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ABSTRACT:

Metal nanoparticles (MNPs) have become increasingly significant in recent years due to their exceptional physicochemical properties, including enhanced reactivity,
catalytic efficiency, and nanoscale dimensions. These characteristics have led to their extensive application across various sectors, notably in biomedicine,
electronics, cosmetics, and environmental technologies. However, the accelerated production and widespread use of MNPs have prompted growing concern about
their potential toxicity to living organisms and ecosystems. This review critically examines the origins, biological interactions, and mechanistic pathways underlying
MNP-induced toxicity. It also discusses the physicochemical factors such as particle size, shape, surface chemistry, and solubility—that influence their toxicological
behavior. Special emphasis is placed on widely studied nanoparticles, including silver (Ag), gold (Au), copper (Cu), zinc oxide (ZnO), and titanium dioxide (TiO2),
due to their prevalence in commercial and industrial applications. The review further explores how these nanoparticles interact with cellular components, potentially
inducing oxidative stress, DNA damage, and inflammatory responses. Understanding the complex interplay between MNPs and biological systems is essential for
assessing environmental and health risks. This knowledge is crucial for guiding the development of safer nanomaterials and establishing evidence-based regulatory

policies aimed at minimizing potential hazards associated with nanoparticle exposure.
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1. Introduction

Metal nanoparticles (MNPs), typically characterized by having at least one dimension below 100 nanometers, have gained considerable attention due to
their distinctive physicochemical properties. These include a high surface-area-to-volume ratio, increased catalytic activity, tunable optical characteristics,
and unique quantum effects that do not manifest in their bulk counterparts. Such properties render MNPs highly suitable for a broad spectrum of
applications, ranging from catalysis, electronics, and energy storage to drug delivery, diagnostics, antimicrobial agents, and cancer therapy.

Despite their technological and industrial advantages, the nanoscale size of these particles also facilitates their penetration into biological membranes and
tissues, raising critical concerns about their potential adverse effects. Upon exposure, MNPs can interact with cellular components such as membranes,
proteins, organelles, and genetic material, which may lead to a range of toxicological outcomes, including oxidative stress, inflammation, cytotoxicity,
and genotoxicity. These interactions are often influenced by factors such as particle composition, size, shape, surface chemistry, and dose.

With the rapid growth in the production and utilization of MNPs across various sectors, there is an urgent need to evaluate their safety profiles
systematically. Understanding their behavior in biological and ecological systems is crucial for risk assessment, responsible innovation, and the
development of safer, sustainable nanotechnologies.

2. Sources and Exposure Pathways

Metal nanoparticles (MNPs) are increasingly being introduced into the environment and biological systems due to their extensive use across a wide range
of industries. Common sources include industrial manufacturing processes, effluents from metal processing plants, the use of nanoparticle-based products
in medicine, personal care items such as sunscreens and cosmetics, and nanoparticle-enhanced fertilizers and pesticides in agriculture. These applications
can lead to both intentional and unintentional release of MNPs into air, water, and soil ecosystems.

Once released, MNPs can undergo various physical and chemical transformations that affect their mobility, reactivity, and bioavailability. As a result,
humans and other living organisms may become exposed to these nanoparticles through multiple pathways. Inhalation of airborne nanoparticles is a major
route, especially in occupational settings such as manufacturing facilities and laboratories. Ingestion can occur through contaminated food, water, or
through the use of nanoparticle-containing pharmaceuticals and supplements. Dermal exposure is particularly relevant in the context of cosmetics and
topical medical treatments, where nanoparticles may penetrate the skin barrier. Additionally, medical procedures involving intravenous or intramuscular
administration can result in direct internal exposure. Understanding the diverse sources and exposure routes of MNPs is essential for evaluating their
potential health and environmental risks and for guiding the development of appropriate regulatory and safety measures.
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3. Mechanisms of Toxicity

The toxicological impact of metal nanoparticles (MNPs) on biological systems arises from a range of complex and interrelated mechanisms. These
mechanisms may act independently or synergistically, depending on the physicochemical properties of the nanoparticles, such as size, shape, surface
charge, coating, and solubility. One of the most widely recognized pathways of MNP-induced toxicity is the generation of oxidative stress, which occurs
due to an imbalance between reactive oxygen species (ROS) production and the cellular antioxidant defense system. Excessive ROS can damage cellular
components including lipids, proteins, and DNA, ultimately leading to impaired cellular function or apoptosis.

Genotoxicity is another critical mechanism, where MNPs interact with genetic material directly or indirectly through oxidative damage, potentially
resulting in mutations, chromosomal aberrations, or disruption of normal gene expression. Mitochondrial dysfunction is frequently observed following
MNP exposure, as nanoparticles may impair mitochondrial membrane potential, disrupt ATP production, and trigger apoptotic pathways. Additionally,
MNPs can stimulate inflammatory responses, primarily through the activation of immune cells and the release of pro-inflammatory cytokines, contributing
to tissue damage and systemic effects.Some metal-based nanoparticles also undergo ion dissolution, releasing toxic metal ions that can further amplify
cellular toxicity. Understanding these mechanisms is vital for predicting nanoparticle behavior in vivo and for developing safer nanomaterials with

reduced adverse effects.
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Figure 1: Mechanisms of toxicity by MNPs

4. Factors Influencing Toxicity

The toxicity of nanoparticles or other potentially hazardous substances is influenced by a variety of interrelated physical and chemical characteristics.
Key factors include particle size, shape, surface charge, surface coating, dosage, duration of exposure, degree of aggregation, and solubility. Smaller
particles generally possess a larger surface area relative to their volume, which increases their chemical reactivity and biological interaction. This often
leads to enhanced toxicity, as these particles can more easily penetrate cellular membranes and reach sensitive intracellular targets. Additionally, the
shape of the particles—such as whether they are spherical, rod-like, or irregular can influence how they are internalized by cells and how they interact
with biological structures.

Surface charge also plays a critical role, as it affects the stability of particles in suspension and their interactions with cell membranes, which are typically
negatively charged. Positively charged particles tend to adhere more readily to cell surfaces, potentially leading to higher toxicity. Surface coatings, often
used to enhance biocompatibility or target specific tissues, can modify the particles’ interaction with biological environments and significantly influence
their toxicity profile.

Furthermore, the dose and exposure duration are fundamental determinants. Higher concentrations or prolonged exposure times can overwhelm the body's
natural defense mechanisms, leading to increased toxic effects. Particle aggregation and the tendency of particles to clump together can reduce surface
area and alter biological interactions, sometimes decreasing toxicity, although in some cases aggregates may still pose risks depending on their size and
stability.

5. Toxicity of Selected Metal Nanoparticles

Metal nanoparticles (MNPs) are widely utilized in various industrial, medical, and environmental applications due to their unique physicochemical
properties. However, their potential toxicity remains a significant concern, as their nanoscale dimensions and surface activity can lead to adverse biological
effects. Below is an overview of the toxicity profiles of several commonly studied metal nanoparticles:

5.1. Silver Nanoparticles (AgNPs):

Silver nanoparticles are well-known for their strong antimicrobial properties, making them widely used in medical devices, wound dressings, and



International Journal of Research Publication and Reviews, Vol (6), Issue (7), July (2025), Page — 6238-6243 6240

consumer products. However, their toxicity is largely attributed to their ability to generate reactive oxygen species (ROS), which can disrupt cellular
structures and functions. AgNPs can also bioaccumulate in tissues over time, particularly in the liver and kidneys, raising concerns about long-term
exposure. Studies suggest that oxidative stress, inflammation, and even genotoxic effects may result from exposure to high concentrations of AgNPs.

5.2. Gold Nanoparticles (AuNPs):

Gold nanoparticles are often considered biologically inert and are generally regarded as biocompatible, especially when properly functionalized. As a
result, they are used in drug delivery, imaging, and diagnostics. Nonetheless, emerging evidence indicates that chronic or high-dose exposure to AuNPs
may lead to adverse effects, particularly in vital organs such as the liver and kidneys. These effects are believed to stem from the accumulation of particles
in tissues, potentially leading to inflammation, oxidative stress, or disruptions in organ function over time.

5.3. Zinc Oxide Nanoparticles (ZnO NPs):

Zinc oxide nanoparticles are widely used in sunscreens, cosmetics, and paints due to their UV -blocking and antimicrobial properties. Their toxicity
primarily arises from their tendency to dissolve in aqueous environments, releasing zinc ions (Zn?"). These free ions can interfere with cellular homeostasis
and promote the formation of reactive oxygen species, resulting in oxidative stress, membrane damage, and even cell death. ZnO NPs are particularly

toxic to aquatic organisms and have raised environmental safety concerns.
5.4. Copper Nanoparticles (CuNPs):

Copper nanoparticles exhibit high redox activity, making them effective as antimicrobial and catalytic agents. However, this same redox activity can
lead to significant cytotoxic effects in biological systems. CuNPs are capable of generating excessive ROS, which can damage proteins, lipids, and DNA.
Their high reactivity also makes them more likely to disrupt cellular signaling pathways and cause apoptosis or necrosis in exposed cells.

5.5. Titanium Dioxide Nanoparticles (TiO: NPs):

Titanium dioxide nanoparticles are commonly used in cosmetics, sunscreens, and food products. While they are relatively inert under normal conditions,

their photocatalytic properties under ultraviolet (UV) light exposure enable them to generate reactive oxygen species. This ROS generation can induce
oxidative stress in lung tissue when inhaled, potentially leading to inflammation, pulmonary damage, or fibrosis. The inhalation route is considered the
most concerning in terms of TiO» NP toxicity, particularly for workers in manufacturing environments.

6. Environmental and Ecotoxicological Concerns

The increasing use and disposal of metal nanoparticles (MNPs) in industrial, medical, agricultural, and consumer products have raised significant
environmental and ecotoxicological concerns. Due to their small size, high surface reactivity, and persistence, MNPs can easily enter various ecosystems
through wastewater discharge, atmospheric deposition, or runoff where they may exert harmful effects on soil, water, and living organisms.

Once released into the environment, MNPs can interact with soil microorganisms, which play a crucial role in nutrient cycling, organic matter
decomposition, and plant growth. Disruption of these microbial communities by nanoparticles, particularly those with antimicrobial properties such as
silver or copper, can impair soil fertility and agricultural productivity. For example, inhibition of nitrogen-fixing bacteria or mycorrhizal fungi could have
long-term consequences for soil health and crop yields.

In aquatic ecosystems, MNPs can accumulate in water bodies and sediments, where they may be ingested by plankton, algae, or small invertebrates, the
foundational organisms in the food web. Through a process known as bioaccumulation, nanoparticles can concentrate within organisms over time,
especially when the particles are not easily metabolized or excreted. As these particles move up the food chain through predation, they may undergo
biomagnification, resulting in higher concentrations in top predators, including fish, birds, and even humans who consume contaminated seafood.
Moreover, MNPs can cause physical and chemical stress to aquatic organisms. They may damage gill tissues, alter membrane permeability, induce
oxidative stress, or interfere with reproductive and developmental processes. These toxic effects can lead to reduced biodiversity, altered ecosystem
dynamics, and weakened resilience to environmental changes.

Another major concern is the persistence and transformation of nanoparticles in natural environments. MNPs may aggregate, dissolve into toxic metal
ions, or react with other environmental components, forming new compounds with different toxicity profiles. This makes it challenging to predict and

monitor their long-term environmental behavior.

7. Strategies to Mitigate Toxicity

As the application of metal nanoparticles (MNPs) continues to expand across various sectors, it is crucial to develop strategies that reduce their potential
toxicity to both humans and the environment. Several innovative and science-driven approaches have been developed to address these concerns, aiming
to balance the benefits of nanotechnology with safety and sustainability.

7.1. Green Synthesis Methods:
One of the most promising approaches to reducing nanoparticle toxicity is the adoption of green synthesis techniques. Unlike conventional chemical and

physical methods, green synthesis utilizes biological resources such as plant extracts, bacteria, fungi, or enzymes to produce nanoparticles in an eco-
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friendly manner. These biologically derived nanoparticles often exhibit lower toxicity due to the presence of natural capping agents and bio-compatible
coatings. Additionally, green synthesis reduces the use of hazardous chemicals and energy-intensive processes, contributing to overall environmental
sustainability.

7.2. Surface Functionalization:

Modifying the surface of nanoparticles through functionalization is another effective strategy to minimize their adverse biological effects. By attaching
specific molecules or polymers to the surface, the reactivity of the nanoparticles can be controlled, thereby reducing the generation of reactive oxygen
species (ROS) and improving biocompatibility. Surface coatings can also enhance selective targeting in biomedical applications, reduce nonspecific
interactions, and prevent unwanted accumulation in non-target tissues. Common functionalization agents include polyethylene glycol (PEG), proteins, or
specific ligands that make nanoparticles safer and more predictable in their biological behavior.

7.3. Controlled Release Systems:

Incorporating nanoparticles into controlled or slow-release delivery systems can limit their potential toxicity by reducing burst exposure to high
concentrations. These systems allow for the gradual and targeted release of therapeutic agents or active ingredients, ensuring that nanoparticles are
delivered at a controlled rate and at the intended site of action. This minimizes systemic exposure and off-target effects, making the application safer for
both patients and the environment.

7.4. Safe-by-Design Approaches:

The "safe-by-design" concept emphasizes integrating safety considerations into the earliest stages of nanoparticle development. This approach involves
designing nanoparticles with specific properties such as size, charge, solubility, and biodegradability that minimize toxicity while preserving functionality.
Researchers and manufacturers assess potential risks throughout the entire life cycle of the nanoparticle, from synthesis and use to disposal. By anticipating
and mitigating hazards from the outset, this proactive strategy ensures safer nanomaterial development and use.

8. Conclusion

Metal nanoparticles (MNPs) have emerged as transformative materials across a wide range of industries, including medicine, electronics, agriculture, and
environmental remediation. Their unique physicochemical properties such as high surface area, enhanced reactivity, and tunable size make them valuable
for numerous advanced applications. However, these same properties that contribute to their effectiveness also raise significant concerns about their
potential toxicity and impact on human health and the environment.

Evidence from toxicological and environmental studies indicates that MNPs can interact with biological systems in complex ways, often leading to the
generation of reactive oxygen species (ROS), disruption of cellular functions, and bioaccumulation in living organisms. In ecosystems, their persistence
and potential to interfere with microbial communities, aquatic species, and food chains underscore the need for responsible management.

Given these risks, it is imperative to approach the development and use of metal nanoparticles with caution. Continued research is essential to better
understand their mechanisms of toxicity, long-term effects, and behavior in biological and environmental systems. Robust regulatory frameworks must
be established and updated to ensure that nanoparticle production, usage, and disposal are conducted safely. Equally important is the implementation of
safe design principles, such as green synthesis, surface modifications, and controlled-release technologies. These strategies can significantly reduce the
harmful effects associated with MNPs while preserving their functional advantages.

In conclusion, the sustainable and responsible use of metal nanoparticles depends on a balanced approach harnessing their potential while minimizing
their risks. Through interdisciplinary research, thoughtful regulation, and innovation in material design, we can ensure that nanotechnology continues to
advance in a way that is both effective and safe for current and future generations.

REFERENCES

1. Ahamed, M., Akhtar, M. J., Alhadlaq, H. A., & Alrokayan, S. A. (2018). Assessment of the oxidative stress and apoptosis in human cells
exposed to silver nanoparticles. Environmental Research, 161, 524-531. https://doi.org/10.1016/j.envres.2017.11.020

2. Bar-llan, O., Chuang, C. C., Schwahn, D. J., & Pedersen, J. A. (2020). Metal oxide nanoparticles induce toxic effects in aquatic environments:
Mechanisms and mitigation. Environmental Science & Technology, 54(3), 1356—-1366. https://doi.org/10.1021/acs.est.9b06445

3. Bhattacharya, K., Mukherjee, S. P., Gallud, A., Burkert, S. C., & Fadeel, B. (2016). Mechanisms of toxicity of metal oxide nanoparticles.
Nanoscale, 8(3), 1149—1160. https://doi.org/10.1039/C5NR07347K

4. Chen, Z.,, Wang, Y., Ba, T., Li, Y., Pu, J,, Chen, T., & Jia, G. (2016). Genotoxic evaluation of titanium dioxide nanoparticles in vivo and in
vitro. Toxicology Letters, 226(3), 314-319. https://doi.org/10.1016/j.toxlet.2014.02.020

5. Choi, O., & Hu, Z. (2021). Environmental impact of engineered metal nanoparticles on microbial ecosystems. Water Research, 200, 117234.
https://doi.org/10.1016/j.watres.2021.117234



https://doi.org/10.1016/j.envres.2017.11.020
https://doi.org/10.1016/j.envres.2017.11.020
https://doi.org/10.1016/j.envres.2017.11.020
https://doi.org/10.1021/acs.est.9b06445
https://doi.org/10.1021/acs.est.9b06445
https://doi.org/10.1021/acs.est.9b06445
https://doi.org/10.1039/C5NR07347K
https://doi.org/10.1039/C5NR07347K
https://doi.org/10.1039/C5NR07347K
https://doi.org/10.1016/j.toxlet.2014.02.020
https://doi.org/10.1016/j.toxlet.2014.02.020
https://doi.org/10.1016/j.toxlet.2014.02.020
https://doi.org/10.1016/j.watres.2021.117234
https://doi.org/10.1016/j.watres.2021.117234
https://doi.org/10.1016/j.watres.2021.117234

International Journal of Research Publication and Reviews, Vol (6), Issue (7), July (2025), Page — 6238-6243 6242

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Fadeel, B., & Pietroiusti, A. (2019). Mechanisms of nanoparticle toxicity. In Nanotoxicology: Advances and Perspectives (pp. 17-35).
Springer.

Gao, X., Lowry, G. V., & Croteau, M. N. (2023). Trophic transfer and biomagnification of metal nanoparticles in aquatic food webs.
Environmental Toxicology and Chemistry, 42(2), 234-245. https://doi.org/10.1002/etc.5301

George, S., Pokhrel, S., Xia, T., Gilbert, B., Ji, Z., Schowalter, M., & Nel, A. E. (2019). Use of a rapid, integrated approach to evaluate
biological interactions of zinc oxide nanoparticles. Chemical Research in Toxicology, 25(8), 1579-1592. https://doi.org/10.1021/tx3000422

Gupta, A., Saleh, N. B., & Adeleye, A. S. (2020). Transformation of nanoparticles in the environment: Implications for toxicity and risk.
Science of the Total Environment, 703, 134870. https://doi.org/10.1016/j.scitotenv.2019.134870

Kah, M., Beulke, S., Tiede, K., & Hofmann, T. (2018). Nanopesticides: State of knowledge, environmental fate, and exposure modeling.
Critical Reviews in Environmental Science and Technology, 43(16), 1823—1867. https://doi.org/10.1080/10643389.2012.700891

Keller, A. A., Vosti, W., Wang, H., & Lazareva, A. (2021). Release of engineered nanomaterials from personal care products throughout their
life cycle. Journal of Nanoparticle Research, 23(8), 176. https://doi.org/10.1007/s11051-021-05255-0

Khan, F. A., Anjum, N. A., & Nazar, R. (2017). Interaction of nanoparticles with plants and their potential applications: A review.
Ecotoxicology and Environmental Safety, 150, 129—142. https://doi.org/10.1016/j.ecoenv.2017.02.037

Liu, J., Hurt, R. H., & Kane, A. B. (2019). Biodurability and persistence of metal-based nanomaterials in the environment: Key issues and
mechanisms. Nanolmpact, 13, 100162. https://doi.org/10.1016/j.impact.2019.100162

Ma, X., & Wang, J. (2019). Bioaccumulation and trophic transfer of nanoparticles in aquatic organisms: A review. Environment International,
129, 173-180. https://doi.org/10.1016/j.envint.2019.05.030

Mahmoudi, M., Sant, S., Wang, B., Laurent, S., & Sen, T. (2020). Design and safety of metallic nanoparticles for biomedical applications.
Chemical Reviews, 120(5), 3004—3060. https://doi.org/10.1021/acs.chemrev.9b00733

Nel, A., Xia, T., Midler, L., & Li, N. (2017). Toxic potential of materials at the nanolevel. Science, 311(5761), 622-627.
https://doi.org/10.1126/science.1114397

Pulit-Prociak, J., & Banach, M. (2016). Silver nanoparticles—a material of the future...?. Open Chemistry, 14(1), 76-91.
https://doi.org/10.1515/chem-2016-0009

Rajput, V. D., Minkina, T., Sushkova, S., Mandzhieva, S., & Ghazaryan, K. (2022). Green synthesis of metal nanoparticles and their
applications in agriculture. Sustainability, 14(1), 182. https://doi.org/10.3390/sul4010182

Sharma, V. K., Filip, J., Zboril, R., Varma, R. S., & Gardea-Torresdey, J. L. (2023). Silver nanoparticles: Green synthesis and their
antimicrobial activity. Chemical Society Reviews, 52(1), 174—190. https://doi.org/10.1039/D1CS00992A

Wang, Y., He, J., & Zhang, W. (2025). Safer-by-design approaches for metal nanoparticles: Advances and future perspectives. Nano Today,
50, 101795. https://doi.org/10.1016/j.nantod.2025.101795

Anjum, N. A., Tanveer, M., Wang, L., Khan, M. . R., & Khan, N. A. (2016). Nanoparticle-mediated smart delivery of functional
phytochemicals: Recent developments and prospects in plant systems. Frontiers in  Plant  Science, 7, 872.
https://doi.org/10.3389/fpls.2016.00872

Baek, Y. W., & An, Y. J. (2015). Microbial toxicity of metal oxide nanoparticles (ZnO, TiO:). Science of the Total Environment, 409(8),
1603—1608. https://doi.org/10.1016/j.scitotenv.2010.12.039

Bessa, M. J., Costa, C., & Duarte, J. A. (2021). Occupational exposure to metal nanoparticles: Risk assessment and toxicological mechanisms.
International Journal of Environmental Research and Public Health, 18(11), 5674. https://doi.org/10.3390/ijerph 18115674

Chatterjee, S., & Sarkar, S. (2020). Environmental and health impacts of nanoparticles: Uncertainties and challenges. Journal of Environmental
Management, 261, 110218. https://doi.org/10.1016/j.jenvman.2020.110218

Das, R. K., & Brar, S. K. (2022). Life cycle assessment of engineered nanomaterials and their environmental fate. Environmental


https://doi.org/10.1002/etc.5301
https://doi.org/10.1002/etc.5301
https://doi.org/10.1002/etc.5301
https://doi.org/10.1021/tx3000422
https://doi.org/10.1021/tx3000422
https://doi.org/10.1021/tx3000422
https://doi.org/10.1016/j.scitotenv.2019.134870
https://doi.org/10.1016/j.scitotenv.2019.134870
https://doi.org/10.1016/j.scitotenv.2019.134870
https://doi.org/10.1080/10643389.2012.700891
https://doi.org/10.1080/10643389.2012.700891
https://doi.org/10.1080/10643389.2012.700891
https://doi.org/10.1007/s11051-021-05255-0
https://doi.org/10.1007/s11051-021-05255-0
https://doi.org/10.1007/s11051-021-05255-0
https://doi.org/10.1016/j.ecoenv.2017.02.037
https://doi.org/10.1016/j.ecoenv.2017.02.037
https://doi.org/10.1016/j.ecoenv.2017.02.037
https://doi.org/10.1016/j.impact.2019.100162
https://doi.org/10.1016/j.impact.2019.100162
https://doi.org/10.1016/j.impact.2019.100162
https://doi.org/10.1016/j.envint.2019.05.030
https://doi.org/10.1016/j.envint.2019.05.030
https://doi.org/10.1016/j.envint.2019.05.030
https://doi.org/10.1021/acs.chemrev.9b00733
https://doi.org/10.1021/acs.chemrev.9b00733
https://doi.org/10.1021/acs.chemrev.9b00733
https://doi.org/10.1126/science.1114397
https://doi.org/10.1126/science.1114397
https://doi.org/10.1126/science.1114397
https://doi.org/10.1126/science.1114397
https://doi.org/10.1515/chem-2016-0009
https://doi.org/10.1515/chem-2016-0009
https://doi.org/10.1515/chem-2016-0009
https://doi.org/10.1515/chem-2016-0009
https://doi.org/10.3390/su14010182
https://doi.org/10.3390/su14010182
https://doi.org/10.3390/su14010182
https://doi.org/10.1039/D1CS00992A
https://doi.org/10.1039/D1CS00992A
https://doi.org/10.1039/D1CS00992A
https://doi.org/10.1016/j.nantod.2025.101795
https://doi.org/10.1016/j.nantod.2025.101795
https://doi.org/10.1016/j.nantod.2025.101795
https://doi.org/10.3389/fpls.2016.00872
https://doi.org/10.3389/fpls.2016.00872
https://doi.org/10.3389/fpls.2016.00872
https://doi.org/10.3389/fpls.2016.00872
https://doi.org/10.1016/j.scitotenv.2010.12.039
https://doi.org/10.1016/j.scitotenv.2010.12.039
https://doi.org/10.1016/j.scitotenv.2010.12.039
https://doi.org/10.3390/ijerph18115674
https://doi.org/10.3390/ijerph18115674
https://doi.org/10.3390/ijerph18115674
https://doi.org/10.1016/j.jenvman.2020.110218
https://doi.org/10.1016/j.jenvman.2020.110218
https://doi.org/10.1016/j.jenvman.2020.110218

International Journal of Research Publication and Reviews, Vol (6), Issue (7), July (2025), Page — 6238-6243 6243

26.

27.

28.

29.

Nanotechnology, Monitoring & Management, 18, 100758. https://doi.org/10.1016/j.enmm.2021.100758

El Badawy, A. M., Silva, R. G., Morris, B., Scheckel, K. G., Suidan, M. T., & Tolaymat, T. M. (2018). Surface charge-dependent toxicity of
silver nanoparticles. Environmental Science & Technology, 45(1), 283-287. https://doi.org/10.1021/es1034188

Jahan, S., & Niazi, N. K. (2023). Transformation and interaction of nanoparticles with plant systems: Risks and benefits. Science of the Total
Environment, 853, 158697. https://doi.org/10.1016/j.scitotenv.2022.158697

Mohanty, S. K., & Kumar, M. (2024). Toxicity of metal nanoparticles in aquatic ecosystems: Mechanisms and ecological risk. Aquatic
Toxicology, 259, 106420. https://doi.org/10.1016/j.aquatox.2023.106420

Zhang, R., Huo, L., Yang, C., & Wang, X. (2022). Advances in nanotoxicology: In vitro to in vivo extrapolation and predictive modeling.
Nanolmpact, 26, 100377. https://doi.org/10.1016/j.impact.2022.100377



https://doi.org/10.1016/j.enmm.2021.100758
https://doi.org/10.1016/j.enmm.2021.100758
https://doi.org/10.1016/j.enmm.2021.100758
https://doi.org/10.1021/es1034188
https://doi.org/10.1021/es1034188
https://doi.org/10.1021/es1034188
https://doi.org/10.1016/j.scitotenv.2022.158697
https://doi.org/10.1016/j.scitotenv.2022.158697
https://doi.org/10.1016/j.scitotenv.2022.158697
https://doi.org/10.1016/j.aquatox.2023.106420
https://doi.org/10.1016/j.aquatox.2023.106420
https://doi.org/10.1016/j.aquatox.2023.106420
https://doi.org/10.1016/j.impact.2022.100377
https://doi.org/10.1016/j.impact.2022.100377
https://doi.org/10.1016/j.impact.2022.100377

