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DESCRIPTION 

Nanotechnology has revolutionized various fields, including medicine, 

electronics, and materials science, by enabling the creation and 

manipulation of materials at the nanoscale. Nanoparticles (NPs), with 

dimensions typically ranging from 1 to 100 nanometers, exhibit 

unique physical and chemical properties that distinguish them from 

their bulk counterparts. These properties have facilitated their use in 

drug delivery, imaging, diagnostics, and as antimicrobial agents. 

However, alongside their promising applications, there is growing 

concern about the potential toxicity of NPs to biological systems. One 

of the primary mechanisms underlying NP-induced toxicity is oxidative 

stress, a condition characterized by an imbalance between the 

production of Reactive Oxygen Species (ROS) and the body's 

antioxidant defense systems. Oxidative stress occurs when the 

generation of ROS, such as superoxide anions, Hydrogen Peroxide 

(H2O2), and hydroxyl radicals, exceeds the capacity of the body's 

antioxidant defenses, including enzymes like Super-Oxide Dismutase 

(SOD), catalase, and glutathione peroxidase, as well as non-enzymatic 

antioxidants like glutathione and vitamin C. ROS are highly reactive 

molecules that can damage cellular components, including lipids, 

proteins, and DNA, leading to cell dysfunction and death.  

 

The unique properties of NPs, such as high surface area-to-volume 

ratio, quantum effects, and surface reactivity, can enhance their 

interaction with biological systems and lead to the generation of ROS.  

 
 

 



Research & Reviews: Journal of Pharmacology and Toxicological Studies 
 

e-ISSN: 2322-0139 
p-ISSN: 2322-0120 
 

RRJPTS| Volume 12 | Issue 2| June, 2024                                                                                                            12  
 

 

Several mechanisms have been proposed to explain NP-induced oxidative stress, certain NPs, such as metal and 

metal oxide NPs (e.g., titanium dioxide, zinc oxide), can directly participate in redox reactions on their surfaces, 

leading to the generation of ROS. For instance, titanium dioxide NPs can undergo photocatalytic reactions under UV 

light, producing ROS that can damage cellular components. 

NPs composed of metals or metal oxides can release metal ions (e.g., silver, iron, copper) that catalyze Fenton-like 

reactions, producing highly reactive hydroxyl radicals. These metal ions can also disrupt cellular redox homeostasis 

by interacting with thiol groups in proteins and glutathione, impairing antioxidant defenses. NPs can be internalized 

by cells and accumulate in mitochondria, the primary sites of ROS production. Disruption of mitochondrial function 

by NPs can lead to increased production of ROS and subsequent oxidative damage to mitochondrial and cellular 

components. 

 

NPs can trigger inflammatory responses by activating immune cells, leading to the production of ROS and pro-

inflammatory cytokines. This inflammation-induced oxidative stress can further exacerbate cellular damage. ROS can 

attack membrane lipids, leading to the formation of lipid peroxides and disruption of membrane integrity. This can 

impair cellular functions, including signaling, transport, and energy production. ROS can modify amino acid residues 

in proteins, leading to changes in their structure and function. This can affect enzyme activity, receptor function, and 

protein-protein interactions, disrupting cellular processes. ROS can cause oxidative damage to DNA, leading to 

mutations, strand breaks, and chromosomal aberrations. This can impair DNA replication and transcription, leading 

to cell cycle arrest and apoptosis. Severe oxidative stress can trigger cell death pathways, including apoptosis and 

necrosis. This can lead to tissue damage and dysfunction, contributing to the toxicity of NPs.  

 

Nanoparticles hold immense potential for advancing various fields, but their unique properties also pose risks of 

toxicity, primarily through the induction of oxidative stress. Understanding the mechanisms by which NPs generate 

ROS and causes cellular damage is important for developing strategies to reduce their adverse effects. By 

implementing surface modifications, antioxidant delivery, controlled release, and safe handling practices, the 

potential risks associated with NP-induced oxidative stress can be minimized, allowing for the safe and effective use 

of NPs in diverse applications. Continued research into the interactions between NPs and biological systems will 

further enhance our ability to utilize the benefits of nanotechnology while safeguarding human health and the 

environment. 

 


