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Abstract

This review article examines the rapidly evolving topic of radiopharmaceuticals, where novel discoveries are made
by mixing pharmaceuticals with radioisotopes, creating intriguing therapeutic opportunities. This comprehensive
analysis looks at targeted medication delivery, including active targeting with ligand-receptor methods and passive
targeting with increased permeability and retention. Additionally covered in the article are stimulus-responsive
release systems, which coordinate regulated release for improved accuracy and efficacy of treatment. The vital role
that radiopharmaceuticals play in medical imaging and theranostics is heavily discussed, with particular emphasis on
how they improve diagnostic precision and enable image-guided therapeutic therapies. In addition to highlighting
safety concerns and methods for reducing side effects, the review offers insightful information on how to overcome
obstacles and achieve accurate medication distribution. The essay highlights the potential applications of
nanoparticle formulations as state-of-the-art developments in next-generation radiopharmaceuticals. Case studies are
used to illustrate real-world applications, such as the complex management of bone metastases, the use of
radiolabelled antibodies for solid tumors, and peptide receptor radionuclide therapy for neuroendocrine tumors. The
last viewpoint predicts how radiopharmaceuticals will develop in the future and hopes for a seamless union of Al
and precision medicine. This vision anticipates a day when scientific progress and therapeutic precision converge to
create a new era characterized by the union of visionary progress and therapeutic resonance.

Keywords: Radiopharmaceuticals, Drug Delivery, Cancer, Regulation, Theranostic radiopharmaceuticals,
Therapeutic Radiopharmaceuticals.
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INTRODUCTION

In order to provide targeted therapeutics and molecular recognition, physiological environment,

diagnostic imaging, radiopharmaceuticals play a
critical role at the nexus of medicine, chemistry, and
nuclear physics. These carefully crafted mixtures of
radioisotopes and physiologically active chemicals
provide non-invasive windows into cellular
molecular processes. Radiopharmaceuticals are used
in diagnostic procedures such as PET, SPECT, and
scintigraphy to diagnose diseases early and provide
better therapies. Beyond diagnostics, targeted
radionuclide therapy—a precise technique of
delivering radioactive payloads to sick tissues—
requires the use of radiopharmaceuticals. In the end,
this method improves patient outcomes by increasing
therapeutic efficacy and reducing harm to healthy
tissues [1].

When radiopharmaceuticals are incorporated into
treatment plans, the fascinating interplay between
pharmacokinetics and biodistribution that controls
their complex passage through the human body is
revealed. Recognizing their absorption, distribution,
metabolism and excretion is crucial for shaping
clinical protocols. Numerous investigations have
uncovered the dynamic interactions between
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and chemical composition in addition to examining
the processes governing radiopharmaceutical activity.
Furthermore, novel approaches to improving their
specificity and therapeutic efficacy have been
presented by recent developments in
radiopharmaceutical ~ research. The field of
radiopharmaceutical uses is always changing due to
new developments in targeting agents, enhanced
radionuclide selection, and creative delivery methods.
Essentially, radiopharmaceuticals' pharmacokinetics
and biodistribution paint a vivid picture of human
physiology, assisting researchers and practitioners in
realizing the full medical benefits of these wonders.
Further advancements in targeted therapy and
diagnosis are anticipated as a result of these
chemicals' ongoing development, which also opens
up new possibilities for enhancing patient care and
outcomes. [2]

Applications of Radiopharmaceuticals

1. Diagnostic Applications: Radioactive peptides
(RPs) are short-lived radionuclides used in various
imaging techniques like Gamma Camera, SPECT,
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and PET for disease diagnosis. These techniques
measure radioactivity distribution in the human body,
revealing information about organ function. RPs are
administered via oral, intravenous, and inhalation
routes to study various organs. Advancements in
nuclear medicine have been used to detect malignant
melanoma, with PET/CT and PET/MRI being
particularly useful for small lesions. 99mTc
radiotracers have been used for myocardial perfusion
imaging, with 99mTc-3SPboroxime being
particularly effective in detecting perfusion defects
and determining regional blood flow rate. PET/CT
has been used to diagnose prosthetic joint infections,
but its image quality and specificity are limitations. A
novel molecule has been developed for molecular
imaging probes, and PET is an effective tool for non-
invasive molecular imaging. [3] The study by
Kostenikov et al. showed that Rubidium-82 (82Rb)-
chloride is effective in diagnosing brain tumors and
non-neoplastic abnormal masses. The study involved
21 patients, with 14 of them being brain tumors. The
high uptake of radiopharmaceutical was detected in
the tumor node image [4]. Ilyushenkova et al.
investigated the role of inflammatory processes in the
myocardium of patients with atrial fibrillation.
Shamsel-Din et al. demonstrated the utility of the
99mTec-diester complex as a solid tumour imaging
agent, showing high target to non-target ratio in
tumor-bearing mice and high percent inhibition
against breast cancer cell lines. [3]

2. Therapeutic applications: Radionuclide-based
radionuclides (RPs) are being used for curative and
palliative treatment of malignant cells and micro-
metastases. High-energy RPs are preferred for large
tumours and smaller ones for small cancerous cells.
RPs have been used in thyroid cancer treatment, solid
tumor treatment with radiolabeled antibodies, and
pain relief from bone metastases. Peptide Receptor
Radionuclide Therapy (PRRT) is effective for
metastable and non-operable neuroendocrine tumors,
while 11C-choline PET/CT-based helical
tomotherapy is used for bone metastases in recurrent
prostate cancer patients. Actinium-225 labeled
prostate-specific membrane antigen-617 is a
promising  therapeutic option for metastatic
castration-resistant prostate cancer, bladder cancer,
and brain tumors. Bevacizumab, a radio
immunotherapeutic agent for melanoma, is stable and
shows high liver and tumor uptake. RPs are also used
in the treatment of hepatocellular carcinoma (HCC)
using 131I-labeled Lipiodol and 90Y microspheres.
[3]. Radionuclide therapy has shown promising
results in treating various cancers, including
pancreatic and lung neuroendocrine tumors, ovarian
and lung cancer, bone pain associated with metastatic
prostate cancer, painful bone metastases, and
combining radionuclides with cytotoxic drugs. The
radiopharmaceutical 177Lu-DOTATATE showed
exceptional tolerability and efficacy in phase III
clinical trials. Zhang et al. investigated the dosimetry
and safety of 177Lu-DOTA-EB-TATE, showing high
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uptake, retention, and increased accumulation in the
kidneys and bone marrow. Hagemann et al. studied
the application of mesothelin-targeted thorium-227
conjugate (BAY 2287411) in patients with lung and
ovarian cancer. The conjugation of Zoledronate with
177Lu has shown promising results in treating
painful bone metastases. Tesson et al. found the
benefits of combining 1311-MIP-1095 with cytotoxic
drugs in metastatic prostate cancer treatment.
Banerjee et al. reviewed the therapeutic application of
177Lu radionuclides, highlighting their low energy
and lower dose delivery in the kidney. [3]

3. Theranostic applications: Theranostic
radionuclides (RPs) have gained significant attention
due to their dual benefits of imaging and treatment.
They are particularly useful in oncology to prolong
survival and improve quality of life for patients with
various types of cancers. Copper-based radionuclides
are promising for diagnosing and treating prostate,
neuroendocrine, and hypoxic tumors. Studies have
shown the potential of somatostatin receptor targeting
peptides for neuroendocrine tumor diagnosis and
treatment. 141Ce-DOTMP  has shown high
localization and retention in cancer patients with
metastatic skeletal lesions. Phosphorus-32 (32P)-ATP
has been investigated for imaging tumor lesions and
causing their destruction. 188Re has gained
popularity for therapeutic nuclear medicine, emitting
high-energy beta rays to penetrate and destroy
targeted abnormal tissues. Radioactive guanidine (R)-
(-) -5-[1251] i0do-30-O -[2-(eguanidinohexanoyl) -2-
phenylacetyl] -20-deoxyuridine has shown good
therapeutic potential for neuroblastoma imaging and
treatment. Theranostic RPs have also been used in
pediatric oncology, demonstrating their utility in
imaging and radioimmunotherapy. [3]

Targeted Drug Delivery Strategies

Radiopharmaceuticals are a new approach to
medicine that combines medicine and molecular
engineering. These medicines are designed to target
specific areas in the body, ensuring they are delivered
precisely and without causing problems elsewhere
[5]. This collaboration between advanced labeling
techniques and drug design is making treatments
more effective and reducing side effects. This
approach is a significant advancement in personalized
medicine, paving the way for radiotherapy in cancer
patients. It represents a new era where treatments are
highly precise, akin to a musical symphony of
molecular specificity.

Passive Targeting: Enhanced Permeability and
Retention

Passive targeting is a sophisticated method in
radiopharmaceuticals, utilizing Enhanced
Permeability and Retention (EPR) to navigate tumor
environments with precision. These
radiopharmaceuticals, equipped with therapeutic and
diagnostic elements, discreetly penetrate cancerous
regions, minimizing harm to healthy tissues while
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maximizing therapeutic impact [6]. Recent
advancements in passive targeting have focused on
optimizing the design of radiolabelled nanocarriers,
including liposomes, micelles, polymers, dendrimers,
and nanoparticles made of gold, iron oxide, silica, or
carbon. Modifications with ligands, coatings, or
stimuli-responsive materials further improve their

performance [7]. The EPR effect is being explored in
combination with other targeting strategies, including
active targeting and triggered targeting. Researchers
are also evaluating the EPR effect and its variability
in different tumors and patients.

Radiotherapy-Resistant Cancer Patients:
Screening and Therapeutic Approach
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Figure 1: Radiotherapy response on resistant and non-resistant cancer patients

Active Targeting: Ligand-Receptor Strategies

Active targeting is a strategic method where a ligand
is attached to a radioactive molecule to deliver
radiation therapy directly to cancer cells that express
specific receptors. This enhances therapeutic efficacy
and minimizes toxicity of radiopharmaceuticals.
Successful examples include Lutetium-177 dotatate
(Lutathera), Radium-223 dichloride (Xofigo), and
Iodine-131 tositumomab (Bexxar). These examples
demonstrate the effectiveness of active targeting in
tailoring radiation therapy to specific cancer cells, a
significant advancement in precision medicine. [2]

Stimulus-responsive release systems

Stimulus-responsive release systems are advanced
methods for drug delivery that allow controlled
release of active pharmaceutical ingredients in
response to specific conditions or stimuli [8]. These
systems are particularly useful in
radiopharmaceuticals, which contain radioactive
isotopes used for diagnosing or treating diseases. By
incorporating these systems, radiopharmaceuticals
can be more precise, imaging-capable, and
therapeutically effective while minimizing side
effects and toxicity. Various stimuli, such as pH-
sensitive nanocarriers, temperature-sensitive
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materials, redox-sensitive  nanocarriers, light-
sensitive  nanocarriers, and magnetic-sensitive
nanocarriers, can be used for targeted delivery [9].
Applications include improved contrast and
resolution in nuclear imaging, enhanced therapeutic
efficacy, and integration of diagnosis and therapy in a
theranostic approach.

New Radionuclide Delivery System

As previously mentioned, radionuclides possessing
intrinsic targeting capabilities can be employed
therapeutically in their most basic form. Nonetheless,
there aren't many instances of radioactive buildup in
tumors occurring naturally. Consequently, a
significant deal of creativity has gone into creating
and developing radiolabelled vectors in order to
transport radioactivity specifically to tumor cells.
When it comes to the radionuclide's in vivo
biodistribution, selectivity of uptake in malignant
tissue, and hence, toxicity, the vector itself frequently
has a significant influence. The use of radiolabelled
nanoparticles for TRT has been investigated recently.
These present the possibility of delivering a
radionuclide with a very high payload to the tumor by
encapsulating it in hollow nanoparticles or by
attaching it to their surface. When tumors have
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disorganized vasculature, there is an improved
perfusion and retention effect, which leads to the
passive accumulation of nanoparticles in the tumor.
The enhancement of intratumoural radioactivity
accumulation can occur when tumour-seeking
moieties, such as peptides, antibody fragments, or
small molecules, are applied to the particle's surface.
Initially, liposomes—which have a diameter of
roughly 100 nm—were studied as a kind of
nanoparticle for TRT. For instance, it has been
demonstrated that liposomes conjugated to
trastuzumab and loaded with 225Ac may attach to
and internalize into HER2/neu overexpressing cells.
Multimodality nanoparticles that are increasingly
complex have been created. For instance, folate-
targeted poly (lactic-co-glycolic acid) copolymer
nanoparticles labelled with 90Y and encapsulating
docetaxel have been developed for combination
chemo radiation therapy of ovarian cancer peritoneal
metastases. [10]

New Approaches to Combination Treatments

Recently, there has been interest in the concept of
combining chemotherapy and radiopharmaceutical.
In patients with stage III/IV pancreatic ductal cancer,
for instance, a humanized, 90Y-labelled antibody
(90Y-clivatuzumab tetraxetan; 90Y-hPAM4) that
targets a mucin antigen was given up to four times in
combination with gemcitabine. Of the 38 trial
participants, 24 had a partial response or stable
illness, with a median survival of 7.7 months overall
and 11.8 months for those undergoing repeated cycles
of therapy. The sole notable hazard was reversible
grade 3e4 myelosuppression, which affected 53% of
individuals following cycle 1. In a recent clinical
trial, 38 patients with low-grade neuroendocrine
tumors received 177Lu-octreotate in addition to

capecitabine and temozolomide. Once more,
encouraging outcomes were attained, with no grade 4
adverse events reported and complete and partial
responses shown in 15% and 38% of patients,
respectively. In a clinical experiment including
patients with gastrointestinal ~carcinomas, the
combination of RIT utilizing a radiolabelled anti-
carcinoembryonic antigen antibody (1311-A5B7) plus
a vascular disrupting drug (combreastatin-A4-
phoshate) was investigated. Myelosuppression was
dose-limiting, but this combination was safe. When
considered collectively, these results imply that
further research should be done to examine the
synergistic effects of combining chemotherapy and
molecularly targeted therapies with
radiopharmaceuticals. [10]

Radiopharmaceuticals in Imaging Theranostics

Radiopharmaceuticals are revolutionizing the field of
diagnostics and treatment, enabling precision and
patient-focused care in nuclear medicine. These drugs
act as molecular probes, providing insights into the
smallest details of our cells' functioning, enabling
early disease detection and treatment effectiveness.
They also serve as theranostics agents, transitioning
from diagnosing to treating, aiming to find and fight
diseases while minimizing harm to healthy tissues.
Theranostics is a personalized approach that
combines scientific innovation, practical knowledge,
and patient-centred care, guiding us towards precise
treatments that prioritize effectiveness, safety, and
individual wellbeing. As we enter a new era in
healthcare, radiopharmaceuticals in imaging and
theranostics demonstrate a perfect blend of scientific
innovation, practical knowledge, and patient-centred
care, paving the way for a new era of healthcare. [2]

Table 1: Applications of radiopharmaceuticals in imaging and theranostics

Application Imaging purpose Therapeutic purpose
Oncology - Tumor detection and staging - Targeted radiation therapy
- Assessment of treatment response -Radionuclide therapy for metastatic
- Monitoring recurrence lesions
- Radioimmunotherapy
Cardiology - Myocardial perfusion imaging - Radio ablation of arrhythmias
- Evaluation of cardiac function
Neurology - Brain perfusion and metabolism - Targeted radionuclide therapy for
imaging neuroendocrine tumors
- Amyloid imaging in Alzheimer’s - Radiosynoviorthesis for
disease inflammatory joint disorders
- Neuroreceptor imaging for - Pain palliation in bone metastases
neurotransmitters
Inflammation - Infection localization - Radioimmunotherapy for
and infection imaging | - Assessment of inflammation inflammatory diseases
Theranostics - Personalized treatment planning - Targeted radionuclide therapy in
- Real-time treatment monitoring precision medicine
- Image-guided therapies using
theranostic agents
Bone imaging - Bone metastases detection - Radiopharmaceuticals for bone pain
- Assessment of bone health and relief
fractures
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Healthcare professionals working with
radiopharmaceuticals have access to specialized
educational programs and certifications to ensure
their proficiency in safe and effective handling of
these substances. These pathways include Nuclear
Medicine  Technology Programs offered by
universities and colleges, which cover radiation
safety, radio pharmacy, anatomy, physiology, and
imaging techniques [11]. Radio pharmacy training
programs focus on the preparation and handling of
radiopharmaceuticals, and graduates may pursue
certification as Authorized Nuclear Pharmacists
(ANP) through the Board of Pharmacy Specialties
(BPS). Radiation Safety Courses offer essential
knowledge on principles, regulations, and practices,
with certifications like Certified Health Physicist
(CHP) available through organizations like the
American Board of Health Physics (ABHP) [12].

Role of Imaging in Advancements

Radiopharmaceutical imaging is a vital tool in
medicine, used in various fields such as oncology,
cardiology, and theranostics. It helps identify specific
tumor markers, enabling the customization of
targeted therapies and improved treatment
monitoring. In cardiology, it assesses myocardial
function, leading to earlier detection of coronary
artery disease and improved patient outcomes. The
integration of radiopharmaceutical techniques with
other diagnostic methods, like PET and MRI,
improves diagnostic accuracy in neurological
disorders. Radiopharmaceutical imaging also extends
into theranostics, where the same drug used for
imaging also serves as a carrier for targeted
radionuclide therapy. This emerging field holds
promise for personalized treatment approaches
tailored to patients' unique molecular profiles. The
synergy between radiopharmaceutical development,
imaging technology, and computational analysis has
led to the creation of novel tracers and imaging
protocols. [2]

Theranostics: Healing through Imaging-Guided
Therapies

Radiopharmaceuticals theranostics is a revolutionary
strategy that uses radiotracers labelled with
radioisotopes to visualize and treat diseases at the
molecular level. This method allows clinicians to
accurately identify biomarkers and assess disease
progression  through  high-resolution  imaging
modalities like PET and SPECT [13]. The
radiotracers can be tailored to deliver therapeutic
payloads directly to diseased cells, ensuring precise
accuracy in targeting malignant tissues while
minimizing collateral damage to healthy organs.
Radiopharmaceutical therapy, also known as
radionuclide therapy, uses the precise localization of
radiotracers to emit therapeutic radiation that
selectively destroys or halts the growth of cancerous
cells [14]. This approach holds immense promise for
refractory cancers and metastatic disease, where

Agrawal et al.

conventional treatments have shown limitations. The
synergy between diagnostics and therapy in
radiopharmaceuticals theranostics brings forth a new
era of individualized medicine, allowing clinicians to
adapt and optimize therapies according to the
patient's response. [2]

Next Generation
Formulations

Radiopharmaceutical

Nuclear medicine is being revolutionized by
advanced radiopharmaceutical formulations that
combine molecular design and delivery methods.
These formulations provide enhanced compatibility
and prolonged circulation throughout the body since
they are made using nanocarriers such as liposomes,
nanoparticles, and micelles. When these carriers are
combined with ligands that target diseases, a special
combination of accuracy and flexibility is produced
that enables radiotracers to explore biological
systems and offer previously unheard-of insights into
cellular processes. These formulations are frequently
made to be multifunctional, enabling the delivery of
several radionuclides, contrast agents, or medicinal
agents at once. [2] Utilizing receptor-mediated uptake
or endocytosis, next-generation radiopharmaceuticals
provide access to previously difficult-to-reach cells
and tissues. The combination of radiopharmaceuticals
with cutting-edge imaging modalities improves the
precision of diagnosis and allows for more
individualized treatment plans. Precision and stability
are improved with the advent of radiolabelling
techniques. The development of these agents is
driven by interdisciplinary collaborations involving
radiopharmacologists, chemists, nanotechnologists,
and physicians [15].

Nanoparticle Artistry in Drug Delivery

With previously unheard-of precision,
radiopharmaceuticals based on nanoparticles are
transforming drug delivery. These nanoparticles
navigate biological landscapes with amazing
accuracy, avoiding clearance systems and focusing
on specific cellular receptors or microenvironments
in sick tissues. Their customized surface
modifications and ligands enable disease-specific
detection. By concentrating medicines at illness sites
and minimizing off-target effects, this fusion
enhances treatment efficacy. Radionuclide-bearing
nanoparticles provide unmatched resolution for
molecular processes in vivo, which enhances the
diagnostic potential of radiolabelling techniques
when combined with nanoparticle formulations [16].
Beyond their role as carriers, nanoparticle
radiopharmaceuticals exhibit multifunctionality that
expands their possibilities. These platforms facilitate
the co-administration of therapeutic drugs, contrast
agents, or several radiotracers, resulting in precisely
calibrated imaging and therapy combinations that are
customized to each patient's unique profile. [2]
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Figure 2: Current strategies and Radiopharmaceuticals application in theranostics

In nuclear medicine, nanoparticle-based
radiopharmaceutical delivery technologies have
become a game-changer. These methods make better
advantage of the unique characteristics of
nanoparticles, such as their size and surface [17].
Drugs can be precisely targeted with nanoparticles,
which can be tailored with different compounds for
increased availability, reduced toxicity, and increased
efficiency. [2]

Regulatory Perspectives of Radiopharmaceuticals

The Atomic Energy Regulatory Board (AERB) in
India regulates radiopharmaceuticals (RPs) and other
related products and services. Established in 1983,
AERB carries out regulatory work and safety
information under the Atomic Energy Act, 1962 and
Environment (Protection) Act, 1986.

The Board of Radiation and Isotopic Studies (BRIT)
is an independent unit of the Department of Atomic
Energy (DAE) that handles the development,
production, and supply of RPs to nuclear medicine
centers. BARC supplies reactor-produced
radioisotopes to BRIT, which are processed for their
various applications in healthcare and industry. In
2018, the Drugs Technical Advisory Board (DTAB)
considered establishing a full-fledged wing at the
Chemicals and Cosmetics Safety Council (CDSC) for
RP regulations, working with the Department of
Atomic Energy (DAE) for regulatory controls. The
Indian Pharmacopeia-2014 introduced one general
chapter for RPs and 19 monographs, with additional
chapters added in 2015, 2016, and 2018. [3]

Role of Bhabha Atomic Research Centre (BARC)
and Central Drug Standard Control Organisation
(CDSCO) in regulations:

BARC is a crucial research center for the Department
of Atomic Energy, overseeing radioactive material
usage and radio medicine applications [18]. The
Central Drug Standard Control Organisation
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(CDSCO) under the Ministry of Health and Family
Welfare, Government of India, supervises radioactive
products under the Drug and Cosmetic Act 1940 [3].
Regulatory challenges for RPs in India:

India needs a robust regulatory system for
radiopharmaceutical products (RPs) due to the
increasing demand. Initially, the Radiation Medicine
Centre (RMC) of BARC and the Institute of Nuclear
Medicine and Allied Science (INMAS) were
responsible for producing RPs. However, the current
regulatory arrangement has numerous contradictions
and lacunas, dissuading producers and specialists
from investing in radiopharmaceutical space. RPs are
exempted from the Drugs and Cosmetic Act 1940 and
associated rules, which are applicable to all other
drug and cosmetic products. RPs are placed in
Schedule K of the Drug and Cosmetic Act under
serial number 20. This exemption is likely due to the
belief that the Drug Controller General of India
(DCGI) lacks adequate expertise in regulating RPs. In
the 21st century, private players have increased their
involvement, making it necessary for the government
to amend the Act to accord full status to RPs due to
their diverse roles in diagnosis and treatments.
Permission for manufacturing needs to be obtained
from AERB, while approval from DCGI is required
for launching the product in the Indian market.
Official status has been granted to RPs through
various monographs in Indian Pharmacopoeia.
However, non-implementation by drug control
organizations is a serious ambiguity that needs urgent
attention. The lack of coordination between nuclear
regulators (AERB) and pharmaceutical regulators
(CDSCO) has led to widespread repercussions in the
nuclear medicine community [3].

eLORA system
applications:

of e-licensing of radiation

The use of ionization radiation techniques in
medicine, industry, and research has significantly
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increased in India over the past decade, providing
significant social benefits in cancer treatment,
diagnosis, and industrial applications. However, this
has raised challenges for the AERB in regulating
these new facilities to ensure the security and safety
of radiation technology. To address these challenges,
the AERB introduced the e-Governance system,
eLORA (e-Licensing of Radiation application),
which computerizes regulatory procedures related to
ionizing radiation utilization in India [3]. As of
September 2014, licenses for all medical radiation
facilities (diagnostic radiology/radiotherapy/nuclear
medicine) in India must be obtained using the
eLORA platform, a web-based application on the
AERB website [19]. The eLORA system enables
direct communication between stakeholders and
AERB, enhancing efficiency and transparency in the
application process. The system is designed to be
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|

Application sends to Ethical
Committee and Radiopharmaceutical
Committee of BARC

Within 84 days clinical trials
were started, if BARC allowed

cost-effective and aligns with the lawful requirements
granted by the Government of India [19].

Marketing authorization of RPs in India:

The approval process for radiopharmaceutical
products (RPs) in India lacks a clear regulatory
guideline, leading to confusion among market
players. Nuclear medicine practitioners often use new
discoveries in RPs on their own patients instead of
seeking commercialization approvals. Multiple non-
overlapping agencies like BARC, RPC, RMC, and
CDSCO control the process, causing major lacunas
and confusion. For new drug approval, permission is
obtained from the licensing authority or DCGI, but
for RPs, the DCGI grants the power of approval to
BARC [20].
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Figure 3: The approval procedure of RPs in India.
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Radiopharmaceutical Case Studies

Radiopharmaceuticals, radioactive agents designed to
target and treat diseases, particularly cancer, have
shown significant clinical impact. For instance, 177
Lu-PSMA-617, a PSMA-targeted
radiopharmaceutical, demonstrated a substantial
improvement in overall survival and radiographic
progression-free survival when combined with
standard care in patients with PSMA-positive
mCRPC [21]. Common adverse events included
hematologic, gastrointestinal issues, and fatigue.
223Ra-dichloride, an alpha-emitting
radiopharmaceutical, was used for bone metastases
from prostate cancer. In the phase III ALSYMPCA
trial, 223Ra-dichloride improved overall survival and
delayed symptomatic skeletal events in patients with
castration-resistant  prostate cancer and bone
metastases. Common adverse events included nausea,
diarrhea, vomiting, and hematologic issues. [2] In the
case of neuroblastoma, 131 I-
metaiodobenzylguanidine (131 I-MIBG), a
radiopharmaceutical targeting the norepinephrine
transporter highly expressed in neuroblastoma cells,
showed promise in a phase II trial. When combined
with chemotherapy and stem cell rescue, 131 I-MIBG
improved event-free survival and overall survival in
children with high-risk neuroblastoma [22]. Common
adverse events included hematologic issues,
infections, and mucositis. These case studies
highlight the potential of radiopharmaceuticals to
enhance outcomes and improve the quality of life for
patients across various diseases. [2]

Radiolabelled Antibodies Targeting Solid Tumors

Radiopharmaceuticals have revolutionized targeted
cancer therapy by combining monoclonal antibodies'
specificity with radiopharmaceutical precision [23].
One such example is 177 Lu-DOTATATE, a
radiolabelled somatostatin analogue used to treat
neuroendocrine tumors (NETs) [24]. This approach
uses somatostatin receptors' overexpression to deliver
targeted radiation to tumor sites while minimizing
damage to healthy tissues. Radiopharmaceutical case
studies show the efficacy of 177 Lu-DOTATATE in
halting tumor progression and inducing regression,
proving its inclusion in therapeutic protocols. [2]
Radiolabelled antibodies like 131 I-rituximab have
also revolutionized treatment strategies for non-
Hodgkin lymphomas, demonstrating the power of
radioimmunotherapy [25]. Combining a monoclonal
antibody with a therapeutic radionuclide allows
targeted destruction of lymphoma cells, enhancing
treatment outcomes and minimizing systemic toxicity
[2]. Radioimmunotherapy has achieved notable
remission rates, offering hope for patients with
limited therapeutic options. Her2-targeted
radioimmunotherapy for HER2-positive breast cancer
has demonstrated the potential to deliver localized
radiation directly to tumor cells, enhancing treatment
efficacy and reducing systemic side effects [26].
Radiopharmaceutical case studies have shown tumor
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regression and prolonged survival in metastatic
castration-resistant prostate cancer patients. [2] The
elegance of radiolabelled antibodies lies in their
targeting capabilities and their potential to be
combined with other therapeutic modalities. These
radiopharmaceuticals  represent the  potential
transformation achieved through the combination of
radiolabelled antibodies and solid tumors, reshaping
treatment approaches and redefining the precision
medicine landscape. [2]

PRRT: Neuroendocrine Tumor Treatment

Peptide Receptor Radionuclide Therapy (PRRT) has
revolutionized the treatment of neuroendocrine
tumors (NETs), demonstrating its efficacy in
delivering targeted radiation to tumor cells
overexpressing somatostatin receptors [27]. PRRT's
theranostic capabilities, where the same radiotracer
used for diagnosis guides therapy, underscore its
precision [2]. These case studies demonstrate the
transformative potential of PRRT, showcasing its
synergy of advanced radiopharmaceutical science and
compassionate patient care. PRRT's ability to interact
with diverse somatostatin receptor subtypes adds
complexity to its application in NET manifestations
[28]. The interplay between PRRT and other
therapeutic modalities, such as surgery or targeted
therapies, is a recurring theme. PRRT acts
synergistically, either as neoadjuvant therapy before
surgery or alongside other targeted agents to enhance
therapeutic  outcomes. As radiopharmaceutical
science advances and our understanding of tumor
biology deepens, PRRT's potential continues to grow.
Collaborations between nuclear medicine specialists,
radio pharmacists, and oncologists fuel these case
studies, highlighting PRRT's role in shaping a new
era of precision oncology. [2]
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