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Abstract

Cadmium (Cd) toxicity adversely affects various developmental and physiological processes in plants, leading to significant
reductions in crop growth, biomass accumulation, and yield. Exposure of excess Cd disrupts essential metabolic activities and
induces the overproduction of reactive oxygen species (ROS), affects various developmental processes in plants. An increase
in the production of reactive oxygen species damages cellular components, including DNA, lipids, and proteins, owing to their
strong oxidizing properties. In response, plants activate both enzymatic and non-enzymatic antioxidant defense systems to
mitigate oxidative damage. A comprehensive understanding of cadmium-induced toxicity is crucial for managing heavy metal
contamination in agricultural soils and promoting sustainable crop production. Such knowledge also facilitates the
development of targeted mitigation strategies to enhance plant tolerance to heavy metal stress. Among these approaches,
nanotechnology has emerged as a promising tool. Nanoparticles mitigated oxidative stress by reducing reactive oxygen species
accumulation, preserving cell membrane integrity, decreasing lipid peroxidation, electrolyte leakage, and restricting heavy
metal uptake and translocation within plants. Overall, this review enhances our understanding of plant-metal interactions and
highlights the potential of nanoparticle-based interventions for improving crop productivity, stress tolerance, and food safety in
Cd-contaminated environments.

Keywords: Cadmium toxicity, reactive oxygen species, oxidative damage, lipid peroxidation, antioxidative enzymes,
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Introduction Eric Drexler coined the term “Nanotechnology”.
Cadmium is a non-essential, highly toxic heavy metal that Nanoparticles (NPs) are extremely fine particles.and their
severely affects plant growth, productivity, and food safety. sizes range from 1 to 100 nanometers in at least two
Because Cd is readily taken up from contaminated soils and dimensions (Afzal et al., 2022NPs applicationhas been
irrigation water, it can accumulate in edible parts of plants seento increasegrowth and productivity of plants. The main
and enter the food chain. Recent research shows that objective of using nanoparticles is to increase the quality
engineered nanoparticles (NPs), particularly metal and metal and overall production of crops all over the world. NPs are
oxide nanoparticles, can help plants tolerate Cd stress by of different types, for example, inorganic nanoparticles,
imprOVing antioxidant defense, nutrient balance, and metal carbon-based nanopartides’ dendrimers and Composites
detoxification. Heavy metals (HMs_) occurs in soil naturally (Srivastava et al.,2015) ¥, Examples of Carbon-based
as trace elements. However according to Tyler et al. (1989) nanoparticles are fullerenes and carbon nanotubes, which

42 anthropogenic activities have increased the release of can be either multi-walled or single-walled Inorganic

heavy metals into biologically available forms, posing nanoparticles are divided into metals like Al, Ag, and Au,

potential risks to both natural and hum_an—r_nanaged and metal oxides (NiO, ZnO, TiO, Fe,Os CeO,, etc.).
ecosystems. Heavy metals are generally classified into two Nano-sized polymer networks made up of branched

g?tegz%rllgs): gfseg'szln;g? Eg:\;?/ssrflgiﬁls hzﬁ\(ﬁ: g‘:tg:fm('a(‘gnit units.are known as dendrimers, whereas composite
. . ’ ; 2 nanoparticles are made by means of combining one form of

copper (_Cu),_ iron (Fe), manganese (Mn), and nickel (Ni), nanoparticles with another form.

are required in small quantities for normal plant growth and As the harmful effects of cadmium on plant become

metabolic functions. In contrast, non-essential heavy metals, . . . . . .
including cadmium (Cd), lead (Pb), mercury (Hg), and increasingly evident, the potential of nanoparticle-mediated
' f ' remediation emerges as a crucial strategy for sustainable

arsenic (As), have no known biological role and can be toxic . o . i
(As) g agriculture. Recent findings indicate the efficacy of various

even at low concentrations. Whereas non-essential heavy . ; . )
metals like silver, lead, and cadmium have very little NPs, such as zinc oxide (ZnO-NPs), in enhancing plants

biological activity, and exposure above acceptable limits stress tolerance against Cd toxicity by improving
causes harmful effects on biological systems. Cadmium physiological  processes, including photosynthesis  and
(Cd) is a toxic heavy metal with an atomic number of 48 nutrient uptake, and reducing Cd accumulation within plant
and an atomic mass of 112.41 amu. Owing to its persistence, tissues, as well as modulating reactive oxygen spec_ies
bioaccumulation, and detrimental effects on human health, it~ (ROS). This not only helps pave ways towards developing
has been ranked among the top 20 most hazardous methods of enhancing yield of crops grown in polluted soil
substances, occupying the seventh position in terms of but also serves to stress the importance of further research
potential risk. into how precisely NPs work to deliver positive results.
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Table 1: Cadmium toxicity impact on different plant species

Plants

Effects

References

1. Spinacia oleracea

Leaf chlorosis and necrotic patches on leaf margins

Pandey et al. (2009)

2. Pisum sativum

Reduction in photosynthetic rate and density of stomata.

Greger et al. (1993) 1191

3. Solanum Lycopersicum

Decreased seed germination, root elongation and growth of plant.

Baruah et al. (2019) [

4, Triticum Reduction in the plant height, dry mass production root elongation Zhang et al. (2000) 48]
5. Oryza sativa Leaf chlorosis and reduction in photosynthesis. Hsu and Kao (2007) [8]
6. Zea mays Root elongation inhibition, minimized nutrient uptake and dry yield. Shen et al. (2006) [

7. Cicer arietinum

Minimized photosynthetic activity, low yield and low protein content in grain

Athar and Ahmad (2002)

8. Beta vulgaris

Decreased the stomatal density and photosynthesis.

Greger et al. (1993) [15]

Cadmium toxicity in the plants

Source of Contamination

Cadmium is introduced into the surroundings through
natural and anthropogenic systems. In natural systems,
volcanic emissions, fire in forest area, decomposition of
rocks containing Cd, and wastewater are the key route
oflithospheric Cdmobilization (Zhao et al.,2015) [,
Anthropogenic activities are the primary source of cadmium
that released into the environment, which causes nearly 90%
of total Cd present in surface water.

Effect on Plant Growth and Yield

Cadmium is known to negatively impact plant growth
(Shanmugaraj et al., 2019) 38, When concentrations exceed
acceptable levels—for agricultural soils,8 ppm, and for
plants, 3-30 ppm, even at a minimal concentration of 0.05
UM (Ismael et al., 2019) [?4, it can lead to chlorosis, reduced
growth, and diminished yield. Its excessive buildup in plants
is associated with several phytotoxic characteristics, such as
reduced water stress and oxidative damage, germination
index, disruptions in nutrient absorption and metabolic
activities, impaired enzymatic functions, and disrupted
metabolism of carbon, ultimately resulting in decreased crop
yield.

l Decrease

Photosynthetic Rate

Yield and Growth

Nutrient Uptake

Increase

1

Oxidative Stress

ROS generation

Lipid Peroxidation

Fig 1: Cadmium toxicity effect on plants

ROS generation and Oxidative stress

Miller etal., (2010) and Matayoshi et al., (2022) reported
that reactive oxygen species are known for their crucial role
in managing both abiotic and biotic stresses, influencing
thedevelopment of plants. Cd induces oxidative stress,
which leads to the production of reactive oxygen species,
suppresses the antioxidant defense system in plants (Abbas
et al., 2017) @, and causes redox imbalance (Petrov et al.,
2015) [ this leads to oxidative damage and lipid
peroxidation (Younis et al., 2016) 171,

Although Cd is a non-redox element, it is known to generate
reactive oxygen species such as superoxide anion (O2),
singlet oxygen (10,), hydroxyl radicals (OH") andhydrogen
peroxide (H20) through indirect mechanisms (lannoneet
al., 2010) 23, When plants are exposed to Cd-induced
oxidative stress, they activate a defense system against
reactive oxygen species (Horvath et al., 2007) 71, which
includes enzymatic antioxidants like GPX (glutathione
peroxidase),CAT (catalase), APX(ascorbate
peroxidase),POD(peroxidase),GST(glutathione-S-
transferases), GR (glutathione reductase), MDHAR
(monodehydroascorbate reductase),DHAR
(dehydroascorbate reductase), superoxide dismutase (SOD),
and non-enzymatic scavengers like GSH(glutathione),
carotenoids, phytochelatins, tocopherols, ascorbic acid,
phenolic compounds and thiols (Shanthala et al.,2006) 57,
They act as acrucial defensive system to reduce Cd toxicity
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(Igbal et al.,2010) 3, converting ROS into harmless end
products by behaving as a reducing agent (Abbas et
al.,2015) [

Effect on Enzymatic Activity-

Cadmium has an inhibitory effect on the function of many
principal enzymes in plants. Cd competeswith essential
enzyme-activating cations like zinc, magnesium and
calcium to replace them. (Gupta et al., 2019; Cuypers et
al.,2011; Pourrut et al.,2011) P!, Due to Cd stress, seedling
facilitating enzymes are inactive (Yan et al.,2014) ¥ In
barley seeds, remarkable inhibition of acid phosphatases a-
amylases, and proteaseswas observed, which catalyze the
mobilization of stored sugar inside the endosperm (Kalai et
al., 2014) 4, According to Salas et al. (2018) B9, in rice
changes in proteolytic enzyme activity occurs due to Cd
stress which contributes to the cellular metabolism. Cd is
reported to inhibit the activity of enzymes participating in
the nitrogen metabolism (Chang et al., 2013) © Cd is
reported to to decrease the activity of nitrogenase in several
plant species likechickpea (Hasan et al.,2008) 1], and mung
bean (Wahid et al.,2007) 1451,

Plant water relations and nutrient uptake-

Haung et al. (2017) suggested that cadmium stress adversely
affects plant root characteristics andit play a role in water
and nutrient uptake. According to Redjala et al. (2011)



plantroots primarily mediate the uptake of water and
nutrient from the soil, and this leads to several physiological
changes by providing an entry site for cadmium (Khan et
al., 2007; Feng et al.,2010) 31, Cd interferes in the uptake
of essential nutrients. Cd adversely impacts water relation in
plant and interferes with metabolic processes. Cd uptake via
calcium channels in leaves of plant disruptswater relation,
leading to stomatal closure resulting in decreased
transpirationand inhibition of photosynthesis. Because of
decreased photosynthesis nutrient imbalance and inhibition
in growth occurs in plants (Uneo et al.,2009b). Khan et al.
(2016) suggested that Cd stress has been reported to
significantly decrease the concentrations of essential
nutrients like nitrogen, phosphorus, and sulphur in the
above-ground parts of plant.

Role of nanoparticles in heavy metal stress management
in plants-

Several traditional methods including, soil treatment
additive, chemical chelators, and phytoremediation
methods, have been employed to alleviate heavy metal
toxicity in plants. However, these strategies often face some
limitations, such as high economic cost, potential secondary
environmental risks, and inconsistent efficacy across
varying soil conditions (Jiang et al., 2022), In contrast, NPs
have developed into potential alternative for mitigating
heavy metal stress due to their high reactivity, and enhanced
capacity for metal adsorption and detoxification. Studies
have reported that researchers have used Iron oxide
nanoparticles (IONPs) with silicon nanoparticles to
ameliorate Cd (Koleva et al., 2022), As (Rai et al., 2022,
and Pb toxicity (Ghouriet al., 2024) 41, In rice, iron oxide
nanoparticles have been reported to decrease heavy metal
stress by stimulating the antioxidant defense system,
improving iron uptake, and reducing the toxic metal
accumulation.

Improvement in uptake
of nutrient elements

.

Induced plant growth, development

I

Nanoparticle-driven plant
response to heavy metal stress

antioxidant enzyme

‘ | Induced synthesis of
LS

l

Reduced heavy metal toxicity

Fig 2: Impact of nanoparticles on plants

Recent research has demonstrated that nanoparticles (NPs)
play a significant role in enhancing plant tolerance to heavy
metal stress, particularly cadmium (Cd) toxicity. For
example, titanium dioxide (TiO2) nanoparticles have been
reported to reduce Cd uptake in rice (Oryza sativa L.) and
alleviate Cd-induced toxicity by enhancing the plant's
antioxidant defense system. These nanoparticles improve
the activities of key antioxidant enzymes, reduce oxidative
damage, and help maintain cellular homeostasis, thereby
mitigating the adverse effects of Cd stress on plant growth
and physiology (Zhou et al., 2017; Rizwan et al., 2019) 34
51, Likewise, the research conducted on Brassica juncea L.
revealed that TiO. NPs increased chlorophyll and
carotenoids content while reducing MDA, which indicates
oxidative damage (Deepak et al., 2021) [29],

Furthermore, ZnO NPs have exhibited excellent potential
for mitigation of heavy metal toxicity. ZnO NPs not only
restricts the entry of Cd but also increases chlorophyll
content along with the activities of antioxidants enzymes
such as CAT and SOD (Timilsina et al., 2023) 4, In a
similar way, ZnO NPs helped in the increased grain and
straw production together with enhanced photosynthetic
pigments and antioxidants in Triticum aestivum (Hussain et
al., 2021) 29 In spinach, ZnO NPs helped increase plant
biomass, with a balance in metal accumulation, favoring Cu
and Fe while lowering Cd content (Sharifan et al., 2020) (81,
In addition to all this, iron oxide (FesO4) nanoparticles have
also been seen to enhance plant development in cases of Cd
pollution. According to Ahmad et al,(2026) ©l, Fe;04 NPs
helped in lowering down the level of Cd uptake and
promoted antioxidative system and photosynthesis of the
plants Glycine max L. (Ahmad et al., 2026) . Similarly, in
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Taraxacum plants, the use of FesOs NPs enhanced
photosynthetic pigments, enzyme activities, and metal ion
uptake (Xingfan Li et al, 2025). Another useful
nanoparticle is selenium nanoparticles (SeNPs). According
to Wang et al., these nanoparticles lower down Cd
concentration within the cells and even help in trapping the
metal within the cell wall, hence minimizing toxic effects of
Cd on the plants (Wang et al., 2023b) ®4. Similarly, in
Vignaradiata L., the application of SeNPs improved overall
growth and biomass production under Cd stress (Fatima et
al., 2025) (12,

From all the above observations, it is very clear that TiOx,
Zn0O, Fes0s, and SeNPs nanoparticles can successfully
inhibit heavy metal toxicity. These particles work by
inhibiting metal uptake, enhancing antioxidant systems,
promoting photosynthesis, and regulating metal availability
within plant cells.

Conclusion

Cadmium proved to be significant issue for food safety and
human health. The contamination ofheavy metals and
methods for their remediation have received considerable
attention globally due to their persistent nature. To
overcome the hazardous effects of heavy metals like Cd,
nanotechnology has emerged as an essential component for
sustainable development. The use of nanoparticles in plants
to enhance tolerance to Cd toxicity and to remediate this
toxic element is one of the most promising and cost-
effective approaches recently developed. Due to the ability
of nanoparticlesto penetrate plants over a large surface area,
facilitate more efficient adsorption, and targeted delivery.
NPs play an important role in regulating photosynthesis and



detoxifying ROS, thus improvingseed germination, growth,
and yield of crops. NPsmodulate the mobile or immobile
forms of heavy metals, thereby helping plants to grow well.
The application of NPsexhibited positive resultsby
increasing heavy metal tolerance in plants and increasing
the plant growth, indicating that the application of NPsfor
the remediation of metal-polluted soils might have
remarkable potential in the near future.
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