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Abstract 

The integration of nanotechnology into drug repurposing strategies is redefining the development 

landscape for diagnostic, therapeutic, and theranostic agents. Originally based on 

radiopharmaceuticals, many of these nanoplatforms evolve into multifunctional systems by 

incorporating additional imaging modalities (e.g., MRI, fluorescence) or non-radioactive therapies 

(e.g., photodynamic therapy, chemotherapy). These hybrid constructs often emerge from the 

reformulation, repositioning, or revival of previously approved or abandoned compounds, 

generating entities with novel pharmacological, pharmacokinetic, and biodistribution profiles. 

However, their translational potential faces significant regulatory hurdles. Existing frameworks—

typically designed for single-modality drugs or devices—struggle to accommodate the combined 

complexity of nanoengineering, radioactive components, and integrated functionalities. This review 

examines how these systems challenge current norms in classification, safety assessment, preclinical 

modeling, and regulatory coordination. It also addresses emerging concerns around digital adjuncts 

such as AI-assisted dosimetry and software-based therapy planning. Finally, the article outlines 

international initiatives aimed at closing regulatory gaps and provides future directions for building 

harmonized, risk-adapted frameworks that support innovation while ensuring safety and efficacy. 

Keywords: nanotheranostics; drug repurposing; multifunctional nanoparticles; hybrid imaging 

agents; combination therapies; radiopharmaceuticals; regulatory frameworks; personalized 

medicine; clinical translation; AI-assisted treatment planning 

 

0. Scope of the Review 

This review does not follow the traditional format of simply listing and summarizing 

experimental studies or nanotechnology-based formulations already developed for drug 

repurposing. Instead, it aims to provide a comprehensive and integrative perspective that 

synthesizes, through an exhaustive review of the literature, the multiple and often interrelated ways 

in which nanotechnology can support and enhance the repurposing of radiopharmaceuticals. The 

manuscript focuses on conceptual and strategic contributions—such as improved pharmacokinetics, 

targeted delivery, and modulation of biological interactions—that nanotechnology offers to 

reposition known radiotracers or therapeutic radionuclides for new diagnostic or therapeutic 

applications. By structuring the discussion around key technological and translational dimensions, 
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this work seeks to identify patterns, gaps, and opportunities rather than merely report existing 

outcomes. 

1. Introduction 

A radiopharmaceutical combines a radionuclide that emits imageable and/or therapeutic 

radiation with a carrier molecule that delivers the radionuclide to the target, though in some cases, 

the primary radionuclide (eg. 131INa) itself is responsible for both targeting and irradiation [1]. For 

imaging, the radionuclide should emit either positrons for positron emission tomography (PET) or 

photons for single-photon emission computed tomography (SPECT). For radiopharmaceutical 

therapy, radionuclides that emit ß− particles (electrons) have proven highly effective in clinical 

practice [2–4]. In addition, isotopes that produce α particles [5–7] — emissions capable of depositing 

extremely high amounts of energy across their short path-lengths — have been used clinically (e.g., 

223RaCl2) and have shown promise in advanced clinical trials (e.g., 225Ac-DOTA-TATE and 225Ac-

PSMA-617). Finally, radiopharmaceuticals containing Auger-electron emitting nuclides remain 

predominantly in the preclinical arena, though a handful of centres have translated them to the clinic 

[8]. 

In 2002, Funkhouser et al. introduced and defined the term ‘theranostics’ as a single compound 

containing both diagnostic and therapeutic properties [9] although a growing number of these 

radiopharmaceuticals are in fact labelled with ‘theranostic pairs’ of radionuclides that facilitate the 

use of closely related probes for both imaging and therapy. Theranostics was introduced as a new 

field in medicine called ‘personalized medicine’ or ‘personalized therapy’ and Hick summarized this 

field in one sentence as “if you can see it, you can treat it” [10] (Figure 1). The use of 

radiopharmaceuticals in various diseases like cancer, cardiovascular, endocrine and neurological 

disorders is increasing day-by-day and therefore, gaining more attention of scientists in modern 

healthcare system. 
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Figure 1. The timeline highlights the major historical breakthroughs that shaped radiopharmaceutical evolution, 

from the early scientific discoveries to its rapid expansion. It also outlines current projections and emerging 

challenges, emphasizing the need for infrastructure, regulatory development, and global workforce training to 

ensure equitable access to advanced medical technologies that employ radiopharmaceuticals. 

Currently, radiopharmacy faces several challenges in the development of radiopharmaceuticals, 

such as manufacturing and production difficulties, regulatory and reimbursement barriers, access 

and availability of radionuclides, integration into clinical practice, interdisciplinary collaboration and 

workforce training, as well as scientific and technological innovation [11]. 

Radiopharmaceuticals in nuclear medicine continue to face persistent challenges, primarily due 

to their limited and often non-uniform uptake within target tissues such as solid tumors. These 

limitations have historically led to the rejection or underutilization of promising radiopharmaceutical 

candidates, despite their potential diagnostic or therapeutic value. Nanotechnology offers an 

opportunity not only to enable the development of novel delivery systems but also to reposition 

previously discarded radiopharmaceuticals and to enhance the performance of those already 

established in clinical practice. While oncology remains a primary focus due to the high incidence of 

solid tumors (e.g., sarcomas, carcinomas, and lymphomas account for over 85% of all human cancers), 

the benefits of radiopharmaceuticals—sensitive diagnostic signals and the ability to induce targeted 

cell death—extend far beyond cancer. Fields such as cardiology, neurology, and infectious disease 

could greatly benefit from improved delivery platforms that optimize biodistribution and minimize 

systemic toxicity. Therefore, the advancement of nanotechnology-driven radiopharmaceutical 
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delivery strategies capable of overcoming biological barriers, enhancing targeting, and broadening 

clinical applications is of critical importance [12–14]. 

As with many conventional pharmaceuticals, radiopharmaceuticals face challenges related to 

biodistribution, safety, and therapeutic effectiveness. Nanotechnology has already proven capable of 

optimizing the clinical performance of numerous drugs, either by enhancing their therapeutic effect 

or by reducing adverse effects through targeted delivery. Radiopharmaceuticals can benefit from 

these same approaches, achieving improved diagnostic sensitivity and therapeutic outcomes while 

minimizing off-target exposure. This dual advantage—enhanced efficacy and reduced toxicity—

positions nanotechnology as a transformative tool for redefining the role and scope of 

radiopharmaceuticals across multiple medical specialties [12–14]. 

This review aims to provide a comprehensive examination of the evolving role of 

nanotechnology in drug repurposing within radiopharmacy, with particular emphasis on how 

nanocarrier systems have contributed, are currently contributing, or may contribute in the future to 

overcoming key challenges previously outlined. By integrating insights from past studies, current 

research, and emerging technologies, we highlight how nanotechnology can optimize the clinical 

performance of both established and previously discarded radiopharmaceuticals. 

2. Current Challenges in Radiopharmacy 

Radiopharmacy forms the foundation of nuclear medicine, as neither functional imaging nor 

targeted radiotherapy would be possible without radiopharmaceuticals [15–21]. Unlike other 

imaging modalities, nuclear medicine relies entirely on these compounds for both diagnosis and 

treatment, underscoring the pivotal role of this discipline. Consequently, nuclear medicine is 

inherently multidisciplinary, integrating expertise from medicine, chemistry, physics, and biology. 

The field continues to evolve through the development of innovative diagnostic and therapeutic 

agents, with theranostic pairs representing the fastest-growing area in line with the rise of 

personalized medicine and projected to account for the majority of future radiopharmaceutical 

developments. The timeline presented in this review highlights key milestones in the evolution of 

radiopharmacy and its central contribution to the emergence of nuclear medicine, providing the 

context needed to understand the current challenges and future directions of the field [19,22–29]. 

In recent years, theranostics has emerged as a paradigm shift in radiopharmacy and 

personalized nuclear medicine, especially in oncology, combining diagnostic imaging and targeted 

therapy within a single molecular platform. This dual capability enables clinicians to identify, image, 

and treat tumors with unparalleled precision, effectively applying the concept of ‘seeing what you 

treat.’ By integrating imaging radiopharmaceuticals to confirm target expression with therapeutic 

agents delivering localized radiation, theranostics allows real-time monitoring of treatment response 

while reducing systemic toxicity and the risk of therapeutic failure. Compared to traditional single-

purpose diagnostic or therapeutic radiopharmaceuticals, theranostics provides a more efficient route 

for patient selection, therapy planning, and outcome prediction, ultimately improving treatment 

efficacy and safety. [19,30] Despite its clinical successes and growing regulatory approvals, significant 

challenges remain that span the entire value chain, from radionuclide production to clinical 

translation, and must be addressed to ensure sustainable growth of the field [11,31–50]. 

2.1. Manufacturing and Production Difficulties 

The synthesis and production of radiopharmaceuticals, particularly those involving emerging 

alpha- and Auger-electron emitters, remain highly complex. Production capacity is often limited to a 

few specialized facilities and scaling up these processes while maintaining radiochemical purity and 

reproducibility is technically demanding. Developing reliable, efficient, and cost-effective 

manufacturing workflows is critical to meet the growing global demand. 

2.2. Regulatory and Reimbursement Barriers 
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Disparities in regulatory requirements and reimbursement policies across countries hinder the 

broad adoption of novel radiopharmaceuticals. In many regions, global reimbursement frameworks 

are not adequately designed to cover innovative agents, creating disparities in access and slowing 

the translation of new technologies into clinical practice. 

2.3. Access and Availability of Radionuclides 

The production of radionuclides depends on limited global infrastructure. Shortages of key 

medical isotopes—exacerbated by aging reactor facilities and uneven distribution networks—pose a 

significant bottleneck for both routine clinical applications and research. Strengthening international 

collaborations, developing robust online databases for radionuclide availability, and expanding 

production facilities are essential steps to mitigate these constraints. 

2.4. Integration into Clinical Practice 

Conducting large-scale, randomized clinical trials for radiopharmaceuticals remains challenging 

due to the complex logistics of isotope supply, ethical considerations related to radiation exposure, 

and the high costs involved. This slows down the transition from promising preclinical studies to 

widespread clinical use, particularly for first-line and combination therapies. 

2.5. Interdisciplinary Collaboration and Workforce Training 

Nuclear medicine is intrinsically multidisciplinary, requiring expertise in radiochemistry, 

pharmacy, imaging technologies, oncology, and medical physics. The rapid pace of innovation 

demands a highly skilled workforce yet training programs and collaborative platforms are still 

insufficient in many regions—particularly in low- and middle-income countries. 

2.6. Scientific and Technological Innovation 

As the field evolves toward more sophisticated theranostic applications, new challenges arise, 

such as designing advanced chelators for novel radionuclides, improving dosimetry methodologies, 

and developing delivery systems that ensure both safety and efficacy. These scientific hurdles must 

be overcome to fully exploit the therapeutic and diagnostic potential of modern 

radiopharmaceuticals. 

Collectively, these barriers slow the realization of radiopharmaceuticals’ full potential in 

personalized therapy, underscoring the need for innovative strategies, including those offered by 

nanotechnology to overcome these hurdles. 

Many of the structural and scientific barriers currently limiting the impact of 

radiopharmaceuticals—such as complex manufacturing, radionuclide shortages, suboptimal 

biodistribution, translational gaps, regulatory frictions, workforce limitations, and the need for 

advanced chelation/dosimetry—mirror the challenges faced in conventional drug development. In 

other pharmaceutical domains, nanotechnology has consistently proven its value by (1) enhancing 

delivery selectivity, (2) stabilizing labile drugs, (3) enabling multimodal and theranostic applications, 

and (4) improving the benefit–risk profile. Radiopharmacy can leverage the same technological 

advances. 

Specifically, nanoplatforms can [11]: 

1. Improve production efficiency and formulation robustness, enhancing stability, scalability, 

and handling of radioconjugates and nano-radiocarriers. 

2. Optimize biodistribution and targeting, reducing off-target effects and increasing the signal-

to-background ratio for imaging and therapeutic efficacy. 

3. Enhance radiolabeling stability and chelation (especially for emerging radionuclides), 

reducing radionuclide leaching or recoil effects. 
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4. Enable multimodal platforms and improved dosimetry by integrating both imaging and 

therapeutic components within the same nanocarrier, allowing real-time monitoring and precise 

quantification. 

5. Overcome biological barriers (e.g., tumor microenvironment, blood-brain barrier), which have 

historically limited uniform tumor uptake and led to the abandonment of otherwise promising 

agents. 

From a radiopharmaceutical repurpose, nanotechnology enables two parallel approaches: 

(A) Reviving “failed” or underutilized agents whose pharmacokinetics, toxicity, or 

biodistribution can be optimized through nanoformulation. 

(B) Enhancing the clinical performance of well-established radiopharmaceuticals, particularly 

when pursuing goals such as dose reduction, As Low As Reasonably Achievable (ALARA) 

compliance, theragnostic pairing, or multimodal imaging. 

Within this context, nanocarriers are being explored—or could be explored—to achieve five 

strategic objectives that directly address the broader challenges outlined above [51]: 

1) Mitigating Medical Isotope Shortages 

By improving delivery efficiency and retention in target tissues, nanocarriers allow for lower 

administered activities without sacrificing diagnostic or therapeutic outcomes, thereby extending 

limited radionuclide supplies such as 99Mo/99mTc [52–60]. 

Key challenges addressed: Manufacturing and production, Radionuclide access, Scientific and 

technological innovation (through designs that maximize performance per dose). 

Repurposing benefit: Revives compounds previously considered unfeasible due to isotope cost 

or scarcity. 

2) Reducing Costs Without Upgrading Equipment 

While advancements in scanner sensitivity remain important, nano-enabled dose sparing can 

deliver comparable or superior image quality while reducing isotope waste and operational costs 

[60–62]. 

Key challenges addressed: Manufacturing and production, Reimbursement, Access to 

radionuclides. 

Repurposing benefit: Enables the reintroduction of radiopharmaceuticals previously limited by 

economic constraints. 

3) Enhancing Radiation Safety (ALARA Principle) 

Selective targeting and improved retention allow for lower patient doses, reduced systemic 

exposure, and enhanced radiation protection for healthcare workers [60–62]. 

Key challenges addressed: Clinical integration (better risk-benefit profile facilitates adoption), 

Scientific innovation (designing nano-delivery systems with improved PK/PD). 

Repurposing benefit: Rescues radiopharmaceuticals abandoned due to systemic toxicity by 

improving their therapeutic index. 

4) Enabling Theragnostic Applications 

Nanoplatforms enable co-delivery of imaging and therapeutic radionuclides or the integration 

of theragnostic pairs within a single vector, ensuring synchronized biodistribution and “see what 

you treat” feedback with real-time dosimetry [63–65]. 

Key challenges addressed: Clinical integration (patient selection, monitoring), Scientific 

innovation (advanced chelation, theragnostic stability), Workforce (requires and fosters 

multidisciplinary collaboration). 

Repurposing benefit: Converts diagnostic-only radiopharmaceuticals into theragnostic 

platforms, or vice versa. 

5) Supporting Multimodal Probe Design 

Hybrid imaging modalities (PET/CT, PET/MR, SPECT/CT) demand pharmacokinetic 

compatibility between contrast agents and radiotracers. Nanocarriers enable co-encapsulation or 

coordination of multiple agents, ensuring harmonized biodistribution and integrable readouts [66–

77]. 
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Key challenges addressed: Scientific innovation (multimodal design, improved dosimetry), 

Clinical integration (enhanced data quality). 

Repurposing benefit: Positions compounds as building blocks for multimodal imaging 

platforms, even if they previously lacked clinical impact. 

To contextualize how nanotechnology can systematically support radiopharmaceutical 

repurposing, we mapped five strategic nanotechnology-enabled objectives against six macro-level 

challenges currently limiting the impact of radiopharmaceutical sciences. This cross-walk highlights 

where nanocarriers can deliver direct, technically actionable value (e.g., improving dosimetry, 

stability, and targeting) and where their contribution is indirect but enabling (e.g., easing production 

pressure or strengthening the case for reimbursement through better cost–effectiveness and safety 

profiles). 

Figure 2 shows the mapping of the five nanotechnology objectives to the six major challenges in 

radiopharmaceutical sciences: 

 

Figure 2. Systems map linking five nanotechnology-driven objectives for radiopharmaceutical repurposing 

(inner ring) with six macro-challenges in radiopharmacy (outer ring). Solid lines indicate direct impact; dashed 

lines indicate indirect or enabling effects. The figure illustrates where nanotechnology can most strongly 

contribute to translational progress, clinical integration, and resource optimization. 

This approach is not limited to oncology. Nanotechnology can revive or optimize radiotracers 

for neurology, cardiology, infectious diseases, and inflammatory conditions, where: 

• High diagnostic sensitivity is critical (e.g., for amyloid plaques, infections, or microthrombi), 

• Targeting specificity reduces false positives and off-target toxicity, 

• Radiobiological safety margins are especially important (e.g., pediatric or vulnerable 

populations), 

• and multimodal imaging can accelerate clinical decision-making. 

• Despite its promise, nanotechnology cannot independently solve: 

• Fragmented regulatory and reimbursement frameworks 

• Insufficient radionuclide production infrastructure, 

• Gaps in workforce training and multidisciplinary collaboration. 
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However, by enhancing the clinical, economic, and safety profiles of both established and 

repurposed radiopharmaceuticals, nanotechnology strengthens the case for regulatory approval, 

reimbursement, and broader adoption. 

3. Functional Objectives of Nanotechnology-Enabled Drug Repurposing in 

Radiopharmacy 

Nanotechnology offers a unique opportunity to overcome several intrinsic barriers associated 

with the repurposing of drugs in the field of radiopharmacy. Unlike conventional drug development, 

radiopharmaceuticals must satisfy complex physicochemical and biodistribution requirements that 

limit the feasibility of repositioning without formulation innovation. Here we outline five key 

objectives that can be addressed by nanotechnology when applied to the repurpose of 

radiopharmaceutical agents: 

(1) Alleviating the Medical Isotope Shortage 

The global supply of key medical isotopes, particularly 99Mo/99mTc, remains a critical 

bottleneck for nuclear medicine [78]. Aging reactors, geopolitical factors, and limited production sites 

have led to recurrent shortages, which in turn jeopardize diagnostic workflows and patient care. In 

addition, emerging therapeutic radionuclides such as alpha-emitters (e.g., 225Ac, 211At) and Auger-

electron emitters are produced in small quantities and require cost-intensive infrastructure, limiting 

their availability for routine clinical use. 

Nanotechnology offers an innovative path to alleviate this shortage by enhancing the delivery 

efficiency and bioavailability of radionuclides, allowing smaller administered activities to achieve 

comparable or superior diagnostic and therapeutic effects [79,80]. By improving tumor accumulation 

and reducing off-target distribution, nanocarriers can minimize radiotracer waste and extend the 

clinical utility of existing isotope stocks. This is particularly valuable for high-demand agents such as 

99mTc-labeled tracers, which form the backbone of conventional nuclear medicine imaging. For 

example, lipid-based nanoparticles and polymeric micelles have been explored as carriers for 99mTc 

complexes, achieving better pharmacokinetics and prolonged blood circulation times compared to 

free radiotracers. This allows for the use of reduced isotope doses without compromising image 

quality, thereby reducing the strain on isotope supply chains. Similarly, the encapsulation of 

therapeutic alpha-emitters (such as 225Ac) within nanoparticle matrices has demonstrated improved 

tumor uptake and decreased systemic toxicity, effectively increasing the therapeutic yield per unit of 

isotope administered [81–83]. Furthermore, radioisotope recycling strategies integrated with 

nanocarrier design—such as using nanoparticles with high chelation stability—can help reduce 

isotope loss during synthesis and labeling, which is another key factor in maximizing the efficiency 

of limited radionuclide resources. 

Nanotechnology-driven optimization not only mitigates the current isotope shortage but also 

creates a foundation for repurposing older radiopharmaceuticals that were previously considered 

impractical due to high isotope demand or rapid clearance. With more efficient targeting and 

delivery, these compounds may regain clinical relevance in modern nuclear medicine. Several studies 

have illustrated the potential of nanotechnology to optimize radionuclide utilization and reduce 

reliance on scarce isotope supplies. One example involves 99mTc-loaded liposomes, which have been 

engineered with PEGylated surfaces to enhance circulation time and tumor targeting. These 

formulations not only require lower initial activities to achieve high-quality imaging but also reduce 

radiotracer degradation during preparation and transport, improving the overall efficiency of 

99Mo/99mTc use. Another notable case is the nanoencapsulation of 225Ac within inorganic 

nanocarriers, such as lanthanide phosphate nanoparticles or silica-based matrices. These platforms 

provide robust chelation and minimize the release of radioactive daughters, which is a major safety 

and efficacy challenge in alpha therapy. By increasing retention at the tumor site and limiting 
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systemic distribution, these nanocarriers effectively boost the therapeutic impact per administered 

dose, which is particularly valuable given the limited global production of 225Ac. 

(2) Reducing Costs Without Infrastructure Investment 

Nanotechnology can lower the total cost of radiopharmaceutical procedures without requiring 

capital-intensive upgrades in scanner hardware by (i) reducing the administered activity through 

more efficient delivery, (ii) decreasing tracer waste thanks to more stable radiolabeling/chelation, (iii) 

avoiding repeat scans by improving target-to-background ratios, and (iv) streamlining dosimetry and 

response monitoring in theranostic workflows. Although regulatory and reimbursement hurdles 

persist, nano-enabled dose-sparing and formulation robustness can improve cost-effectiveness 

profiles, strengthening the case for broader coverage and adoption [19,80,84–86]. 

The escalating costs of establishing and maintaining high-end hybrid imaging infrastructure 

(e.g., next-generation PET/CT or PET/MR) and scaling radioligand therapy programs have become a 

recognized barrier to equitable implementation of precision nuclear medicine. At the same time, 

reimbursement frameworks often lag behind scientific progress, creating economic bottlenecks that 

slow the clinical adoption of innovative agents [19,87,88]. Nanotechnology offers a complementary 

cost-containment path that does not depend on hardware upgrades: by improving delivery 

efficiency, radiochemical stability, and target selectivity, nanoformulations can reduce the activity 

needed to achieve diagnostic image quality or therapeutic efficacy, thereby lowering radionuclide 

consumption, minimizing waste, and decreasing the likelihood of repeat procedures. 

From a diagnostic standpoint, numerous reviews document how 99mTc-labeled nanoparticles, 

liposomes, polymeric micelles, and inorganic nanocarriers can be radiolabeled efficiently and tracked 

in vivo, often with higher in vivo stability and prolonged circulation than their small-molecule 

counterparts. This combination can translate into dose-sparing effects (less activity to reach the same 

contrast/noise level) and lower preparation losses, both of which reduce per-study isotope costs 

[80,84,86]. The same rationale applies to therapeutic nano-radiopharmaceuticals: by increasing tumor 

retention and reducing off-target deposition, nanoencapsulation can raise the therapeutic yield per 

unit of administered activity. Although most published work emphasizes biological performance 

rather than economic modeling, the ALARA-linked cost–benefit literature supports the logic that any 

strategy that reliably lowers administered activity and occupational exposure tends to be 

economically favorable when total costs (including protection, disposal, and repeat imaging/therapy) 

are accounted for [85,89,90]. 

Critically, improved formulation robustness (e.g., tighter chelation, reduced leaching, better 

recoil daughter retention in alpha-emitter nano-matrices) reduces batch failures, radiochemical 

rework, and disposal volumes, all of which carry direct and indirect costs [51,86]. These technical 

gains can strengthen health-economic arguments for coverage and reimbursement—an aspect 

repeatedly highlighted as a major barrier in radiotheranostics [19,91]. Moreover, by lowering 

per-procedure radionuclide needs, nano-enabled strategies can partially decompress strained isotope 

supply chains, indirectly stabilizing prices and availability in high-demand settings [80,88]. 

In sum, although nanotechnology cannot replace the need for regulatory clarity, expanded 

radionuclide production capacity, or new theragnostic centers, it can improve the cost-effectiveness 

envelope of both established and repurposed radiopharmaceuticals. This is achieved through dose 

sparing, fewer repeat scans, reduced waste, and better alignment with ALARA-driven economic 

optimization, ultimately lowering barriers to clinical integration without necessitating immediate 

capital investment in new imaging hardware [19,85–87]. 

(3) Enabling ALARA Compliance Through Dose Minimization 

Nanocarriers offer a promising avenue to enhance radiation protection in nuclear medicine by 

enabling more targeted delivery of radiopharmaceuticals, thus aligning with the ALARA principle. 

By reducing off-target accumulation, nanotechnology contributes to lower administered activities, 

minimizing unnecessary exposure for both patients and healthcare personnel. 
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Radiation safety has always been a central concern in the clinical application of 

radiopharmaceuticals, especially considering the dual imperative to optimize diagnostic or 

therapeutic outcomes while minimizing exposure to non-target tissues. The ALARA principle, 

widely adopted in nuclear medicine practice and regulation, emphasizes this balance by urging dose 

reductions wherever clinically and technically feasible. Nanotechnology introduces a transformative 

potential in this regard. Through improved pharmacokinetics and targeted biodistribution, 

nanocarriers can significantly reduce the off-target uptake of radioactive agents. For example, 

PEGylated nanoparticles or ligand-functionalized nanosystems can preferentially accumulate in 

tumor tissue or specific organs of interest, thereby limiting systemic radiation burden and sparing 

healthy tissues from unnecessary exposure [86]). A lower off-target accumulation directly correlates 

with a reduced need for high administered activity, which benefits both patient safety and 

operational radiation protection in clinical environments. For healthcare workers, particularly 

nuclear medicine technologists and radiopharmacists, this can translate into lower cumulative 

occupational doses, a key goal for long-term safety in high-throughput institutions [92]. Furthermore, 

nanoformulations may help decrease the biological half-life of radiopharmaceuticals in non-target 

organs, such as the liver or kidneys, by modifying the surface chemistry or adding biodegradable 

components that allow faster clearance. This optimization has been observed in nanoparticle-based 

agents labeled with 64Cu and 68Ga, which demonstrated reduced retention in critical organs without 

compromising tumor uptake [93,94]. 

In summary, nanotechnology-driven formulations offer concrete, mechanism-based strategies 

to comply with ALARA without sacrificing efficacy. This advancement is especially relevant for 

theragnostic agents and emerging alpha-emitting radiopharmaceuticals, where radiation burden to 

normal tissues must be carefully controlled. 

(4) Facilitating Theragnostic Design and Implementation 

Nanotechnology enables the co-development of diagnostic and therapeutic agents within the 

same molecular architecture, optimizing biodistribution, targeting, and pharmacokinetics for 

theragnostic use. This integration can accelerate translation, improve patient stratification, and 

reduce development costs. 

Theranostics, the combination of diagnostic and therapeutic capabilities within a single 

platform, has become a cornerstone of modern nuclear medicine. Theragnostic drug delivery systems 

aim to improve disease management by ensuring that the therapeutic agent and diagnostic tracer are 

co-delivered to the same target site, allowing for real-time monitoring of treatment efficacy and 

biodistribution. These systems are particularly significant in nuclear medicine, where radioactive 

isotopes can serve as both imaging markers and therapeutic agents [51]. However, the traditional 

development of matched diagnostic and therapeutic radiopharmaceuticals often requires complex 

parallel pipelines, demanding substantial time, infrastructure, and regulatory navigation. 

Nanotechnology provides an opportunity to streamline this process by integrating diagnostic and 

therapeutic functionalities into a unified nanocarrier system, thereby facilitating simultaneous or 

sequential applications for imaging and treatment. Nanostructures such as liposomes, dendrimers, 

polymersomes, and silica nanoparticles can be engineered to carry both diagnostic isotopes (e.g., 

68Ga, 89Zr) and therapeutic payloads (e.g., 177Lu, 90Y), or to allow exchangeable labeling depending 

on clinical need [95,96]. This modularity enables the development of “plug-and-play” theragnostic 

agents with tunable properties that support patient-specific adaptation and stratification. In addition 

to radiolabeling flexibility, nanocarriers can prolong systemic circulation, enhance tumor 

accumulation via the enhanced permeability and retention (EPR) effect, and support controlled 

release mechanisms that further improve the therapeutic index. These features are particularly 

valuable in oncology, where precise temporal coordination between imaging and therapy may 

improve response monitoring and treatment planning [51]. Liposomal carriers exemplify this 

approach by being labeled with radionuclides such as technetium-99m, allowing for imaging, while 

simultaneously carrying chemotherapeutic agents like doxorubicin to target tumor tissues [97–102]. 
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This combination enables clinicians to monitor treatment progress in real-time and adjust therapy 

accordingly. Rhenium isotopes, particularly rhenium-186 and rhenium-188, serve as intrinsic 

theragnostic agents due to their ability to emit cytotoxic radiation suitable for therapy and gamma 

rays suitable for imaging [93,103–118]. When these isotopes are incorporated into liposomal systems 

alongside chemotherapeutic drugs, they facilitate targeted treatment of cancers such as head and 

neck tumors, demonstrating promising preclinical results. Moreover, the possibility to co-

encapsulate radiosensitizers or immunomodulators together with radionuclides within the same 

nanoplatform expands the functional versatility of theragnostics. For instance, hybrid 

nanoformulations combining 64Cu or 89Zr imaging agents with chemotherapeutics or photothermal 

moieties are under evaluation for real-time treatment guidance and synergistic effects [119–122]. By 

leveraging multifunctional nanocarriers, drug repurposing efforts in radiopharmacy can be 

expanded beyond individual agent rescue to encompass integrated diagnostic-therapeutic 

paradigms, advancing precision nuclear medicine. 

(5) Designing Multimodal Imaging Probes 

Multimodal agents are primarily designed to carry multiple diagnostic or imaging 

functionalities, often for comprehensive visualization or characterization, without necessarily 

including a therapeutic component. These may involve agents that can perform multi-modal imaging 

(e.g., PET, MRI, CT, optical imaging) to provide more detailed disease assessment but are not 

inherently therapeutic. For instance, nanoparticles labeled with several isotopes for dual or multi-

modal imaging (PET and MRI) exemplify multifunctionality. Nanotechnology offers an ideal 

foundation for engineering these probes due to its capacity for modular surface functionalization and 

co-loading of diverse agents. For example, a nanoparticle can be designed to carry both a radioisotope 

for PET imaging (e.g., 64Cu or 89Zr) and a near-infrared (NIR) fluorophore for intraoperative 

guidance [123,124]. In addition, the same nanoplatform may include a magnetic resonance (MR) 

contrast agent such as gadolinium or iron oxide, resulting in a tri-modal construct [125]. This 

integration facilitates synergistic diagnostics, as each modality offers unique spatiotemporal and 

physiological insights. 

In the context of drug repurposing, nanotechnology can revitalize old molecular scaffolds by 

embedding them into platforms designed for multimodal detection. A chemotherapeutic or targeting 

ligand initially developed for another purpose may be conjugated to a radiolabeled nanoparticle, 

thereby transforming a non-imaging molecule into a diagnostic probe. An illustrative case involves 

the repurposing of iron oxide nanoparticles, traditionally used for MRI, which have been successfully 

radiolabeled with 68Ga, 124I or 64Cu to enable PET/MR dual imaging [126–128]. This dual-modality 

system not only enhances lesion localization but also allows cross-validation of imaging signals, 

increasing clinical confidence and reducing false positives or negatives. 

Beyond diagnostic enhancement, multifunctional nanoplatforms can be tailored to support 

theranostic applications, enabling both imaging and targeted therapy within a single nanosystem. 

One illustrative strategy involves the use of iron oxide nanoparticles as an MRI-visible core, 

functionalized with polyethylene glycol (PEG) chains to prolong systemic circulation. Surface 

modification with bifunctional chelators such as DOTA or NOTA enables radiolabeling with PET or 

SPECT isotopes, while simultaneously allowing the incorporation of therapeutic radionuclides like 

177Lu or 225Ac [125]. This combinatorial design not only permits signal acquisition from nuclear and 

magnetic modalities but also facilitates therapeutic payload delivery guided by molecular targeting. 

Liposomal nanocarriers represent a particularly versatile platform for the co-encapsulation of 

diagnostic and therapeutic agents [51,129,130]. These systems can be engineered to incorporate 

multiple imaging labels within a single construct—for instance, gadolinium for MRI contrast, near-

infrared fluorescent dyes for optical tracking, and radionuclides such as 99mTc or 64Cu for SPECT 

or PET imaging. Importantly, the same liposomal core can be loaded post-formulation with 

chemotherapeutic agents such as doxorubicin, enabling a truly integrated theragnostic configuration. 

In other designs, liposomes have been functionalized to simultaneously deliver therapeutic 
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radioisotopes (e.g., 166Ho), SPECT agents, and paramagnetic elements for MRI. This modularity in 

design not only allows for precise imaging across multiple modalities but also supports site-specific 

therapy and longitudinal treatment monitoring, reinforcing the clinical promise of multifunctional 

radiolabeled nanocarriers. 

In sum, the design of multimodal imaging probes supported by nanotechnology represents a 

powerful convergence of imaging innovation and strategic drug repurposing. It embodies the 

principle of doing more with less—using existing molecules and infrastructure in novel ways to meet 

growing diagnostic complexity. 

This framework highlights the strategic value of nanotechnology not only in developing novel 

radiopharmaceuticals, but also in revisiting previously discarded or underutilized agents that can 

now meet clinical demands through formulation innovation. In the next section, we explore specific 

case examples that illustrate these principles in action. 

4. Challenges in the Clinical Translation of Nanotechnology-Enabled Drug 

Repurposing in Radiopharmacy 

4.1. Limited Clinical Translation Despite Extensive Preclinical Promise 

Despite the significant number of promising preclinical studies demonstrating the utility of 

nanocarriers for radiopharmaceutical delivery, only a limited fraction of this research has reached 

clinical implementation. This disconnect between laboratory success and clinical application mirrors 

trends seen in other drug delivery fields [53,65,131,132]. The limitations observed are not merely 

downstream issues but reflect fundamental constraints that must be addressed from the earliest 

stages of formulation development. 

Key barriers include difficulties in upscaling complex nanocarrier production, high costs 

associated with quality assurance and Good Manufacturing Practices (GMP)-compliant 

manufacturing, and prolonged registration timelines. Regulatory resistance is often exacerbated by 

the unique dual nature of radiopharmaceutical nanocarriers, which must satisfy nuclear, 

pharmaceutical, and toxicological requirements. Furthermore, intellectual property disputes, 

especially around the composition and use of repurposed drugs in novel delivery formats, can further 

hinder translational progress. 

The integration of nanotechnology into drug repurposing strategies for radiopharmaceuticals 

demands a tailored and highly controlled approach. Unlike conventional formulations, the 

development of nanocarriers for radiopharmacy involves a complex interplay between the biological 

environment, the physicochemical behavior of the nanocarrier, and the nuclear characteristics of the 

radionuclide. Any misalignment between these components can undermine targeting efficiency, 

therapeutic effectiveness, and safety. 

4.2. Technical and Biological Constraints of Radiopharmaceutical Nanocarriers 

Nanocarriers intended for radiopharmaceutical repurposing must satisfy a demanding set of 

interdependent criteria to increase the likelihood of successful clinical translation. Among the most 

critical variables is particle size, which governs circulation time, tissue penetration, and clearance. 

Nanoparticles larger than ~400 nm are typically sequestered by the mononuclear phagocyte system, 

leading to rapid clearance and limited accumulation at disease sites [133]. Conversely, extremely 

small particles (<35 nm) can behave similarly to antibodies, favoring passive targeting. To exploit the 

EPR effect in tumors or inflamed tissues, optimal carrier size often falls between 10 and 500 nm, with 

molecular weights under 80 kDa [134]. Techniques such as sonoporation may extend the usable size 

range for larger particles by temporarily enhancing vascular permeability [135]. 

Stability of the carrier and controlled release of the radiotracer are additional prerequisites. 

Premature or burst release of the radionuclide at non-target sites results in non-specific radiation 

exposure, reduced therapeutic efficacy, and increased systemic toxicity [136]. The nanocarrier must 

retain the radiopharmaceutical during circulation, withstand recoil energies—particularly important 
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for alpha emitters—and ensure release precisely at the target site, synchronized with the physical 

half-life of the radionuclide to maximize imaging or therapeutic efficacy [137]. Particles that 

aggregate into structures exceeding 5 µm in diameter may pose embolic risk and must therefore be 

avoided. 

Surface charge also plays a key role in biodistribution. A moderately negative surface charge can 

reduce opsonization and clearance by the reticuloendothelial system, prolonging circulation time 

[138,139]. However, excessive surface negativity may promote hepatic accumulation, leading to off-

target exposure and toxicity, necessitating careful modulation of surface properties [140]. 

Physiological and toxicological acceptability is critical. All components of the nanocarrier—core 

materials, surface modifiers, and active targeting ligands such as antibodies or peptides—must be 

biocompatible, immunologically inert, and ideally recognized as safe (GRAS) substances. The 

reformulated product should not enhance the inherent toxicity of the repurposed radiotracer. For 

instance, liposomal encapsulation of doxorubicin, though designed to reduce systemic toxicity, led 

to an increased incidence of hand-foot syndrome due to extended circulation time [140]. Formulations 

that fail to deliver their payload efficiently must be rapidly eliminated to minimize radiation burden 

and avoid image artifacts. 

When multiple agents are co-encapsulated—such as a radionuclide and a chemotherapeutic—

they must be pharmacologically compatible and exhibit aligned pharmacokinetics. Comprehensive 

preclinical characterization of the nanocarrier’s biodistribution, metabolism, and excretion is 

indispensable before clinical translation [141]. Additional formulation challenges emerge when 

targeting tissues with physiological barriers such as the blood-brain barrier (BBB). In such cases, 

nanocarriers must be engineered to cross these barriers while maintaining compatibility with the 

decay profile and biological action of the radiotracer [137,142]. 

These considerations should not be viewed merely as barriers, but rather as foundational criteria 

that shape the rational design and development of repurposed radiopharmaceuticals using 

nanotechnology. Addressing them early in the process is crucial to unlocking the full translational 

potential of this approach. Ultimately, the design of nanotechnology-enabled drug repurposing 

systems in radiopharmacy must be biologically rational, technically feasible, and pharmaceutically 

safe. Their successful translation requires early integration of nuclear medicine considerations into 

the formulation process, along with rigorous assessment of each component’s behavior within the 

complex biological environment. 

4.3. Regulatory and Translational Outlook 

The convergence of drug repurposing strategies and nanotechnology has given rise to a new 

class of radiopharmaceuticals—repurposed nanoradiotheranostics—that challenge traditional 

regulatory paradigms. These agents originate from known molecules such as radionuclides, targeting 

vectors, or therapeutic compounds, but acquire new properties through encapsulation, conjugation, 

or co-formulation with nanomaterials. Depending on the strategy employed, repurposing may 

involve: (1) new indications (repositioning); (2) altered routes or formulations (reformulation); or (3) 

combinatory strategies with complementary agents or modalities. Each of these approaches can 

significantly alter the safety, pharmacokinetics, and therapeutic profile of the original agent, 

especially when the molecular architecture becomes a hybrid nanosystem. 

This transformation has both functional and regulatory consequences. By embedding 

repurposed radiopharmaceuticals in nanocarriers, the resulting construct frequently qualifies as a 

new chemical entity. In some cases, nanotechnology has enabled the rescue of previously 

discontinued agents, by improving their biodistribution, enhancing stability, or reducing toxicity, 

which may revitalize molecules with otherwise limited clinical utility. Such repositioned 

nanotheranostics—particularly those integrating both imaging and therapeutic functionalities—

demand an updated evaluation framework encompassing novel physicochemical, biological, and 

radiological features [143,144]. 
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From a quality and safety standpoint, these nanostructured platforms require extensive 

characterization beyond traditional radiopharmaceutical standards. Parameters such as size, surface 

charge, composition, in vivo stability, drug release kinetics, and immune interaction profiles must be 

documented. Additional nanoparticle-specific requirements include assessments of colloidal stability 

in physiological media, long-term organ accumulation, interaction with serum proteins, and the 

presence of nanoparticle degradation products. These considerations are compounded in 

radionanotheranostic systems, where the radiolabeling process itself can affect nanoparticle 

structure, and the recoil energy from radioactive decay may compromise formulation integrity 

[143,144]. 

Dosimetric evaluation is further complicated by altered biodistribution and pharmacokinetics 

induced by nanocarriers. Regulatory agencies increasingly demand bridging studies or new 

preclinical data to establish whether previously approved dosimetry and toxicity data remain 

applicable. Comparability protocols—used to assess equivalence between the original and 

reformulated agents—remain inconsistently defined across jurisdictions, especially in cases 

involving multifunctional constructs [143,144]. 

While these molecular-level innovations raise fundamental questions regarding safety and 

efficacy, regulatory frameworks have not evolved at the same pace. Most agencies continue to 

extrapolate existing guidelines for conventional radiopharmaceuticals or general nanomedicines, 

which do not fully account for the dual complexity of radionanotheranostic products. This 

misalignment generates uncertainty for developers, slows down translation, and complicates dossier 

preparation [143,144]. 

A major obstacle is regulatory classification. Depending on its dominant mechanism of action 

and therapeutic purpose, a single agent may be variably classified as a drug, device, biologic, or 

combination product. For instance, a PET-labeled nanoparticle carrying both a cytotoxic payload and 

an antibody fragment might fall under concurrent oversight by radiopharmaceutical, biologics, and 

nanomedicine regulators, leading to duplicative or even contradictory requirements. These 

classification inconsistencies are particularly burdensome in multinational development efforts 

where harmonized approaches are crucial [143,144]. 

Furthermore, personalized and stratified applications—such as those guided by companion 

diagnostics or molecular imaging—add further complexity. Regulatory approval for these agents 

often requires robust biomarker validation, adaptive clinical trial designs, and individualized 

dosimetric models, especially in cases where the nanocarrier is expected to overcome previous 

therapeutic limitations [143,144]. 

Overlaying these molecular and regulatory dimensions is a third layer of complexity: the 

incorporation of digital and algorithmic components. AI-assisted imaging tools, software-based 

dosimetry systems, and adaptive treatment planning platforms are becoming essential to the clinical 

implementation of multifunctional nanoradiopharmaceuticals. These technologies—often classified 

as software-as-a-medical-device (SaMD)—must be independently validated for analytical 

performance, clinical utility, and data integrity, particularly when they influence decisions such as 

dose calculation, target selection, or therapy scheduling. Harmonizing their evaluation with the 

radiopharmaceutical product itself remains a largely unresolved challenge [143,144]. 

In parallel, ethical and environmental considerations must be addressed. The long-term fate of 

radiolabeled nanomaterials in biological systems and the environment remains poorly understood, 

and the role of algorithmic decision-making in clinical pathways raises concerns about transparency 

and accountability [143,144]. 

Given these intersecting challenges, there is growing momentum to establish risk-based, 

harmonized regulatory frameworks that account for the multifunctionality, hybrid nature, and 

repurposed origins of these agents. Regulatory initiatives such as the Food and Drug Administration 

(FDA) Emerging Technology Program and European Medicines Agency (EMA) Innovation Task 

Force are beginning to address these gaps, as are transnational efforts through regulatory science 

consortia like the Nanomedicine Characterization Laboratory (NCL) and the European 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 August 2025 doi:10.20944/preprints202508.0202.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.0202.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 24 

 

Nanomedicine Characterisation Laboratory (EUNCL), which offer standardized preclinical 

assessment protocols for nanoconjugates [143,144]. 

Illustrative failures of promising constructs further highlight the urgency for reform. 

Radiolabeled nanoparticles combining PET tracers with chemotherapeutic or MRI-active agents have 

stalled due to unresolved issues in scale-up reproducibility, dual labeling stability, or classification 

ambiguity. To accelerate the bench-to-bedside trajectory of repurposed nanoradiotheranostics, 

regulatory frameworks must evolve to accommodate scientific convergence—across disciplines, 

modalities, and technologies—without compromising safety, efficacy, or transparency. 

5. Conclusions and Future Directions 

The convergence of nanotechnology and radiopharmaceutical science is opening new frontiers 

in precision medicine, particularly through the strategic repurposing of known agents. By 

reformulating diagnostic and therapeutic compounds within multifunctional nanocarriers, it 

becomes possible to unlock novel applications, overcome biological and pharmacokinetic limitations, 

and enhance clinical performance. This paradigm not only optimizes the value of existing 

pharmacological knowledge but also accelerates innovation in a cost- and time-efficient manner. 

Yet, the translational path of such advanced constructs—radionanotheranostics—remains 

hindered by scientific, technical, and regulatory complexities. The inherent multifunctionality of 

these agents challenges conventional evaluation frameworks, demanding updated methodologies for 

safety assessment, dosimetry, pharmacokinetics, and clinical validation. Moreover, the integration of 

auxiliary technologies—such as AI-guided image analysis and software-assisted planning—calls for 

new regulatory paradigms capable of addressing hybrid products that blur traditional disciplinary 

and jurisdictional boundaries. 

As the field matures, there is an urgent need for harmonized regulatory approaches that 

accommodate the uniqueness of these constructs without compromising safety or efficacy. Risk-

based classification strategies, tailored preclinical protocols, and robust comparability criteria will be 

essential to navigate the complexity introduced by nanostructuring and molecular repurposing. 

Equally important is the development of regulatory science tools—such as standardized 

characterization platforms, predictive modeling, and advanced in vivo imaging techniques—that can 

streamline the transition from bench to bedside. 

Looking forward, the successful integration of repurposed radiopharmaceuticals into 

nanotechnology-based platforms will rely on sustained interdisciplinary collaboration. Chemists, 

radiopharmacists, clinicians, materials scientists, regulatory experts, and data scientists must work 

together to build not only smarter agents, but also smarter evaluation systems. Advances in modular 

design, in silico modeling, and systems-level pharmacology will further support the evolution of 

these technologies into safe, effective, and clinically meaningful tools. 

Ultimately, radionanotheranostics represent more than the sum of their parts. They embody a 

shift toward integrated, adaptive, and patient-centered care, where diagnosis and therapy are not 

only co-localized but also co-designed. The promise of this approach lies not just in technological 

novelty, but in its capacity to redefine therapeutic success through precision, personalization, and 

translational intelligence. 
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ALARA: As Low As Reasonably Achievable 

CT: Computed Tomography 

DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

EMA: European Medicines Agency 

EPR: Enhanced Permeability and Retention 
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EUNCL: European Nanomedicine Characterisation Laboratory 

FDA: Food and Drug Administration 

GMP: Good Manufacturing Practices 

MRI: Magnetic Resonance Imaging 

NCL: Nanomedicine Characterization Laboratory 

NOTA: 1,4,7-Triazacyclononane-1,4,7-triacetic acid 

PD: Pharmacodynamics 

PEG: Polyethylene glycol  

PET: Positron Emission Tomography 

PK: Pharmacokinetics 

SaMD: Software-as-a-medical-device 

SPECT: Single Photon Emission Tomography 
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