traverse the blood–brain barrier (BBB), Bikhezar et al. explored 
(29) the utilization of polymeric nanocarriers encapsulating MEK162 
(binimetinib, a MEK1/2 inhibitor). The in vitro model demonstrated the 
effective penetration of the nanosystem through the blood–brain barrier, 
suggesting its capability to transport therapeutic medications to brain 
tumor locations. Furthermore, it exhibited efficacy in suppressing tumor 
growth when employed in conjunction with temozolomide (TMZ) and 
radiation therapy (RT) for treating glioma spheroids (29). Ozgur et al. (30) 
investigated the radiopharmaceutical potential of pheophorbide, utilizing 
99mTc-labeled bovine serum albumin nanoparticles. These nanoparticles 
demonstrate promise for application in scintigraphic tumor imaging and 
drug delivery, as evidenced by their heightened uptake in breast and 
uterine tissues compared to 99mTc-labeled pheophorbide-a (30).

Liposomes and micelles derivatized with diethylenetriamine 
pentaacetic acid (DTPA) have been demonstrated to encapsulate 
radiolabeled 111In and 177Lu. The utilization of 111In-labeled NPs has 
been prevalent in assessing the biodistribution of NPs. Notably, these 
NPs exhibited substantial aggregation in the liver and spleen of healthy 
Lewis rats 12 h post-injection, with minimal intestinal excretion. 
Importantly, the complexes retained high radioactivity concentration, 
indicating minimal release of metals (31, 32). Additionally, studies 
have shown that 111In-labeled gold nanoparticles effectively target 
αvß3 integrin both in vivo and in vitro using human melanoma and 
glioblastoma models. Another investigation revealed that a 
ruthenium-based radiosensitizer, combined with 111In-labeled 
polymeric nanoparticles, may induce combinational and targeted 
therapeutic effects on cancer cells overexpressing the human 
epidermal growth factor receptor (EGFR) (33, 34).

 b. Lipid based nanoparticles
Liposomes, characterized by a lipid bilayer structure, serve as drug 

delivery systems with a hydrophilic interior capable of incorporating 
radiopharmaceutical agents. Various techniques have been employed for 

radiolabeling liposomes, including the use of lipophilic chelators like 
2-hydroxyquinoline with preformed liposomes to load radionuclides via 
ionophores. Other approaches involve employing DOTA chelators or 
PEGylation for surface labeling onto the lipid bilayer, as well as using 
chelators like DOTA for the passive encapsulation of radioisotopes or 
membrane labeling during the preparation process (35).

111In 111In-labeled vinca alkaloid, namely vinorelbine is an 
antiproliferative agent that has demonstrated reduced toxicity and 
improved tumor reduction in mouse models. Vinorelbine is available in 
liposomal formulation. Because of their dual energy release characteristics 
that can be used to both impact cell death and for imaging, rhenium 
isotopes are especially well-suited for theranostic purposes. As 
demonstrated in a mouse model of head and neck cancer, the concurrent 
administration of other cytotoxic medications, such as doxorubicin, can 
increase the potency of such radioisotopes. Chang et al. (36) developed a 
liposome formulation by combining 188Re with sorafenib.

Liposomes conjugated with vasoactive intestinal peptide have 
exhibited enhanced accumulation of encapsulated Tc-HMPAO 
(hexamethylpropyleneamine oxime) in a breast cancer model. 
Furthermore, liposomes created with pertechnetate and surface charge 
modifications have demonstrated the ability to evade the 
reticuloendothelial system (37). Comparable intratumoural accumulation 
of Tc-liposome and Doxil liposomal formulations serves as confirmation 
of the said approach. Developing 67Ga liposomes with specific surface 
charges that allow for in vivo tumor and inflammation differentiation is 
also possible. 64Cu has also been shown to improve in vivo tumor 
accumulation in neuro-endocrine, head, and neck, and breast 
malignancies (38). Because 1-[18F]fluoro-3,6-dioxatetracosane penetrates 
the blood brain barrier differently than 18F-deoxyfluoroglucose, liposomes 
containing it function better for in vivo neuroglioma imaging.

Patients undergoing combination therapy involving a liposome 
formulation and another chemotherapeutic, such as cisplatin, have 

FIGURE 2

Nanotools for the delivery of pharmaceuticals.
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exhibited positive correlations between patient outcomes and the 
intratumoral retention of radiotagged liposomal anticancer 
formulations. Medication-free radiotagged liposome diagnostic 
companion kits have advanced because of these results, despite the 
increased drug concentration inside the tumor, which does not always 
translate into increased efficacy. DoxilTM’s comparable effectiveness to 
free doxorubicin across a range of cancer types is an example of the 
abovementioned concept. However, liposomal DoxilTM reduces 
cardiac tissue toxicity and lowers dosage frequency (39).

In vitro characterization studies, including assessments of particle 
size, zeta potential, and high-performance liquid chromatography 
(HPLC), were conducted alongside in vivo toxicity tests. These 
investigations utilized 99mTc-labeled cationic PEGylated liposomes 
produced through conventional thin-film hydrolysis (40). The 
outcome illustrated that adding free liposomes utilizing a pH gradient 
approach improved the radiotracer’s uptake and localization. Even 
greater specificity was demonstrated, nevertheless, by tracer 
encapsulation that occurred during liposome synthesis.

 c. Quantum dots
Quantum Dots (QDs) have emerged as potent tools for drug 

delivery in various scientific fields, including molecular biology, cell 
biology, molecular imaging, and medical diagnostics. These QDs have 
been extensively investigated under diverse conditions, both in cells 
and living animals, primarily for imaging purposes. Apart from 
non-specific QD distribution/accumulation usage such lymph node 
mapping, vascular imaging, etc. (41), several research groups have also 
succeeded in active tumor targeting with QD-based probes (42).

Dynamically radio-labeled Quantum Dots (r-QDs), incorporating 
109Cd into the core/shell structure of QDs with various compositions, 
were synthesized. The in vitro and in vivo characterization of these 
r-QDs was subsequently investigated (43). The near-infrared emission, 
extended circulation half-life, minimal cytotoxicity, tiny dimensions, 
and low accumulation in the reticuloendothelial system, and precision 
in measuring their biodistribution in mice were the intriguing features 
of these r-QDs. The study showcased the desirable properties of 
intrinsically radio-labeled Quantum Dots (QDs), suggesting that their 
biological potential could be  further enhanced through ongoing 
development and optimization.

One research employed antibody-conjugated Cd125mTe/ZnS QDs to 
target the pulmonary endothelium of mice. Biodistribution investigations 
and SPECT imaging were used to assess the targeting efficacy, although 
no optical imaging was described (44). Functionalized Cd125mTe/ZnS QDs 
interact with the reticuloendothelial system, and the potential advantages 
of vascular targeting were investigated (45). The study revealed a 
consistent radioactive distribution in the mouse lungs, with notably lower 
accumulation in the liver and spleen than non-targeted Cd125mTe/ZnS 
QDs. This indicated the antigen-specific absorption of antibody-
conjugated Cd125mTe/ZnS QDs. Biodistribution tests were also conducted 
in animals with depleted phagocytic cells using clodronate-loaded 
liposomes, revealing a significant reduction in QD absorption and 
elimination from the circulation.

 d. Mesoporous nanoparticles
Because of their high capacity, ease of breakdown, and low toxicity, 

mesoporous nanomaterials have proven to be good drug carriers (46). For 
example, mesoporous tantalum oxide (mTa2O5) nanoparticles were 
modified by Chen et al. using polyethylene glycol (PEG) to create novel 
nanocomposites (mTa2O5-PEG). Chemotherapy medications like 
doxorubicin (DOX) can be efficiently loaded and delivered by these 
mTa2O5-PEG nanocomposite materials. Ta, a high Z element, can boost 

radiation’s anti-tumor effects and increase the amount of X-rays deposited 
within tumor tissues in mTa2O5-PEG/DOX nanoparticles. In comparison 
to free DOX administered at a similar dose in conjunction with 
radiotherapy (RT) in vivo, the toxicity of DOX-loaded mTa2O5-PEG 
nanoparticles combined with RT was significantly reduced (15). In a 
separate study by Liu et  al., bi-based mesoporous litchi-shaped 
Na0.2Bi0.8O0.35F1.91:20%Yb nanoparticles were loaded into amphiphilic 
polyethylene glycol (PEG) as a drug delivery vehicle. This nanocomposite 
exhibited controlled release of chemotherapy medication like 
DOX. According to Liu et al. (47), NBOF-PEG nanoparticles containing 
the high-Z element Bi, can potentially enhance the anti-tumor efficacy of 
radiotherapy by increasing X-ray absorption in tumor tissues.

Conclusion

Collaborative research at the nanotechnology-nuclear medicine 
interface offers potential solutions to current challenges in radionuclide 
therapy. Cross-training scientists across disciplines is essential for sustained 
multidisciplinary growth, fostering innovative findings and translational 
opportunities. This research highlights distinct advantages and limitations 
in imaging modalities, nanomaterial radiolabeling, and nano-
radiopharmaceutical compositions. Despite incremental improvements, 
challenges persist, including precise radiation dose selection, reliance on 
costly noble metals, and the long-term toxicity of accumulated 
nanoparticles. A holistic strategy, which balances drawbacks and benefits, 
necessitates multidisciplinary efforts at the convergence of nuclear 
medicine and nanomedicine. This approach holds promise for tailored 
solutions, facilitating the seamless transition of novel agents from bench to 
bedside soon. Striking a balance between potential drawbacks, such as 
elimination kinetics and manufacturing/regulatory challenges, and the 
evident benefits of nano-radiopharmaceuticals in loading efficiency and 
therapeutic efficacy is crucial. Anticipating future trends and promising 
preclinical outcomes, we foresee a prospective landscape where novel 
agents seamlessly transition from bench to bedside. This collaborative 
endeavor, driven by multidisciplinary experts, is pivotal for advancing 
convergent research and realizing the full potential of this intersection.

Author contributions

TD: Data curation, Software, Writing – review & editing. ND: 
Methodology, Writing – review & editing. KB: Formal analysis, 
Investigation, Writing – review & editing. PS: Validation, Writing – 
review & editing. TG: Formal analysis, Writing – review & editing. SR: 
Conceptualization, Writing – original draft.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

https://doi.org/10.3389/fmed.2024.1355058
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Dixit et al. 10.3389/fmed.2024.1355058

Frontiers in Medicine 06 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Holland JP. The radiopharmaceutical chemistry of seldom-used radionuclides in 

nuclear medicine. Radiopharmaceutical Chem. (2019) 425–46. doi: 10.1007/978-3- 
319-98947-1_24

 2. Vallabhajosula S, Killeen RP, Osborne JR. Altered biodistribution of 
radiopharmaceuticals: role of radiochemical/pharmaceutical purity, physiological, and 
pharmacologic factors. Semin Nucl Med. (2010) 40:220–41. doi: 10.1053/j.
semnuclmed.2010.02.004

 3. Morris MJ, De Bono JS, Chi KN, Fizazi K, Herrmann K, Rahbar K, et al. Phase III 
study of lutetium-177-PSMA-617 in patients with metastatic castration-resistant prostate 
cancer (VISION). WB Saunders (2006).

 4. Nock BA, Kaloudi A, Lymperis E, Giarika A, Kulkarni HR, Klette I, et al. 
Theranostic perspectives in prostate cancer with the gastrin-releasing peptide receptor 
antagonist NeoBOMB1: preclinical and first clinical results. J Nucl Med. (2017) 58:75–80. 
doi: 10.2967/jnumed.116.178889

 5. Stella M, Braat AJ, van Rooij R, de Jong HW, Lam MG. Holmium-166 
radioembolization: current status and future prospective. Cardiovasc Intervent Radiol. 
(2022) 45:1634–45. doi: 10.1007/s00270-022-03187-y

 6. Reinders MT, Smits ML, van Roekel C, Braat AJ. Holmium-166 microsphere 
Radioembolization of hepatic malignancies. Semin Nucl Med. (2022) 49:237–43. doi: 
10.1053/j.semnuclmed.2019.01.008

 7. Ramnaraign B, Sartor O. PSMA-targeted radiopharmaceuticals in prostate Cancer: 
current data and new trials. Oncologist. (2023) 28:392–401. doi: 10.1093/oncolo/oyac279

 8. Sgouros G, Bodei L, McDevitt MR, Nedrow JR. Radiopharmaceutical therapy in 
cancer: clinical advances and challenges. Nat Rev Drug Discov. (2020) 19:589–608. doi: 
10.1038/s41573-020-0073-9

 9. Karlsson J, Schatz CA, Wengner AM, Hammer S, Scholz A, Cuthbertson A, et al. 
Targeted thorium-227 conjugates as treatment options in oncology. Front Med. (2023) 
9:1071086. doi: 10.3389/fmed.2022.1071086

 10. Lindén O, Bates AT, Cunningham D, Hindorf C, Larsson E, Cleton A, et al. 227Th-
labeled anti-CD22 antibody (BAY 1862864) in relapsed/refractory CD22-positive non-
Hodgkin lymphoma: a first-in-human, phase I study. Cancer Biother Radiopharm. (2021) 
36:672–81. doi: 10.1089/cbr.2020.4653

 11. Hagemann UB, Ellingsen C, Schuhmacher J, Kristian A, Mobergslien A, Cruciani 
V, et al. Mesothelin-targeted thorium-227 conjugate (MSLN-TTC): preclinical 
evaluation of a new targeted alpha therapy for mesothelin-positive cancers. Clin Cancer 
Res. (2019) 25:4723–34. doi: 10.1158/1078-0432.CCR-18-3476

 12. Juergens RA, Zukotynski KA, Juneau D, Krnezich L, Simms R, Forbes J, et al. A 
phase I  study of [225Ac]-FPI-1434 radioimmunotherapy in patients with IGF-1R 
expressing solid tumors. J Clin Oncol. (2019) 37:TPS3152. doi: 10.1200/JCO.2019.37.15_
suppl.TPS3152

 13. Dalla Volta A, Formenti AM, Berruti A. Higher risk of fragility fractures in 
prostate Cancer patients treated with combined Radium-223 and Abiraterone: 
prednisone may be  the culprit. Eur Urol. (2019) 75:894–5. doi: 10.1016/j.
eururo.2019.01.026

 14. Hogle WP. The state of the art in radiation therapy. Semin Oncol Nurs. (2019) 
22:212–20. doi: 10.1016/j.soncn.2006.07.004

 15. Chen Y, Song G, Dong Z, Yi X, Chao Y, Liang C, et al. Drug-loaded mesoporous 
tantalum oxide nanoparticles for enhanced synergetic chemoradiotherapy with reduced 
systemic toxicity. Small. (2017) 13:1602869. doi: 10.1002/smll.201602869

 16. Ferro-Flores G, Ocampo-García E, Santos-Cuevas C, Morales-Avila E, Azorín-
Vega E. Multifunctional radiolabeled nanoparticles for targeted therapy. Curr Med 
Chem. (2014) 21:124–38. doi: 10.2174/09298673113209990218

 17. Gupta S, Bansal R, Gupta S, Jindal N, Jindal A. Nanocarriers and nanoparticles for 
skin care and dermatological treatments. Indian Dermatol Online J. (2013) 4:267–72. 
doi: 10.4103/2229-5178.120635

 18. Liu Z, Parida S, Prasad R, Pandey R, Sharma D, Barman I. Vibrational spectroscopy 
for decoding cancer microbiota interactions: current evidence and future perspective. 
Semin Cancer Biol. (2022) 86:743–52. doi: 10.1016/j.semcancer.2021.07.004

 19. Yang S, Gao H. Nanoparticles for modulating tumor microenvironment to 
improve drug delivery and tumor therapy. Pharmacol Res. (2017) 126:97–108. doi: 
10.1016/j.phrs.2017.05.004

 20. Ulbrich K, Hola K, Subr V, Bakandritsos A, Tucek J, Zboril R. Targeted drug 
delivery with polymers and magnetic nanoparticles: covalent and noncovalent 
approaches, release control, and clinical studies. Chem Rev. (2016) 116:5338–431. doi: 
10.1021/acs.chemrev.5b00589

 21. Hansen AE, Petersen AL, Henriksen JR, Boerresen B, Rasmussen P, Elema DR, 
et al. Positron emission tomography based elucidation of the enhanced permeability and 
retention effect in dogs with cancer using copper-64 liposomes. ACS Nano. (2015) 
9:6985–95. doi: 10.1021/acsnano.5b01324

 22. Alexis F, Pridgen E, Molnar LK, Farokhzad OC. Factors affecting the clearance and 
biodistribution of polymeric nanoparticles. Mol Pharm. (2008) 5:505–15. doi: 10.1021/
mp800051m

 23. Pecher J, Mecking S. Nanoparticles of conjugated polymers. Chem Rev. (2010) 
110:6260–79. doi: 10.1021/cr100132y

 24. Lu XY, Wu DC, Li ZJ, Chen GQ. Polymer nanoparticles. Prog Mol Biol Transl 
Sci. (2011) 104:299–323. doi: 10.1016/B978-0-12-416020-0.00007-3

 25. Costa B, Ilem-Özdemir D, Santos-Oliveira R. Technetium-99m metastable 
radiochemistry for pharmaceutical applications: old chemistry for new products. J Coord 
Chem. (2019) 72:1759–84. doi: 10.1080/00958972.2019.1632838

 26. Hua J, Dobrucki LW, Sadeghi MM, Zhang J, Bourke BN, Cavaliere P, et al. 
Noninvasive imaging of angiogenesis with a 99mTc-labeled peptide targeted at αvβ3 
integrin after murine hindlimb ischemia. Circulation. (2005) 111:3255–60. doi: 10.1161/
CIRCULATIONAHA.104.485029

 27. Garnett MC, Kallinteri P. Nanomedicines and nanotoxicology: some physiological 
principles. Occup Med. (2006) 56:307–11. doi: 10.1093/occmed/kql052

 28. Paes FM, Serafini AN. Systemic metabolic radiopharmaceutical therapy in the 
treatment of metastatic bone pain. Semin Nucl Med. 40:89–104. doi: 10.1053/j.
semnuclmed.2009.10.003

 29. Bikhezar F, de Kruijff RM, van der Meer AJ, Torrelo Villa G, van der Pol SM, 
Becerril Aragon G, et al. Preclinical evaluation of binimetinib (MEK162) delivered via 
polymeric nanocarriers in combination with radiation and temozolomide in glioma. J 
Neurooncol. (2020) 146:239–46. doi: 10.1007/s11060-019-03365-y

 30. Ozgur A, Lambrecht FY, Ocakoglu K, Gunduz C, Yucebas M. Synthesis and 
biological evaluation of radiolabeled photosensitizer linked bovine serum albumin 
nanoparticles as a tumor imaging agent. Int J Pharm. (2012) 422:472–8. doi: 10.1016/j.
ijpharm.2011.11.013

 31. Psimadas D, Georgoulias P, Valotassiou V, Loudos G. Molecular nanomedicine 
towards cancer: 111In-labeled nanoparticles. J Pharm Sci. (2012) 101:2271–80. doi: 
10.1002/jps.23146

 32. Lim YH, Tiemann KM, Hunstad DA, Elsabahy M, Wooley KL. Polymeric 
nanoparticles in development for treatment of pulmonary infectious diseases. 
Wiley Interdiscip Rev Nanomed Nanobiotechnol. (2016) 8:842–71. doi: 10.1002/
wnan.1401

 33. Ng QK, Olariu CI, Yaffee M, Taelman VF, Marincek N, Krause T, et al. Indium-111 
labeled gold nanoparticles for in-vivo molecular targeting. Biomaterials. (2014) 
35:7050–7. doi: 10.1016/j.biomaterials.2014.04.098

 34. Gill MR, Menon JU, Jarman PJ, Owen J, Skaripa-Koukelli I, Able S, et al. 111In-
labelled polymeric nanoparticles incorporating a ruthenium-based radiosensitizer for 
EGFR-targeted combination therapy in oesophageal cancer cells. Nanoscale. (2018) 
10:10596–608. doi: 10.1039/C7NR09606B

 35. Van der Geest T, Laverman P, Metselaar JM, Storm G, Boerman OC. Radionuclide 
imaging of liposomal drug delivery. Expert Opin Drug Deliv. (2016) 13:1231–42. doi: 
10.1080/17425247.2016.1205584

 36. Chang YJ, Hsu WH, Chang CH, Lan KL, Ting G, Lee TW. Combined therapeutic 
efficacy of 188Re-liposomes and sorafenib in an experimental colorectal cancer liver 
metastasis model by intrasplenic injection of C26-luc murine colon cancer cells. 
Molecular Clinical Oncol. (2014) 2:380–4. doi: 10.3892/mco.2014.246

 37. Dagar S, Krishnadas A, Rubinstein I, Blend MJ, Önyüksel H. VIP grafted sterically 
stabilized liposomes for targeted imaging of breast cancer: in vivo studies. J Control 
Release. (2003) 91:123–33. doi: 10.1016/S0168-3659(03)00242-6

 38. Shokeen M, Anderson CJ. Molecular imaging of cancer with copper-64 
radiopharmaceuticals and positron emission tomography (PET). Acc Chem Res. (2009) 
42:832–41. doi: 10.1021/ar800255q

 39. Ekladious I, Colson YL, Grinstaff MW. Polymer–drug conjugate therapeutics: 
advances, insights and prospects. Nat Rev Drug Discov. (2019) 18:273–94. doi: 10.1038/
s41573-018-0005-0

 40. Alkandari AM, Alsayed YM, El-Hanbaly AM. Radiopharmaceutical encapsulated 
liposomes as a novel radiotracer Im-aging and drug delivery protocol. Curr Radiopharm. 
(2023) 16:133–9. doi: 10.2174/1874471016666221202094628

https://doi.org/10.3389/fmed.2024.1355058
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/978-3-319-98947-1_24
https://doi.org/10.1007/978-3-319-98947-1_24
https://doi.org/10.1053/j.semnuclmed.2010.02.004
https://doi.org/10.1053/j.semnuclmed.2010.02.004
https://doi.org/10.2967/jnumed.116.178889
https://doi.org/10.1007/s00270-022-03187-y
https://doi.org/10.1053/j.semnuclmed.2019.01.008
https://doi.org/10.1093/oncolo/oyac279
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.3389/fmed.2022.1071086
https://doi.org/10.1089/cbr.2020.4653
https://doi.org/10.1158/1078-0432.CCR-18-3476
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS3152
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS3152
https://doi.org/10.1016/j.eururo.2019.01.026
https://doi.org/10.1016/j.eururo.2019.01.026
https://doi.org/10.1016/j.soncn.2006.07.004
https://doi.org/10.1002/smll.201602869
https://doi.org/10.2174/09298673113209990218
https://doi.org/10.4103/2229-5178.120635
https://doi.org/10.1016/j.semcancer.2021.07.004
https://doi.org/10.1016/j.phrs.2017.05.004
https://doi.org/10.1021/acs.chemrev.5b00589
https://doi.org/10.1021/acsnano.5b01324
https://doi.org/10.1021/mp800051m
https://doi.org/10.1021/mp800051m
https://doi.org/10.1021/cr100132y
https://doi.org/10.1016/B978-0-12-416020-0.00007-3
https://doi.org/10.1080/00958972.2019.1632838
https://doi.org/10.1161/CIRCULATIONAHA.104.485029
https://doi.org/10.1161/CIRCULATIONAHA.104.485029
https://doi.org/10.1093/occmed/kql052
https://doi.org/10.1053/j.semnuclmed.2009.10.003
https://doi.org/10.1053/j.semnuclmed.2009.10.003
https://doi.org/10.1007/s11060-019-03365-y
https://doi.org/10.1016/j.ijpharm.2011.11.013
https://doi.org/10.1016/j.ijpharm.2011.11.013
https://doi.org/10.1002/jps.23146
https://doi.org/10.1002/wnan.1401
https://doi.org/10.1002/wnan.1401
https://doi.org/10.1016/j.biomaterials.2014.04.098
https://doi.org/10.1039/C7NR09606B
https://doi.org/10.1080/17425247.2016.1205584
https://doi.org/10.3892/mco.2014.246
https://doi.org/10.1016/S0168-3659(03)00242-6
https://doi.org/10.1021/ar800255q
https://doi.org/10.1038/s41573-018-0005-0
https://doi.org/10.1038/s41573-018-0005-0
https://doi.org/10.2174/1874471016666221202094628


Dixit et al. 10.3389/fmed.2024.1355058

Frontiers in Medicine 07 frontiersin.org

 41. Li ZB, Cai W, Chen X. Semiconductor quantum dots for in vivo imaging. J Nanosci 
Nanotechnol. (2007) 7:2567–81. doi: 10.1166/jnn.2007.628

 42. Smith BR, Cheng Z, De A, Koh AL, Sinclair R, Gambhir SS. Real-time intravital 
imaging of RGD− quantum dot binding to luminal endothelium in mouse tumor 
neovasculature. Nano Lett. (2008) 8:2599–606. doi: 10.1021/nl080141f

 43. Cai W, Hong H. In a “nutshell”: intrinsically radio-labeled quantum dots. Am J 
Nucl Med Mol Imaging. (2012) 2:136–40.

 44. Woodward JD, Kennel SJ, Mirzadeh S, Dai S, Wall JS, Richey T, et al. In vivo 
SPECT/CT imaging and biodistribution using radioactive Cd125mTe/ZnS nanoparticles. 
Nanotechnology. (2007) 18:175103. doi: 10.1088/0957-4484/18/17/175103

 45. Kennel SJ, Woodward JD, Rondinone AJ, Wall J, Huang Y, Mirzadeh S. The fate of 
MAb-targeted Cd125mTe/ZnS nanoparticles in vivo. Nucl Med Biol. (2008) 35:501–14. 
doi: 10.1016/j.nucmedbio.2008.02.001

 46. He L, Lai H, Chen T. Dual-function nanosystem for synergetic cancer 
chemo−/radiotherapy through ROS-mediated signaling pathways. Biomaterials. 
(2015) 51:30–42. doi: 10.1016/j.biomaterials.2015.01.063

 47. Liu J, Deng Y, Qin X, Li B, Zhang J, Xu Y, et al. Ultrafast synthesizing bismuth 
mesoporous nanolitchi radiosensitizer loading high dose DOX for CT-guided enhanced 
chemoradiotherapy. ACS Appl Mater Interfaces. (2019) 11:42932–42. doi: 10.1021/
acsami.9b13647

https://doi.org/10.3389/fmed.2024.1355058
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1166/jnn.2007.628
https://doi.org/10.1021/nl080141f
https://doi.org/10.1088/0957-4484/18/17/175103
https://doi.org/10.1016/j.nucmedbio.2008.02.001
https://doi.org/10.1016/j.biomaterials.2015.01.063
https://doi.org/10.1021/acsami.9b13647
https://doi.org/10.1021/acsami.9b13647

	Nano-radiopharmaceuticals as therapeutic agents
	Introduction
	Targeted approach for cancer therapy employing radiopharmaceuticals
	Types of nanotools for the delivery of nano radiopharmaceuticals
	Conclusion
	Author contributions

	References

