
Journal Publication of International Research for Engineering and Management (JOIREM) 
Volume: 05 Issue: 06 | June-2025 

 

© 2025, JOIREM      |www.joirem.com|        Page 1 

Safety and Toxicological Assessments of Biomedical Nanomaterials 
 

Satish Naik 
 

Bangalore University 

---------------------------------------------------------------------***---------------------------------------------------------------------
Abstract- Biomedical nanomaterials have ushered in a new 
era in healthcare by enabling revolutionary advancements in 
drug delivery, diagnostic imaging, regenerative medicine, and 
biosensing. These materials possess unique physicochemical 
properties such as nanoscale size, high surface area-to-volume 
ratios, and surface functionalization, which allow for 
improved therapeutic targeting and efficacy. However, these 
same properties raise critical concerns about their interactions 
with biological systems and potential adverse health effects. 
This paper provides a comprehensive review of the current 
landscape of safety and toxicological assessments of 
biomedical nanomaterials. It examines the underlying 
mechanisms of nanotoxicity, evaluates in vitro, in vivo, and 
computational testing methods, and explores regulatory 
frameworks designed to ensure safety. Furthermore, it 
highlights ongoing challenges such as variability in 
nanomaterial characterization, data gaps in long-term toxicity, 
and lack of standardized protocols. The paper concludes by 
discussing future perspectives to advance nanotoxicology 
research, emphasizing interdisciplinary collaboration, 
standardization, and the integration of novel technologies to 
support the safe clinical translation of nanomedicine. 
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Introduction 

Nanotechnology has transformed the biomedical field by 
introducing materials engineered at the nanoscale with 
tailored properties for therapeutic and diagnostic applications. 
Biomedical nanomaterials include a wide range of constructs 
such as liposomes, polymeric nanoparticles, dendrimers, 
metallic nanoparticles, carbon nanotubes, and quantum dots. 
Their ability to cross biological barriers, target specific cells 
or tissues, and modulate drug release profiles has enabled 
significant progress in treating complex diseases, including 
cancer, cardiovascular disorders, and neurodegenerative 
conditions. Despite these advantages, the interactions of 
nanomaterials with biological systems are complex and not 
yet fully understood. Their small size and high reactivity can 
lead to unintended biological effects, which may compromise 
patient safety. Unlike bulk materials, nanomaterials have 
distinct biodistribution patterns, cellular uptake mechanisms, 
and degradation pathways, which can elicit toxic responses 
ranging from oxidative stress and inflammation to 

genotoxicity and immunogenicity. The increasing number of 
biomedical products incorporating nanomaterials necessitates 
rigorous safety evaluation to minimize risks and facilitate 
regulatory approval [1-5]. This paper aims to provide an in-
depth overview of the mechanisms by which nanomaterials 
can exert toxic effects, the current methodologies employed to 
assess their safety, regulatory challenges, and future directions 
to enhance the understanding and management of 
nanotoxicity. 

Mechanisms of Nanotoxicity 

The toxicological profile of biomedical nanomaterials is 
influenced by numerous interrelated factors, including size, 
shape, surface charge, chemical composition, aggregation 
state, and surface modifications. These characteristics 
determine how nanomaterials interact with cellular 
membranes, proteins, and intracellular components. One of 
the primary mechanisms of nanotoxicity is the induction of 
oxidative stress. Many nanomaterials generate reactive 
oxygen species (ROS), either directly through surface 
catalytic activity or indirectly by triggering cellular responses. 
Excessive ROS production leads to oxidative damage of 
lipids, proteins, and DNA, compromising cellular integrity 
and function. This oxidative stress can activate signalling 
pathways that culminate in inflammation, apoptosis, or 
necrosis. Inflammation is another critical pathway in 
nanotoxicity. Nanomaterials can activate innate immune cells 
such as macrophages and neutrophils, leading to the release of 
pro-inflammatory cytokines and chemokines. Chronic 
inflammation induced by persistent nanoparticle exposure can 
cause tissue damage and fibrosis, raising concerns especially 
for inhaled or injected nanomaterials. Genotoxic effects have 
been documented with various nanomaterials. Their ability to 
interact directly with DNA or interfere with the mitotic 
apparatus can result in mutations, chromosomal aberrations, 
and DNA strand breaks. Such genotoxicity raises potential 
risks for carcinogenesis and heritable genetic damage. 
Nanomaterials can also disrupt cellular homeostasis by 
interacting with organelles such as mitochondria and 
lysosomes, impairing energy metabolism and autophagic 
processes. Furthermore, the formation of a protein corona — 
the adsorption of plasma proteins onto the nanoparticle 
surface — alters nanoparticle identity and influences cellular 
uptake, biodistribution, and immune recognition. 
Understanding these multifaceted mechanisms is vital to 
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develop safer nanomaterials and to design toxicity mitigation 
strategies through surface modifications or dose control [6-
10]. 

Methods for Toxicological Assessment 

Safety evaluation of biomedical nanomaterials involves a 
combination of in vitro, in vivo, and in silico approaches, each 
providing complementary insights into their toxicological 
profiles. In vitro assays constitute the first line of testing and 
include cytotoxicity assays such as MTT, LDH release, and 
Annexin V staining to measure cell viability and apoptosis. 
Oxidative stress can be assessed by quantifying ROS 
production and antioxidant enzyme activities. Inflammatory 
responses are evaluated by measuring cytokine secretion in 
cultured immune cells. Genotoxicity is analysed using comet 
assays and micronucleus tests. Advanced 3D cell cultures and 
organoids have been developed to better mimic tissue 
architecture and improve physiological relevance over 
traditional 2D cultures. In vivo studies in animal models are 
essential to capture systemic toxicity, biodistribution, 
metabolism, and clearance kinetics. Rodents are commonly 
used to evaluate acute and chronic toxicity, immune 
responses, organ-specific accumulation, and potential 
carcinogenicity. These studies reveal complex interactions 
that cannot be fully replicated in vitro, such as nanoparticle 
opsonization and clearance by the mononuclear phagocyte 
system. Computational toxicology is an emerging field 
utilizing quantitative structure-activity relationship (QSAR) 
models, molecular docking, and machine learning algorithms 
to predict nanomaterial toxicity based on physicochemical 
properties. These in silico methods offer rapid screening tools 
that reduce reliance on animal testing and can guide 
experimental design by identifying potentially hazardous 
nanomaterials early in the development process. Efforts 
toward standardization include adapting existing OECD test 
guidelines for nanomaterials, development of harmonized 
nomenclature, and establishing reference materials to ensure 
reproducibility and comparability of toxicological data [11-
15]. 

Regulatory Considerations 

The unique features of nanomaterials challenge traditional 
regulatory frameworks for medical products. Regulatory 
agencies worldwide, including the FDA, EMA, and OECD, 
recognize the need for specific guidelines to address 
nanomaterial safety but currently face gaps due to limited data 
and standard methods. Key regulatory considerations include 
thorough physicochemical characterization, validated toxicity 
testing protocols, evaluation of dose metrics (mass, surface 
area, particle number), and assessment of long-term safety. 
Post-market surveillance is also critical to monitor real-world 

effects. There is a growing emphasis on the development of 
risk-based frameworks that integrate hazard identification, 
exposure assessment, and dose-response relationships specific 
to nanomaterials. Cross-disciplinary collaboration among 
researchers, industry stakeholders, and regulators is essential 
to develop transparent, science-based guidelines that balance 
innovation with patient safety. International harmonization 
efforts are underway to align standards and facilitate global 
regulatory acceptance [16-21]. 

Challenges and Future Directions 

Despite advancements, several challenges persist in 
nanotoxicology research. The intrinsic heterogeneity of 
nanomaterials, influenced by differences in synthesis, batch-
to-batch variability, and surface coatings, complicates data 
interpretation and risk assessment. Lack of universally 
accepted test methods and endpoint definitions leads to 
inconsistent toxicity results across studies. The majority of 
current toxicological data focuses on short-term exposures, 
leaving significant knowledge gaps regarding chronic effects, 
bioaccumulation, and potential reproductive and 
developmental toxicity. The relevance of animal model 
findings to human health outcomes remains uncertain, 
necessitating the development of human-relevant in vitro 
models such as organ-on-chip platforms. Emerging 
technologies, including high-throughput screening, multi-
omics approaches, and advanced imaging techniques, offer 
opportunities to gain comprehensive mechanistic insights into 
nanomaterial toxicity. Integration of computational models 
with experimental data will improve predictive accuracy and 
reduce testing costs. Future research should prioritize 
standardizing nanomaterial characterization, developing 
validated testing guidelines, and establishing centralized 
databases for toxicological data sharing. Strengthening 
interdisciplinary collaborations will accelerate the 
development of safer biomedical nanomaterials and their 
translation into clinical applications [22-27]. 

Conclusion 

Biomedical nanomaterials hold immense promise for 
advancing healthcare by enabling novel therapeutic and 
diagnostic solutions. However, their unique physicochemical 
properties also present complex toxicological challenges that 
must be rigorously addressed to ensure patient safety. 
Comprehensive toxicological assessments combining in vitro, 
in vivo, and computational approaches are essential to 
elucidate mechanisms of nanotoxicity and identify risk 
factors. Regulatory frameworks must evolve to incorporate 
nanomaterial-specific considerations and support safe 
innovation. Overcoming current challenges through 
standardization, novel technologies, and interdisciplinary 
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research will facilitate the responsible development and 
clinical translation of nanomedicine, ultimately improving 
patient outcomes while safeguarding public health. 
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