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ABSTRACT

Nanomedicine has emerged as a transformative approach in oncology, offering promising advances in cancer
diagnostics, targeted therapy, and personalized treatment. Despite its immense potential, concerns regarding
the toxicological profile, biosafety, and regulatory approval of nanomedical formulations remain significant
barriers to clinical translation. This review provides a comprehensive analysis of the toxicological implications
and regulatory considerations associated with nanomedicine use in oncology. It discusses the pharmacokinetics,
biodistribution, immunogenicity, and potential cytotoxicity of various nanocarriers, including liposomes,
dendrimers, metallic nanoparticles, and polymeric nanostructures. The review highlights the challenges in
evaluating long-term safety due to the unique physicochemical properties of nanoparticles, such as size, shape,
surface charge, and coating. Furthermore, we examine the current regulatory frameworks adopted by agencies
like the FDA and EMA, focusing on preclinical evaluation, Good Manufacturing Practices (GMP), clinical trial
design, and post-marketing surveillance. Case studies of approved nano-oncology drugs such as Doxil® and
Abraxane® are presented to elucidate the pathway from bench to bedside. The article underscores the urgent
need for standardized toxicity testing protocols, harmonized regulatory guidelines, and multidisciplinary
collaboration to ensure the safe and effective integration of nanomedicine into routine oncologic care. As the
field advances, addressing these toxicological and regulatory challenges will be crucial to harnessing the full
therapeutic potential of nanotechnology in cancer treatment.
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INTRODUCTION

Nanotechnology has revolutionized the field of oncology by introducing a wide range of innovative solutions
for cancer imaging, diagnosis, drug delivery, and the development of personalized treatment strategies[1—4].
The integration of nanotechnology into medicine referred to as nanomedicine entails the use of nanoscale
materials (typically between 1 to 100 nanometers) to interact with biological systems for therapeutic and
diagnostic purposes[5—97]. Due to their small size and modifiable surface properties, nanomaterials can be
engineered to possess unique physicochemical and biological characteristics, enabling them to traverse
biological barriers, interact at the cellular and subcellular levels, and deliver therapeutic payloads with enhanced
precision.

In the context of cancer therapy, nanomedicine has offered several advantages over traditional treatment
modalities[ 10, 117]. Nanocarriers can be designed to encapsulate chemotherapeutic agents, thereby enhancing
drug solubility, improving pharmacokinetics, extending circulation time, and facilitating targeted delivery to
tumor tissues[12—147]. This selective accumulation in tumors often achieved through mechanisms like the
enhanced permeability and retention (EPR) effect or active targeting using ligands can significantly reduce oft-
target effects and systemic toxicity[[15—17]. Moreover, multifunctional nanoplatforms can simultaneously serve
as diagnostic and therapeutic tools (so-called "theranostics"), enabling real-time monitoring of treatment
response[ 2, 16, 187.

However, while the biomedical potential of nanomedicine is immense, there are notable challenges that
complicate its clinical application, especially in oncology. Chief among these are concerns regarding the
toxicological profile of nanomaterials[197]. The very features that make nanoparticles suitable for targeted
therapy such as high surface reactivity, prolonged circulation, and enhanced cellular uptake may also result in
unintended interactions with non-target tissues and biomolecules. Nanoparticles can trigger oxidative stress,
inflammation, immunogenicity, genotoxicity, and long-term accumulation in organs such as the liver, spleen,
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lungs, and kidneys. Furthermore, their biotransformation, degradation pathways, and elimination from the body
are not always well understood, leading to uncertainties about long-term safety[ 207].

The complexity of nanomaterials poses unique challenges for toxicological evaluation. Traditional toxicology
tools and guidelines, which were developed for conventional small-molecule drugs or bulk materials, are often
inadequate for assessing the nuanced behaviors of nanoparticles[217]. For example, characteristics such as shape,
size, surface charge, coating, and aggregation state can influence nanoparticle toxicity in ways that are not yet
fully predictable. Consequently, there is a pressing need for standardized protocols and predictive models that
can accurately assess nanoparticle safety across preclinical and clinical stages[227].

In addition to toxicological concerns, regulatory frameworks governing the development and approval of
nanomedicine are still evolving and, in many cases, lag behind scientific progress. Regulatory agencies such as
the U.S. Food and Drug Administration (FDA), the European Medicines Agency (EMA), and others face the
challenge of adapting existing drug approval processes to accommodate the complexity and diversity of
nanomedicines[237]. Current regulatory pathways may not fully account for nanoparticle-specific parameters,
leading to ambiguity in safety thresholds, quality control, and manufacturing standards. Moreover, the absence
of internationally harmonized guidelines complicates global development and commercialization, contributing
to delays in clinical translation[247). The regulatory uncertainty is compounded by gaps in scientific data,
particularly regarding long-term effects, environmental safety, and the behavior of nanomaterials under real-
world conditions. As a result, many promising nano-formulations that show excellent preclinical efficacy fail to
reach the clinic. Bridging this translational gap requires a multidisciplinary effort involving toxicologists,
clinicians, material scientists, and regulatory bodies to establish robust evaluation frameworks that balance
innovation with patient safety[24, 257. This review aims to critically examine the toxicological and regulatory
dimensions of nanomedicine in oncology. By synthesizing current evidence and identifying existing gaps, we
seek to provide a comprehensive understanding of the potential risks associated with nanotherapeutics and
propose strategies to mitigate them. Furthermore, the review highlights recent advancements in in vitro and in
vivo testing models, discusses emerging regulatory trends, and outlines a roadmap for accelerating the safe
clinical adoption of nanomedicine in cancer care. Ultimately, improving the safety profile and regulatory clarity
of nanomedicine will be crucial for unlocking its full potential in transforming cancer treatment.

2. Toxicological Considerations in Nanomedicine for Oncology

2.1 Nanoparticle-Biological Interactions

Nanoparticles (NPs) exhibit complex interactions with biological systems that influence their pharmacokinetics,
biodistribution, and safety profiles. Upon administration whether intravenous, oral, or inhalational nanoparticles
immediately encounter a biological milieu rich in proteins, lipids, and other biomolecules[26, 277. This leads to
the rapid formation of a “protein corona”, a dynamic layer of adsorbed proteins that alters the nanoparticle’s
original surface characteristics, masking targeting ligands and affecting cellular uptake, immune recognition,
and overall biodistribution[287]. Moreover, opsonisation the process by which serum proteins mark particles for
clearance can prompt phagocytic uptake by cells of the mononuclear phagocyte system (MPS), particularly in
the liver, spleen, and lungs. These organs act as biological filters and often become unintended sites of
accumulation, which may contribute to off-target effects or toxicity.[28, 297

Nanoparticle behavior is highly dependent on their physicochemical properties, such as size, shape, surface
charge, hydrophobicity, and surface functionalization[807]. For instance, smaller nanoparticles (<10 nm) may
undergo rapid renal clearance, while those in the 10~100 nm range tend to accumulate more in tumors via the
enhanced permeability and retention (EPR) effect. Positively charged nanoparticles often exhibit increased
cellular uptake but may also disrupt cellular membranes and provoke stronger immune responses compared to
neutral or negatively charged ones[317]. Furthermore, nanoparticle interactions can affect cell signaling
pathways, membrane integrity, and organellar functions, especially when particles enter cells through
endocytosis or membrane penetration[327]. These interactions necessitate careful design and rigorous
assessment during preclinical testing to ensure both therapeutic efficacy and safety. Understanding the nuances
of nanoparticle-biological interactions is crucial for optimizing delivery systems and minimizing adverse
outcomes in nanomedicine applications[ 337].

2.2 Immunotoxicity and Genotoxicity

The introduction of nanoparticles into the body can elicit undesirable immune and genetic responses, collectively
termed immunotoxicity and genotoxicity[ 34 ]. These concerns are paramount, particularly in oncology, where
nanoparticles are frequently used to deliver cytotoxic drugs or imaging agents. Immune system interactions can
result in mild to severe inflammatory responses, including cytokine storms, which are characterized by an
uncontrolled release of pro-inflammatory cytokines such as IL-6, TNF-a, and IFN-y. These storms can lead to
systemic inflammatory response syndrome (SIRS), multi-organ dysfunction, and even death in severe cases[35].
Nanoparticles may activate innate immune responses by engaging toll-like receptors (TLRs) or complement
pathways. Surface properties, including shape, charge, and material composition, significantly influence
immunogenicity. For example, cationic liposomes and dendrimers are more likely to trigger mast cell
degranulation and complement activation. Additionally, contaminants or endotoxins present during
nanoparticle synthesis can amplify immune reactions if not properly removed[ 86, 377].
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From a genotoxicity standpoint, several classes of nanoparticles, including silver nanoparticles, quantum dots,
titanium dioxide, and carbon-based nanomaterials, have been shown to induce DNA strand breaks, chromosomal
aberrations, and mitochondrial dysfunction[887. These effects are often mediated through the generation of
reactive oxygen species (ROS), leading to oxidative stress, lipid peroxidation, and cellular apoptosis. The small
size of nanoparticles allows them to enter the nucleus or interfere with DNA replication and repair
mechanisms[ 387].

Given their potential to alter gene expression or damage genetic material, nanoparticles may carry a
carcinogenic risk, especially with repeated or long-term exposure. Therefore, comprehensive in vitro and in vivo
assays, including Ames test, comet assay, and micronucleus tests, are essential for evaluating the immuno- and
genotoxic profiles of new nanomaterials before clinical translation[897.

2.3 Long-Term and Cumulative Toxicity

While the immediate effects of nanoparticle exposure are often well studied, the long-term and cumulative
toxicity associated with chronic or repeated exposure remains a significant safety concern. Many nanoparticles,
especially those that are non-biodegradable or slow to degrade, can persist in tissues and organs for extended
periods, leading to bioaccumulation and biopersistence[40, 417]. Over time, this may result in chronic
inflammation, organ dysfunction, or even tumorigenesis. Materials such as polymeric nanoparticles (e.g., PLA,
PLGA), silica, gold, and metal oxides can accumulate in organs like the liver, spleen, kidneys, and lungs,
potentially interfering with normal physiology[427. Studies have shown that gold nanoparticles may remain in
the liver for months, where they can elicit fibrosis or hepatocellular damage depending on their dose and coating.
Similarly, carbon nanotubes have been implicated in lung fibrosis and granuloma formation akin to asbestos-
like pathologies[427].

Moreover, nanoparticles that cross the blood-brain barrier (BBB) may accumulate in the brain, raising concerns
about neurotoxicity, particularly with materials such as quantum dots and silver nanoparticles[437]. Some
nanoparticles can disrupt endocrine signaling or accumulate in reproductive organs, posing additional concerns
for fertility and developmental toxicity. The clearance mechanisms for nanoparticles—via renal excretion,
biliary elimination, or macrophage-mediated degradation—can be inefficient for certain formulations, especially
those exceeding renal filtration limits or those resistant to enzymatic breakdown. As a result, longitudinal
studies using animal models and advanced imaging techniques are necessary to track biodistribution and
accumulation over time[437].

Regulatory agencies increasingly demand chronic toxicity studies spanning months to years, along with
toxicokinetic modeling, to assess the risks of long-term nanoparticle use. Addressing cumulative toxicity is
essential for the safe and sustainable development of nanomedicines, especially those intended for repeated or
lifelong administration in chronic conditions such as cancer[ 44, 457.

3. Safety Evaluation and Preclinical Testing

The successful development of nanomedicine hinges on rigorous safety evaluation and preclinical testing to
ensure minimal toxicity and optimal efficacy. Due to their nanoscale properties, nanomedicines interact with
biological systems differently than traditional therapeutics, necessitating comprehensive safety assessments
before clinical translation. Preclinical testing typically follows a tiered approach, beginning with in vitro assays
to identify potential cytotoxic effects, followed by in vivo studies to evaluate systemic toxicity, pharmacokinetics,
and biodistribution.[467] These tests aim to characterize the dose-response relationship, identitfy target organs
of toxicity, and assess potential immunogenicity. Safety evaluation must also consider nanoparticle-specific
factors such as size, surface charge, material composition, shape, and functionalization, all of which influence
biological interactions. Moreover, the regulatory landscape for nanomedicine is still evolving, prompting the
need for standardized protocols and robust testing strategies. Alongside traditional models, newer in vitro and
in vivo platforms are being integrated into preclinical pipelines to enhance predictive accuracy and reduce
reliance on animal testing. Importantly, safety evaluations must go beyond short-term toxicity and include long-
term effects such as chronic exposure, genotoxicity, and reproductive toxicity[46]. A multidisciplinary
tramework combining materials science, pharmacology, and toxicology is essential to achieve a comprehensive
understanding of nanomedicine safety prior to human trials.

3.1 In Vitro Assays

In vitro assays are a foundational component of nanomedicine safety evaluation, offering a cost-effective, rapid,
and ethical approach for preliminary toxicity screening. These assays are conducted using cultured cancerous
and non-cancerous human or animal cell lines to assess cell viability, membrane integrity, oxidative stress, and
apoptotic activity[47]. Commonly used tests include the MTT assay, which measures mitochondrial metabolic
activity; the LDH release assay, which indicates cell membrane damage; and reactive oxygen species (ROS)
assays that reveal oxidative stress induced by nanoparticles. Additional assays such as flow cytometry, comet
assays, and ELISA are used to assess apoptosis, genotoxicity, and inflammatory responses[ 48, 497]. However,
while in vitro systems offer high-throughput screening potential, they lack the complexity of whole organisms
and do not fully mimic the interactions between nanoparticles and systemic physiological processes such as
immune responses, metabolism, or clearance. Furthermore, results can vary significantly depending on the cell
type, nanoparticle concentration, exposure duration, and particle surface modifications[[507]. These limitations
underscore the importance of interpreting in vitro results with caution and supplementing them with more
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advanced models. Despite these challenges, in vitro assays remain indispensable for initial risk assessment and
for refining nanomedicine formulations before moving to animal studies.

3.2 In Vivo Animal Studies

In vivo animal studies play a critical role in evaluating the safety, efficacy, and biodistribution of nanomedicines
under physiologically relevant conditions. Rodent models, particularly mice and rats, are most commonly
employed due to their genetic similarity to humans, well-characterized immune systems, and ease of
handling[517. These models provide crucial insights into pharmacokinetics (absorption, distribution,
metabolism, and excretion), organ-specific toxicity, immunogenic responses, and the therapeutic window of
nanoparticle formulations. Key endpoints include histopathological examinations of organs such as the liver,
kidney, spleen, lungs, and brain, which are common sites of nanoparticle accumulation. Blood chemistry analyses
(e.g., liver enzymes, kidney markers, hematological indices) offer additional data on systemic toxicity[527].
Tumor-bearing models are also utilized to evaluate targeting efficiency and therapeutic efficacy. Despite their
value, animal studies are resource-intensive and face ethical concerns and translational limitations due to
interspecies differences. Therefore, optimizing study design such as using humanized mouse models, applying
non-invasive imaging techniques, and ensuring adequate control groups is essential for generating meaningtul
data. Regulatory agencies often require comprehensive in vivo data before approving clinical trials, making
animal studies a cornerstone of preclinical nanomedicine development[537]. Nonetheless, complementary
models are increasingly being adopted to enhance predictive relevance and reduce animal use.

3.3 Emerging Models

Emerging models such as 8D cell cultures, organoids, and zebrafish embryos are revolutionizing the field of
nanomedicine safety testing by bridging the gap between traditional in vitro assays and in vivo animal
models[547. These systems offer a more physiologically relevant environment that mimics tissue architecture,
cellular heterogeneity, and complex biological interactions. Three-dimensional (3D) cell cultures, for instance,
allow nanoparticles to penetrate tissue-like matrices, simulating real drug diffusion and cellular uptake
dynamics. Organoids, derived from stem cells or primary tissues, replicate the microanatomy and function of
organs such as the liver, kidney, and brain, providing valuable insights into organ-specific toxicity and
nanoparticle behavior. Zebrafish embryos serve as whole-organism models that enable high-throughput, real-
time imaging of nanoparticle distribution and toxicity, while maintaining genetic and physiological similarities
to humans[557. These emerging platforms offer several advantages, including reduced ethical concerns,
scalability, and the ability to perform longitudinal assessments. Moreover, they facilitate early detection of off-
target effects and support mechanism-of-action studies. However, standardization, reproducibility, and
regulatory acceptance remain challenges[567]. Nonetheless, these advanced models are gaining traction as
complementary tools in the nanotoxicology pipeline, promising more accurate predictions of human responses
while reducing reliance on conventional animal testing.

4. Regulatory Landscape for Nanomedicine in Oncology

4.1 Global Regulatory Frameworks: The regulation of nanomedicines across the globe is governed by major
health authorities such as the U.S. Food and Drug Administration (FDA), the European Medicines Agency
(EMA), and Japan’s Pharmaceuticals and Medical Devices Agency (PMDA). These agencies have adopted a
case-by-case evaluation system for nanomedicinal products, owing to the inherent complexity and novelty of
nanotechnology-based therapeutics[577]. While there is a growing recognition of the need for nano-specific
regulatory frameworks, most evaluations still rely heavily on traditional pharmaceutical criteria developed for
conventional drugs. This approach often fails to fully capture the unique pharmacokinetic, pharmacodynamic,
and toxicity profiles of nanoparticles. Despite some guidance documents being issued, there remains a lack of
harmonized international standards. Differences in policy among regions can delay market authorization and
complicate the global commercialization of nanomedicines[587]. Therefore, there is an urgent need for globally
coordinated, nano-specific regulatory guidelines to streamline development and approval processes.

4.2 Regulatory Challenges: The regulatory landscape for nanomedicines faces several key challenges that
hinder effective assessment and approval. One major issue is the absence of a universally accepted definition and
classification system for nanomedicines, which leads to inconsistencies in regulation across jurisdictions[597.
The inherent complexity of nanocarriers ranging from variations in size, shape, surface modifications, and
composition adds another layer of difficulty in standardizing safety and efficacy evaluations. This complexity
also makes it hard to extrapolate findings across different formulations, even within the same drug class.
Furthermore, the evaluation of generic nanomedicines, known as nanosimilars, is particularly problematic due
to difficulties in establishing bioequivalence with reference products. Small differences in manufacturing
processes can significantly impact the biological behavior of nanoparticles, making traditional bioequivalence
approaches inadequate[607]. These challenges call for novel regulatory tools, robust analytical techniques, and
updated evaluation metrics tailored specifically to the unique characteristics of nanotherapeutics.

4.3 GMP and Quality Assurance: Ensuring the quality, safety, and efficacy of nanomedicines requires strict
adherence to Good Manufacturing Practices (GMP), which play a crucial role in maintaining product
consistency, sterility, and reproducibility[617]. Due to the nanoscale complexity and sensitivity of these
formulations, any variation in production can lead to significant differences in clinical performance or safety
outcomes. Regulatory agencies now require comprehensive physicochemical characterization of nanoparticles,
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including parameters such as particle size distribution, zeta potential, morphology, surface chemistry, and drug
loading efficiency[617]. Additionally, critical quality attributes must be monitored throughout manufacturing
and storage to detect potential degradation or aggregation. The absence of well-defined quality control
protocols specific to nanomedicines further complicates compliance, especially for advanced systems like
liposomes or polymeric nanoparticles[617]. Thus, integrating quality-by-design (QbD) principles and advanced
analytical tools is increasingly emphasized. A rigorous GMP framework, coupled with transparent
documentation and continuous monitoring, is essential to meet regulatory expectations and ensure clinical
reliability[62, 637.
5. Case Studies: Approved Nano-Oncology Therapeutics
5.1 Doxil® (PEGylated Liposomal Doxorubicin): Doxil® is the first FDA-approved nanomedicine, marking
a pivotal advancement in oncology therapeutics. It utilizes a PEGylated liposomal delivery system to
encapsulate the chemotherapeutic agent doxorubicin[[64]. The polyethylene glycol (PEG) coating significantly
extends the drug’s circulation time by evading recognition and clearance by the mononuclear phagocyte system,
thereby improving its accumulation at tumor sites via the enhanced permeability and retention (EPR)
effect[647. This targeted approach reduces systemic toxicity and improves therapeutic outcomes in cancers such
as ovarian cancer, multiple myeloma, and Kaposi's sarcoma. Despite its success, Doxil® also highlighted
important manufacturing challenges, particularly in achieving batch-to-batch reproducibility on a commercial
scale. Additionally, the PEGylated formulation has been associated with immune hypersensitivity reactions,
including hand-foot syndrome and infusion-related side effects|657. These concerns underscore the need for
robust quality control and continuous monitoring in nanoformulations. Nonetheless, Doxil® remains a
benchmark in nanomedicine development.
5.2 Abraxane® (Albumin-bound Paclitaxel): Abraxane® represents a major innovation in the delivery of
paclitaxel, a potent chemotherapeutic agent used in the treatment of breast, lung, and pancreatic cancers. By
binding paclitaxel to albumin nanoparticles, Abraxane® eliminates the need for conventional solvents like
Cremophor EL, which are known to cause severe hypersensitivity reactions and necessitate steroid
premedication[667]. This albumin-bound formulation enhances drug solubility, facilitates transport across
endothelial cells, and exploits natural pathways of albumin uptake by tumors, thus improving drug accumulation
at the tumor site. Clinically, Abraxane® demonstrates superior tolerability and reduced toxicity while
maintaining or enhancing anticancer efticacy compared to traditional formulations. Its approval by the FDA
reflects a successful alignment of preclinical safety, clinical efficacy, and scalable manufacturing practices[67].
The development and regulatory approval of Abraxane® exemplify how nanotechnology can address long-
standing drug delivery limitations and pave the way for safer, more effective cancer therapies through rational
nanoparticle design.
6. Strategies to Improve Safety and Regulatory Compliance
Ensuring the safety and regulatory acceptance of nano-oncology therapeutics necessitates a combination of
advanced design strategies, predictive modeling, and international collaboration. One key approach is surface
modification, where nanoparticles are coated with biocompatible polymers such as polyethylene glycol (PEG)
to enhance stability, reduce immunogenicity, and minimize off-target effects687. This helps improve the
pharmacokinetics and biodistribution of nanodrugs while reducing adverse immune responses. Theranostic
platforms, which integrate therapeutic and diagnostic functions into a single nanosystem, offer real-time
monitoring of drug delivery and treatment efficacy, providing valuable feedback that can guide personalized
therapy. Additionally, the adoption of nano-specific quantitative structure-activity relationship (nano-QSAR)
models allows for the prediction of toxicological and pharmacological profiles based on nanoparticle
physicochemical properties, facilitating safer and more rational design[687]. Furthermore, the development of
harmonized regulatory guidelines through collaboration among global agencies, academia, and industry
stakeholders is critical for standardizing evaluation criteria, streamlining approval processes, and ensuring
consistent safety assessments across international markets.

CONCLUSION
Nanomedicine offers a new frontier in oncology, with the potential to revolutionize cancer treatment through
precise targeting and enhanced efficacy. However, its successful clinical translation is heavily dependent on
addressing toxicological concerns and establishing robust regulatory mechanisms. Bridging the gap between
innovative research and clinical application will require a multidisciplinary approach involving toxicologists,
oncologists, regulators, and nanotechnologists. Developing predictive models for nanotoxicity, standardized
characterization protocols, and unified regulatory frameworks will be critical in accelerating the safe integration
of nanomedicine into cancer care. As the field matures, the balance between innovation and regulation must be
carefully maintained to fully realize the promise of nanotechnology in oncology.
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