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 اطلاعات مقاله  چکیده

و  یکیزیف یها یژگیاند که از و مطرح شده یدرمان یها طبقه نوظهور از روش کیعنوان  بر اتم به یمبتن یها درمان :هدف  و  زمینه
. برند یتومورها بهره م یو انتخاب قیدق یریگ هدف یبرا ،یو نانوذرات فلز ویواکتیراد یها زوتوپیا ژهیو ها، به فرد اتم منحصربه ییایمیش
 یادغام با ابزارها تیحداقل تهاجم و قابل شتر،یب تیاز جمله اختصاص یتوجه قابل یایمرسوم، مزا یها نسبت به درمان کردهایرو نیا

شدده   نیتددو  یشناس بر اتم در سرطان یمبتن یدرمان یجامع از راهبردها دید کیمرور با هدف ارائه  نی. ادهند یرا ارائه م یصیتشخ
 نید در ا نی. همچنسازد یفناورانه را برجسته م یها شرفتیو پ ینیبال یاربردهاک ،یاثرگذار یسازوکارها ،یدیکل یاست و عناصر اتم

 .گردد یم یحوزه در حال تکامل بررس نیدر ا ندهیآ یرهایپرداخته شده و مس یکنون یها بحث به چالش
معتبر  یعلم یها گاهیدر پا یجامع یانجام شد. جستجو PRISMA یها بر اساس دستورالعمل ی،مرورمقاله  نیاروش بررسی: 

و با اسدتااده از   2۲2۲ هیتا ژوئ لیآور یبازه زمان یط Web of Scienceو  PubMed ،ScienceDirect ،Scopusشامل 
و  «یتراپ پروتون»، «آلااپرتوهای  یها انتشاردهنده»، «نانوذرات» ،«وداروهایراد»، «بر اتم یدرمان سرطان مبتن»مانند  ییها دواژهیکل
 یها متن کامل و داده ،یسیکه به زبان انگل 2۲2۲تا  2۲۲۲ یها سال نیصورت گرفت. مقالات منتشرشده ب «یدر انکولوژ کینُست ترا»

 اید  یو حذف موارد تکدرار  یپس از غربالگر شده، ییمقاله شناسا 21۲ انیداشتند، وارد مطالعه شدند. در مجموع از م ینیبال ای یتجرب
 .دیانتخاب گرد یینها لیتحل یبرا طیمطالعه واجد شرا 1۱نامرتبط، 

 223-ومیو راد نینورواندوکر یتومورها یبرا 1۱۱-ومیلوتس د،یروئیسرطان ت یبرا 131-دیبر اتم، مانند  یدرمان مبتن نیچند ها: یافته
 ینیندو  یراستا، بسترها نیاند. در هم مطلوب نشان داده یمنیهمراه با ا یتوجه قابل یدرمان جینتا ک،یسرطان پروستات متاستات یبرا

حدال،   نیاند. با ا فراهم کرده ونیزاسیتیوسنسیدرمان فوتوترمال و راد یرا برا یدبخشیام یرهایمس آهن دیشامل نانوذرات طلا و اکس
 .شوند یها م روش نیگسترده ا رشیهمچنان مانع از پذ یستیز یها و مقاومت دهیچیپ یمتریمحدود، دوز یهمچون دسترس یموانع

را دارند کده بدا    لیپتانس نیو ا روند یبه شمار م نینو یدر انکولوژ نیآفر تحول شرفتیپ کیبر اتم  یمبتن یها درمانگیری:  نتیجه
 یهدا  درمان سرطان را دگرگون سدازند. تدداوم پدژوهش    یها وهیش ،یا لحظه شیو امکان پا کیستمیس تیدقت، کاهش سم شیافزا

 یامر ،یو در دسترس همگان شده یساز یسرطان شخص یها به مراقبت ها ینوآور نیاانتقال  یبرا ها رساختیو توسعه ز یا رشته انیم
 است. یاتیح
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Background: Atom-based cancer therapies have emerged as a promising class of 

treatment modalities that exploit the unique physical and chemical properties of 

various atoms, particularly radioactive isotopes and metallic nanoparticles, for 

precise and selective tumor targeting. These approaches offer significant 

advantages over conventional therapies in terms of specificity, minimal 

invasiveness, and potential for integration with diagnostic tools. This review aims 

to provide a comprehensive overview of atom-based therapeutic strategies in 
oncology, highlighting key atomic elements, mechanisms of action, clinical 

applications, and technological advancements. The discussion also addresses 

current challenges and explores future directions in this evolving field. 
 

Methods: This review was conducted according to the PRISMA guidelines. A 

comprehensive search of PubMed, ScienceDirect, Scopus, and Web of Science was 

carried out between April and July 2025 using keywords such as "atom-based 

cancer therapy," "radiopharmaceuticals," "nanoparticles," "alpha emitters," "proton 

therapy," and "theranostics in oncology." Articles published between 2000 and 

2025, written in English, with full-text availability and experimental or clinical data 

were included. From an initial 215 records, after screening and removal of 

duplicates and irrelevant studies, 19 eligible articles were finally selected for 

analysis. 
 

Results: Several atom-based therapies, such as Iodine-131 for thyroid cancer, 

Lutetium-177 for neuroendocrine tumors, and Radium-223 for metastatic prostate 

cancer, have demonstrated strong therapeutic outcomes with favorable safety 

profiles. In parallel, novel platforms involving gold and iron oxide nanoparticles 
offer promising routes for photothermal therapy and radiosensitization. 

Nonetheless, barriers such as limited accessibility, complex dosimetry, and 

biological resistance continue to hinder widespread adoption. 
 

Conclusion: Atom-based therapies represent a transformative advancement in 

modern oncology, with the potential to reshape cancer treatment through enhanced 

precision, reduced systemic toxicity, and real-time monitoring. Continued 

interdisciplinary research and infrastructure development are essential to translate 

these innovations into widely accessible and personalized cancer care. 
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To cite this article: Akbari B, Salehi M E. Atomic approaches in cancer therapy: advances, mechanisms, and clinical 

applications. Ghalib Medical Journal. [Internet]. September 22, 2025. [taking date]; 2(2): 101-112: 
https://doi.org/10.58342/ghalibMj.V.2.I.2.10  

                         This work is licensed under a Creative Commons Attribution-Noncommercial 4.0 International License  
 
 

mailto:Salehi313@alumni.um.ac.ir
mailto:Salehi313@alumni.um.ac.ir
https://doi.org/10.58342/ghalibMj.V.2.I.2.10
https://doi.org/10.58342/ghalibMj.V.2.I.2.10
https://doi.org/10.58342/ghalibMj.V.2.I.2.10
mailto:Salehi313@alumni.um.ac.ir
https://orcid.org/0009-0002-8024-2650
mailto:Salehi313@alumni.um.ac.ir
https://orcid.org/0000-0002-7444-2907
https://orcid.org/0009-0005-3445-5921


103  

 

Atomic approaches in cancer therapy: advances, mechanisms, and clinical applications 

Ghalib Medical Journal (Ghalib.Med.J), Autumn and Winter 2025, 2(2),  pp. 101-112 

1. Introduction 
Cancer continues to be one of the most complex and life-threatening diseases of the 21st century. According 

to GLOBOCAN 2020 data, cancer was responsible for approximately 19.3 million new cases and 10 million 

deaths globally in that year alone 
[1]

. The burden of cancer is expected to rise in the coming decades due to 

aging populations, environmental exposures, and lifestyle factors. Despite substantial advances in medical 
science, conventional treatment strategies such as surgery, chemotherapy, and external beam radiotherapy 

often exhibit serious limitations including non-specific targeting, systemic toxicity, and the emergence of 

resistant cancer cell populations 
[2, 3]

. Atomic and nuclear-based techniques represent one of the most 
promising and innovative frontiers in cancer therapy. These approaches exploit the unique properties of 

various atoms, particularly their radioactive, magnetic, and photothermal characteristics, to selectively 

destroy cancerous tissues while minimizing harm to surrounding healthy cells 
[4]

. The convergence of atomic 
physics, nuclear chemistry, biomedical engineering, and nanotechnology has opened new pathways for 

treating tumors at the molecular and cellular level, improving the therapeutic index of many treatment 

protocols 
[5, 6]

. 

One of the earliest examples of atom-based cancer therapy is the use of radioactive iodine (Iodine-131) 
for the treatment of differentiated thyroid cancer. Since its introduction in the mid-20th century, this method 

has demonstrated high specificity and efficacy with minimal side effects 
[7]

. More recently, a variety of 

radionuclides such as Lutetium-177, Yttrium-90, and Actinium-225 have been incorporated into targeted 
radiopharmaceuticals that selectively bind to tumor-specific receptors, enabling localized delivery of 

ionizing radiation. These radiopharmaceuticals have shown success in treating neuroendocrine tumors, 

prostate cancer, lymphomas, and certain metastatic malignancies 
[8, 9]

. 

In parallel, the application of nanotechnology has enabled the development of atomically engineered 
materials, such as gold nanoparticles (AuNPs), superparamagnetic iron oxide nanoparticles (SPIONs), and 

hafnium oxide particles, that can be activated through external stimuli like light, heat, or magnetic fields 
[10, 

11]
. These platforms allow for novel forms of therapy such as photothermal ablation, magnetic hyperthermia, 

and radiosensitization, which enhance tumor eradication while limiting collateral damage 
[12]

. 

Moreover, particle therapy using protons or heavy ions (e.g., carbon ions) exploits the Bragg peak 

phenomenon, which delivers maximal energy deposition at a specific tissue depth. This allows for superior 
tumor targeting compared to conventional photon-based radiotherapy. Heavy ion therapy has shown 

particularly strong promise in treating deep-seated or radioresistant tumors, including sarcomas and head and 

neck cancers 
[13]

. 

Despite the remarkable progress, atom-based therapies are still facing several scientific, logistical, and 
regulatory challenges. These include limited access to radionuclide production facilities, the need for 

specialized infrastructure, concerns about long-term radiation exposure, and the complexity of 

individualizing treatment plans based on tumor type and genetic profile 
[14]

. Furthermore, long-term clinical 
data are still required to establish standardized protocols for many of these techniques. 

In this context, the purpose of this review is to provide a comprehensive and up-to-date analysis of how 

various atoms and atomic-scale technologies are employed in the treatment of cancer. We will explore 
different therapeutic approaches, such as radiopharmaceutical therapy, particle therapy, and nanomaterial-

mediated interventions, emphasizing the mechanisms of action, clinical applications, and technological 

innovations. Additionally, the review will discuss the current challenges and future directions in this 

dynamic and interdisciplinary field. 

2. Materials and Methods 

2.1. Search strategy 
This review was conducted following the PRISMA guidelines. A comprehensive literature search was 

performed using major scientific databases including PubMed, ScienceDirect, Scopus, Web of Science. The 

search was conducted between April and July 2025, using the following keywords: 
"atom-based cancer therapy", "radiopharmaceuticals", "nanoparticle cancer treatment", "alpha emitters", 

"proton therapy", and "theranostics in oncology". 

The search included articles published between 2000 and 2025, in English language only. Additional manual 

screening of reference lists from relevant reviews and original articles was also performed to ensure 
completeness. 

2.2. Inclusion and exclusion criteria 
Included studies met the following criteria: 

 Focused on atom-based or atomic-level cancer therapies (radioisotopes, nanoparticles, particle 

beam therapy, etc.) 
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 Involved in vitro, in vivo, or clinical data 

 Peer-reviewed and accessible in full text 

 Published within the last 12 years 
Excluded studies were: 

 Not directly related to cancer treatment 

 Focused on purely theoretical models without biological or clinical relevance 

 Articles with incomplete data or unavailable full text 
 Duplicates across databases 

2.3. Screening and selection process 
A total of 215 records were initially identified through database searches. After removing 23 duplicate 

records, 192 unique articles remained for screening. 

In the first screening phase (title and abstract review), 102 records were excluded for not meeting the 
inclusion criteria, primarily due to being off-topic, non-oncological, or unrelated to atom-based methods. 

The remaining 90 articles underwent full-text review. After detailed evaluation, 71 were excluded, 

including 39 that were not cancer-related and 32 that did not focus on atom-based therapies. Ultimately, 19 

studies met all eligibility criteria and were included in this review (Figure 1). 

  
 

Figure 1. PRISMA flow diagram of study selection 
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Table 1. Overview of the characteristics of the included studies 
 Study (Author, 

Year) 

Design Intervention(s) Outcome(s) 

1 Sung et al., 2021 Epidemiological report N/A Global cancer statistics 

2 Miller et al., 2022 Epidemiological report N/A Cancer treatment and 

survivorship statistics 

3 Li et al., 2024 Modeling/forecasting N/A Aging and cancer burden 

4 Chakraborty et 

al., 2023 

Review Radionuclides and 

radiolabelled peptides 

Cancer therapeutics 

5 Watabe et al., 

2025 

Review Emerging radionuclides Theranostics and oncology 

PET 

6 Samathoti et al., 

2025 

Narrative Review Nanomedicine & AI Cancer health care 

applications 

7 Sgouros et al., 

2020 

Review Radiopharmaceutical 

therapy 

Clinical advances and 

challenges 

8 Schubiger et al., 
2004 

Review Radiopharmaceuticals From imaging to therapy 

9 Brechbiel, 2007 Review Targeted α-therapy Past, present, future 

10 Gao et al., 2021 Review Gold nanoparticles Cancer theranostics 

11 Vangijzegem et 

al., 2023 

Review SPIONs Innovative cancer therapy 

applications 

12 Dürr et al., 2013 Review Magnetic nanoparticles Cancer therapy 

13 Durante et al., 

2017 

Review Charged-particle 

therapy 

Clinical uses & future 

perspectives 

14 Jadvar, 2017 Review Targeted radionuclide 

therapy 

Precision cancer treatment 

15 Williamson et al., 

2021 

Review EBRT and 

brachytherapy 

Cervical cancer treatment 

16 Buczyńska et al., 

2021 

Experimental/Clinical Radioiodine treatment Oxidative stress in thyroid 

cancer 

17 Niu et al., 2024 Review/Clinical Lutetium-177 Application in solid tumors 

18 Alshehri, 2024 Review Radium-223 chloride Bone-targeting in prostate 

cancer 

19 Hu et al., 2024 Experimental Nanocascade reaction Radiotherapy-sensitized 

immunotherapy 

 
3. Results 

3.1.  Types of atom-based therapies in cancer treatment 
The integration of atomic and nuclear sciences into cancer therapy has led to the development of several 

innovative treatment modalities. These therapies rely on the unique physical and chemical properties of 

specific atoms, especially radioisotopes and metallic nanoparticles, to deliver therapeutic effects with high 

precision and selectivity. This section outlines the principal categories of atom-based cancer therapies, 
focusing on their mechanisms of action, clinical utility, and key atomic components 

[15]
. 

3.1.1. External beam radiation therapy (EBRT) 
External beam radiation therapy is one of the most widely used atom-based modalities in oncology. In this 

method, high-energy photons (X-rays or gamma rays), generated from radioactive sources such as Cobalt-60 

or linear accelerators, are directed toward the tumor from outside the body. These photons interact with 
cellular DNA, producing double-strand breaks that ultimately lead to cell death 

[3]
. Modern EBRT 

techniques, such as intensity-modulated radiation therapy (IMRT) and stereotactic body radiation therapy 

(SBRT), have enhanced treatment precision while reducing radiation exposure to surrounding healthy tissues 
[15]

. 
3.1.2. Brachytherapy (internal radiotherapy) 

Brachytherapy involves the placement of radioactive sources directly inside or near the tumor site. 

Radioisotopes like Iridium-192 and Cesium-137 are commonly used for this purpose. Because the radiation 
is emitted in close proximity to the tumor, brachytherapy provides a high localized dose with minimal impact 

on surrounding normal tissues. It is frequently used in the treatment of prostate, cervical, and breast cancers 
[15]

. 
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3.1.3. Targeted radiopharmaceutical therapy 

Targeted radiopharmaceuticals are molecules that combine a therapeutic radionuclide with a targeting vector, 

such as a peptide, antibody, or ligand, that selectively binds to tumor-associated receptors. One prominent 
example is Lutetium-177-DOTATATE, used for treating neuroendocrine tumors, which delivers beta 

radiation directly to somatostatin receptor-positive cells. Similarly, Radium-223 dichloride, an alpha-emitter, 

is employed in treating bone metastases in castration-resistant prostate cancer. These therapies exemplify the 

power of atom-level targeting in achieving tumor-specific cytotoxicity while sparing normal tissue 
[14]

. 

3.1.4. Proton and heavy ion therapy 

Unlike conventional radiation that uses photons, particle therapy uses charged atomic particles such as 

protons or carbon ions. These particles exhibit a unique energy deposition profile known as the Bragg peak, 
where the bulk of energy is released at a precise depth within the tissue. This allows for maximal tumor cell 

killing with minimal exit dose, making it ideal for treating pediatric tumors and tumors located near critical 

organs 
[13]

. 

3.1.5. Nanoparticle-mediated hyperthermia and radiosensitization 

Metal-based nanoparticles, particularly those composed of gold (Au), iron oxide (Fe₃O₄), and hafnium oxide 

(HfO₂), have demonstrated significant potential in cancer therapy. When these nanoparticles accumulate 

within tumor tissue, they can be activated by external sources such as laser light (photothermal therapy), 
magnetic fields (magnetic hyperthermia), or ionizing radiation (radiosensitization). These processes generate 

localized heat or reactive species that enhance tumor cell death. Gold nanoparticles, for instance, can amplify 

the effects of radiotherapy by increasing the local radiation dose via secondary electron production 
[10, 11]

. 

3.2. Key atomic elements used in cancer therapy 

Various atomic elements have found therapeutic applications in oncology due to their radioactive decay 

properties, selective tissue accumulation, or physicochemical characteristics. These elements serve as the 
core of diverse therapeutic strategies ranging from radiopharmaceuticals to nanoparticle-mediated therapies. 

In this section, we highlight the most clinically relevant atoms and describe their specific roles in cancer 

treatment 
[16]

.  

3.2.1. Iodine-131 (¹³¹I) 
Iodine-131 is a beta- and gamma-emitting radionuclide widely used in the treatment of differentiated thyroid 

carcinoma. It selectively accumulates in thyroid tissue due to the organ’s natural affinity for iodine, allowing 

for targeted ablation of cancerous thyroid cells while sparing other tissues. Its use has significantly improved 
recurrence rates and long-term survival in thyroid cancer patients 

[16]
. 

3.2.2. Lutetium-177 (¹⁷⁷Lu) 

Lutetium-177 is a beta-emitting radionuclide with ideal physical and chemical properties for targeted 

radionuclide therapy. When conjugated to ligands such as DOTATATE, it enables precise treatment of 
somatostatin receptor-positive neuroendocrine tumors. Its short tissue penetration range and gamma co-

emission also make it suitable for combined therapy and imaging (theranostics) 
[17]

. 

3.2.3. Radium-223 (²²³Ra) 
Radium-223 is an alpha-emitting radionuclide used in the treatment of metastatic prostate cancer with bone 

involvement. Its high linear energy transfer (LET) and short path length result in potent, localized cytotoxic 

effects on bone metastases while minimizing damage to surrounding bone marrow 
[18]

. 

3.2.4. Gold (Au) 

Gold atoms, primarily in the form of gold nanoparticles (AuNPs), are extensively researched for their use in 

photothermal therapy and radiosensitization. Due to their high atomic number (Z), gold particles enhance 

radiation dose deposition through photoelectric effects, leading to increased DNA damage in tumor cells. 
Furthermore, gold nanoparticles can be functionalized for active tumor targeting and real-time imaging 

[10]
. 

3.2.5. Iron (Fe) 

Iron oxide nanoparticles (e.g., Fe₃O₄) are employed in magnetic hyperthermia therapy. When subjected to 
alternating magnetic fields, these particles generate heat that selectively kills tumor cells. They also have 

potential as MRI contrast agents, offering a dual role in diagnosis and therapy 
[11]

 (Table 2). 
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Table 2. Atomic elements with therapeutic applications in oncology 

Atomic 

Element 

Therapy Type Mechanism Clinical Use Advantages 

Iodine-131 Radiopharmaceutical DNA damage via β-

emission 

Thyroid cancer Targeted, widely used 

Lutetium-

177 

Theranostic 

radiotherapy 

Receptor-targeted β-

emission 

Neuroendocrine 

tumors 

High specificity 

Radium-223 Radiopharmaceutical Localized DNA 
damage via α-emission 

Bone metastases in 
prostate cancer 

High LET, minimal 
marrow toxicity 

Gold (Au) Nanoparticle-assisted 

therapy 

Photothermal & 

radiosensitization 

Solid tumors 

(experimental) 

Biocompatibility, dual 

use 

Iron (Fe) Magnetic hyperthermia Heat generation in 

AMF (alternating 

magnetic field) 

Solid tumors 

(experimental) 

Dual role (therapy & 

MRI), selective 

heating 

 

3.3. Mechanisms of action of atom-based cancer therapies 

Atom-based cancer therapies exert their therapeutic effects through several well-defined physical, chemical, 
and biological mechanisms. These mechanisms vary depending on the nature of the atom used, whether 

radioactive or non-radioactive, and the method of delivery. A detailed understanding of these mechanisms is 

essential for optimizing treatment efficacy and minimizing off-target toxicity 
[7,13]

.  

3.3.1. DNA damage by ionizing radiation 

One of the most direct mechanisms involves the emission of ionizing radiation from radioactive atoms such 

as Iodine-131, Lutetium-177, and Radium-223. These isotopes release beta or alpha particles that interact 
with cellular components, especially DNA. The result is the induction of single-strand and double-strand 

breaks, chromosomal aberrations, and ultimately apoptotic or mitotic cell death. Alpha particles, due to their 

high linear energy transfer (LET), produce dense ionization tracks that are particularly lethal to tumor cells, 

even at low doses 
[16,18]

. 

3.3.2. Targeted cellular uptake and receptor binding 

In targeted radionuclide therapy, therapeutic atoms are delivered via molecules that bind selectively to cancer 

cell receptors. For instance, Lutetium-177-labeled DOTATATE targets somatostatin receptors on 
neuroendocrine tumors, ensuring that radiation is primarily confined to malignant cells. This receptor-ligand 

specificity reduces systemic toxicity and allows for higher therapeutic doses at the tumor site 
[17]

. 

3.3.3. Thermal ablation via nanoparticles 

Metallic nanoparticles, especially gold and iron-based, can be activated by external energy sources such as 
near-infrared (NIR) laser light or alternating magnetic fields. Upon activation, these particles generate 

localized heat, leading to the destruction of tumor cells through membrane disruption, protein denaturation, 

and induction of apoptosis, a process known as hyperthermia. Photothermal therapy using gold nanoparticles 
is particularly effective because of their efficient light absorption and high biocompatibility 

[10, 11]
. 

3.3.4. Enhancement of radiation sensitivity (radiosensitization) 

High atomic number (Z) elements like gold and hafnium amplify the effects of external radiotherapy through 
increased production of secondary electrons (Auger electrons and photoelectrons) during photon interactions. 

This process enhances the radiation dose deposited within the tumor and increases the formation of reactive 

oxygen species (ROS), further damaging cellular macromolecules 
[19]

. 

3.3.5. Immune modulation and bystander effects 
Recent studies have shown that some atom-based therapies can stimulate immune responses against tumors. 

For example, localized radiation can induce immunogenic cell death, releasing tumor antigens and danger-

associated molecular patterns (DAMPs) that activate dendritic cells and cytotoxic T cells. This phenomenon 
may contribute to systemic tumor regression, known as the abscopal effect 

[19]
. 

3.4. Advantages and limitations of atom-based cancer therapies 

Atom-based therapies have revolutionized the landscape of oncology by providing highly targeted and 
minimally invasive treatment options. However, despite their numerous strengths, these approaches also face 

technical, biological, and regulatory limitations that must be addressed to ensure widespread clinical 
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adoption. This section summarizes the key advantages and current challenges associated with atomic and 

nuclear-based cancer treatments 
[4]

. 

3.4.1 Advantages 
3.4.1.1. High Specificity and Targeted Action 

One of the most significant advantages of atom-based therapies, particularly radiopharmaceuticals and 

nanoparticle-mediated interventions, is their ability to selectively target tumor cells. By exploiting specific 

cellular receptors or tumor microenvironment features, these treatments deliver cytotoxic effects precisely to 
malignant tissues, reducing collateral damage to healthy organs 

[4]
. 

3.4.1.2. Minimal invasiveness 

Unlike surgery or systemic chemotherapy, many atom-based therapies (e.g., targeted radionuclide therapy or 
brachytherapy) can be administered with minimal or no invasive procedures. This not only reduces patient 

discomfort but also shortens recovery time and hospital stays 
[13]

. 

3.4.1.3. Potential for theranostics 
Several radiopharmaceuticals offer combined diagnostic and therapeutic functionality (theranostics), such as 

Lutetium-177 and Technetium-99m derivatives. This dual capability enables real-time imaging of tumor 

response and allows dynamic adjustment of treatment plans 
[13]

. 

3.4.1.4. Efficacy against resistant or deep-seated tumors 
Particle therapies such as proton and heavy ion therapy are especially effective in treating tumors that are 

difficult to reach surgically or resistant to conventional photon-based radiotherapy. Their precise depth 

control and high linear energy transfer (LET) make them suitable for complex tumor anatomies 
[13]

. 

3.4.2. Limitations 

3.4.2.1. Limited accessibility and high cost 

Atom-based therapies, especially those involving cyclotron-generated isotopes or particle accelerators, 
require sophisticated infrastructure and trained personnel. The high setup and maintenance costs restrict 

availability to specialized centers, particularly in low-resource settings 
[7]

. 

3.4.2.2. Complex dosimetry and safety concerns 

Accurate dosing of radioactive agents remains a critical challenge. Both underdosing and overdosing can 
lead to suboptimal outcomes or severe toxicity. Additionally, handling and disposal of radioactive materials 

require strict safety protocols and regulatory compliance 
[7]

. 

3.4.2.3. Biological heterogeneity and resistance 
Tumor heterogeneity and changes in receptor expression over time can compromise the efficacy of targeted 

atom-based therapies. Furthermore, some cancer types may not express sufficient levels of targetable 

molecules, limiting the applicability of certain radiopharmaceuticals 
[7]

. 

3.4.2.4 Limited long-term data 
Although many atom-based therapies have shown promising short-term results, long-term clinical data on 

survival outcomes, late toxicity, and secondary malignancies are still lacking for several newer agents and 

techniques 
[7]

. 
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4. Discussion 
Atom-based therapies have significantly enriched the landscape of cancer treatment by introducing a new 

level of precision, selectivity, and multimodal potential. The clinical success of established agents such as 

Iodine-131 in thyroid cancer and Lutetium-177 in neuroendocrine tumors validates the effectiveness of 

radionuclide-based strategies. Likewise, emerging nanotechnological approaches using gold or iron oxide 
nanoparticles show immense promise for noninvasive tumor targeting and controlled cell destruction. 

However, these benefits must be interpreted within the broader context of oncological care, which is 

increasingly moving toward integration, personalization, and cost-effectiveness 
[1]

. 
One of the central themes emerging from this review is the growing shift toward theranostics, the 

combined use of diagnostic and therapeutic tools within the same atomic platform. This concept not only 

allows for individualized treatment planning but also improves real-time monitoring and adjustment of 
therapeutic regimens. However, widespread implementation remains limited by technical and logistical 

barriers, particularly in low-resource settings where access to radionuclide production and regulatory support 

is inadequate 
[5]

. 

A notable advantage of atom-based treatments is their ability to address radioresistant or inoperable 
tumors, offering a viable alternative when conventional therapies fall short. For instance, heavy ion and 

proton therapies provide superior depth control and minimize exposure to surrounding tissues, making them 

ideal for treating tumors near vital structures. Yet, despite their clear clinical benefits, these modalities are 
expensive and geographically restricted, often available only in advanced cancer centers 

[13]
. 

Moreover, atom-based strategies are not without biological limitations. Tumor heterogeneity, changes in 

receptor expression, and resistance to oxidative stress can limit the effectiveness of targeted therapies or 

reduce the uptake of nanoparticles. This underscores the need for improved biomarker discovery, better 
patient stratification, and adaptive treatment protocols that evolve with tumor dynamics 

[7]
. 

The future success of this field also depends on interdisciplinary collaboration, linking nuclear medicine, 

oncology, immunology, and material sciences. Recent studies suggest that combining atom-based therapies 
with immunotherapeutic agents may yield synergistic effects, turning localized treatments into systemic anti-

tumor responses. However, this area is still in its infancy and requires extensive preclinical and clinical 

validation 
[19]

. 
In conclusion, while atom-based therapies have already demonstrated considerable promise, their optimal 

use will require a balanced approach that considers efficacy, safety, cost, accessibility, and patient-centered 

outcomes. Future research should prioritize simplifying production, enhancing tumor selectivity, minimizing 

toxicity, and expanding the reach of these therapies beyond specialized centers 
[1]

. 

5. Future perspectives 

The future of atom-based cancer therapies lies in the convergence of multiple scientific disciplines, including 

nuclear medicine, molecular biology, nanotechnology, and immunotherapy. As our understanding of tumor 
biology deepens and technological capabilities expand, novel strategies are being developed to overcome 

current limitations and unlock the full therapeutic potential of atomic interventions 
[5]

. 

5.1. Personalized and precision medicine 

Advancements in genomics and molecular diagnostics are paving the way for more personalized atom-based 

treatments. By tailoring radiopharmaceuticals to specific tumor mutations or expression profiles, clinicians 

can enhance treatment specificity and improve patient outcomes. Theranostic agents, which allow 
simultaneous imaging and therapy, will play a central role in this personalized approach 

[6, 14]
. 

5.2. Combination with immunotherapy 

There is growing interest in combining atom-based therapies with immunotherapy. Preclinical and early 
clinical studies have shown that ionizing radiation can promote immunogenic cell death, increase tumor 

antigen presentation, and modulate the tumor microenvironment to enhance immune response. Strategies 

such as combining radionuclide therapy with immune checkpoint inhibitors or cancer vaccines are currently 
under investigation 

[19]
. 

5.3. Development of novel radioisotopes 

Research is underway to discover and produce new therapeutic isotopes with optimized physical and 

biological properties. Alpha emitters such as Actinium-225 and Astatine-211 are gaining attention due to 
their high linear energy transfer and short path length, offering potent tumoricidal effects with minimal 



 110                                                                                                                                                                        

 

Salehi et al. 

Ghalib Medical Journal (Ghalib.Med.J), Autumn and Winter 2025, 2(2),  pp. 101-112 

 

systemic toxicity. Innovations in isotope production and radiolabeling technologies are expected to broaden 

the clinical arsenal 
[9]

. 

5.4. Advanced nanoplatforms for multimodal therapy 
Next-generation nanoparticles are being designed for multifunctional use, simultaneously enabling targeted 

drug delivery, hyperthermia, radiosensitization, and imaging. These smart nanoplatforms often integrate 

atomic elements such as gold, hafnium, or gadolinium, and can be engineered to respond to specific stimuli 

within the tumor microenvironment. This will likely lead to more effective and safer therapies with real-time 
monitoring capabilities 

[10]
. 

5.5. Expanding access and infrastructure 

Efforts are also underway to democratize access to atom-based cancer therapies by developing cost-effective 
production methods for radioisotopes, miniaturizing accelerator technology, and enhancing global 

radiopharmacy networks. Streamlining regulatory pathways and establishing clear clinical guidelines will be 

essential to support broader adoption 
[7]

. 

6. Conclusion 

Atom-based therapies represent a transformative advancement in the fight against cancer. By harnessing the 

physical, chemical, and biological properties of specific atomic elements, particularly radioactive isotopes 

and metal-based nanoparticles, these approaches enable highly targeted, minimally invasive, and effective 
treatment strategies. Techniques such as radiopharmaceutical therapy, particle beam therapy, and 

nanoparticle-assisted hyperthermia have already shown significant clinical success in a variety of 

malignancies, including thyroid, prostate, neuroendocrine, and bone cancers. 
Despite their promise, several challenges remain. These include limited infrastructure, high treatment 

costs, safety concerns regarding radiation exposure, and the need for further long-term clinical data. 

Addressing these issues will require interdisciplinary collaboration, regulatory refinement, and continued 
investment in research and development. 

Looking ahead, the integration of atomic technologies with personalized medicine, immunotherapy, and 

nanotechnology is likely to redefine the standard of care in oncology. With continued innovation and clinical 

validation, atom-based therapies are poised to become a cornerstone in the multimodal management of 
cancer, offering patients more precise, effective, and individualized treatment options. 
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