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Abstract

Persistent soil contamination with heavy metals (HM) remains a critical environmental concern due to their
persistence, bioaccumulation, and negative impacts on surrounding ecosystems (Hadia-e-Fatima and Ahmed,
2018; Khalef et al., 2022). According to the United States Environmental Protection Agency (US EPA), soil
contamination with heavy metals has already contributed to health problems in an estimated 10 million people
worldwide, demonstrating that HM pollution poses a critical threat not only to ecosystem integrity but also to
human health (O’Connor et al., 2019). Cadmium (Cd) was selected as the target contaminant because of its high
mobility, bioavailability, and pronounced toxicity even at low concentrations, making it one of the most
hazardous and strictly regulated heavy metals (Ali et al., 2020; Haider et al., 2021).

Phytoremediation has emerged as a sustainable strategy for mitigating HM contamination, but its
efficiency is often constrained by the growth-inhibiting and stress-inducing effects of metals on plants. In
parallel, engineered nanomaterials—particularly zinc-based nanoparticles (ZnO NPs)—offer new opportunities
to enhance nutrient availability, strengthen plant stress tolerance, and stimulate biomass accumulation (Hassan et
al., 2024). Their unique reactivity has attracted considerable attention as soil amendments capable of supporting
phytoremediation processes. However, nano-assisted phytoremediation is still at an early stage, with critical gaps
remaining in our understanding of nanoparticle-metal interactions, mixture effects, and the optimization of safe
and effective dosages (Verma et al., 2021; Prakash and Chandran, 2023; Ningombam et al., 2024). Addressing
these knowledge gaps is essential for advancing environmentally responsible, nano-enabled strategies that
improve plant performance while safeguarding ecosystem health.

In this work, we investigated how zinc oxide nanoparticles (ZnO NPs) applied at 0, 200, and 300 mg
kg™ influence the growth and physiological performance of Brown mustard (Brassica juncea L.) cultivated in
cadmium-contaminated soils (0—50 mg kg™ Cd) under controlled environmental conditions (21/14 °C day/night,
400 ppm CO2, 55-70% relative humidity). Plant responses were quantified through multiple functional traits—
including chlorophyll content, shoot height, root length, and shoot and root dry biomass, plant tolerance to
contamination—that collectively reflect both stress intensity and the plant’s phytoremediation capacity.

Cadmium exposure caused a clear, concentration-dependent decline across all measured growth
parameters, demonstrating the strong phytotoxic pressure imposed by the Cd. However, the introduction of ZnO
NPs—particularly at lower doses—partially counteracted Cd-induced stress. Treated plants exhibited higher
chlorophyll retention, improved root development, and increased above- and below-ground biomass compared to
Cd-only controls. The most pronounced positive effects were observed at 1-10 mg kg™ Cd, likely due to Zn
functioning as an essential micronutrient and moderating Cd’s inhibitory effects. At elevated Cd levels (=50 mg
kg™), ZnO NP amendments still provided some mitigation, though not sufficient to fully overcome the toxicity.
Notably, the higher nanoparticle dose (300 mg kg™) occasionally exacerbated stress symptoms, suggesting a
threshold beyond which ZnO NPs may shift from beneficial to detrimental.

Altogether, these findings demonstrate that modest applications of ZnO NPs can modulate plant stress
physiology, promote biomass production, and enhance cadmium uptake—ultimately improving
phytoremediation efficiency in contaminated soils. The results offer new insight into nanoparticle—metal
interactions in complex soil systems and highlight both the potential and the necessity of careful dose
optimization when integrating nanomaterials into sustainable, nano-enabled phytoremediation strategies for
environmental risk management.
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