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Conventional maize production faces challenges such as low nutrient-use efficiency, reduce stress tolerance and concerns about
environmental sustainability. Therefore, it is of interest to evaluate the metal-based nanoparticles which can improve maize
productivity, grain quality and resilience to environmental stresses through enhanced nutrient uptake, photosynthetic efficiency and
physiological performance. It provides a comprehensive understanding the roles of ZnO, Fe;Os, CuO, MnO, TiO: and SiNPs in
promoting maize growth and yield under diverse conditions. The review further contributes to knowledge by examining the
mechanisms of nanoparticle uptake, transport and interaction within maize plants. Thus, data shows that development of bio-safe
nanotechnology-based approaches is needed for sustainable maize production and future agricultural innovation.
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Background:
Maize (Zea mays L.) is one of the world's most important cereal
crops, serving as a major source of food, feed and industrial raw
materials [1]. Increasing demand for maize production is
challenged by declining soil fertility, nutrient losses,
environmental stresses and climate change. Conventional
fertilizers often exhibit low nutrient use efficiency, resulting in
reduced crop productivity and environmental concerns. Recent
advances in nanotechnology have introduced metal-based
nanoparticles as innovative tools for sustainable crop
improvement. Nanoparticles such as zinc oxide, iron oxide,
copper oxide, titanium dioxide and silicon-based nanomaterials
possess unique physicochemical properties that enhance
nutrient availability and plant performance [2]. Their application
has been reported to improve seed germination, nutrient uptake,
photosynthesis, stress tolerance and grain development in maize
[3]. These Dbeneficial effects contribute to increased yield,
improved grain quality and enhanced resource-use efficiency.
Despite their promising potential, variations in nanoparticle
type, concentration and application methods influence their
effectiveness and safety [4]. Therefore, it is of interest to evaluate
the effects of metal-based nanoparticles on maize yield and
quality is essential to evaluate their potential for sustainable
agricultural production.

Role of metal-based nanoparticles in maize growth:

Agriculture faces major challenges due to population growth,
climate change, declining soil fertility and limited arable land.
Conventional fertilizers often exhibit low nutrient use efficiency
because nutrients are lost through leaching, volatilization, runoff
and soil fixation. Therefore, advanced technologies are needed to
improve nutrient delivery and crop productivity [5].
Nanotechnology has emerged as a promising approach in
modern agriculture. Nanoparticles possess unique properties
such as high surface area, enhanced reactivity and controlled-
release behavior. Metal-based nanoparticles are particularly
important because many [6] metals act as essential
micronutrients in plant metabolism. Maize (Zea mays L.) is one
of the world's most important cereal crops, serving as a source of
food, feed and industrial raw materials. Improving maize
productivity while maintaining grain quality and food safety is
essential for sustainable agriculture. The below Figure 1
illustrate the Metal-based nanoparticles such as zinc oxide
(ZnO), iron oxide (FesO.), titanium dioxide (TiO-), silicon
dioxide (SiO:) and copper oxide (CuO) nanoparticles have
shown considerable potential in enhancing maize growth, yield,

S S
nutrient uptake, chlorophyll synthesis, enzyme activity and
stress tolerance [7]. Nano-fertilizers provide controlled nutrient
release, reducing nutrient losses and improving nutrient use
efficiency. Nanotechnology also enhances plant tolerance to
drought, salinity, heat stress and diseases by stimulating
antioxidant defense mechanisms. In addition, nano-pesticides
enable targeted pest management with reduced chemical usage,
while nano-sensors facilitate real-time monitoring of soil and
plant health for precision agriculture [8]. Beneficial insects
further contribute to maize productivity through pollination,
biological pest control, nutrient recycling and soil improvement.
Predatory insects help suppress pests such as stem borers,
aphids and fall armyworms, reducing dependence on chemical
pesticides and supporting sustainable crop production [9].
Despite these benefits, concerns remain regarding the
translocation of nanoparticles from roots to edible grains, which
may pose environmental and food safety risks [10]. To minimize
such risks, researchers have developed strategies including
controlled foliar application, seed priming, soil immobilization
and the use of biodegradable or coated nanoparticles. These
approaches aim to enhance maize productivity while preventing
nanoparticle accumulation in edible tissues [11]. Therefore the
role of metal-based nanoparticles in maize cultivation, their
mechanisms of action, effects on growth, yield and grain quality
and strategies for reducing translocation risks to ensure
sustainable and safe agricultural production.

Effects on yield and grain quality:

Metal-based nanoparticles influence maize yield through several
physiological and biochemical mechanisms. Enhanced nutrient
uptake, improved photosynthesis, hormonal regulation and
increased stress resistance collectively contribute to higher grain
production [12]. Several studies have reported significant
increases in cob length, kernel number, 100-seed weight and
overall grain yield following nanoparticle application [13]. These
improvements are observed under both normal and stress

conditions. Metal-based nanoparticles improve maize
productivity by enhancing nutrient absorption, photosynthetic
efficiency, enzyme activity and stress tolerance. Their

application increases grain number, grain weight and overall
crop productivity [14]. Nanoparticles such as zinc oxide (ZnO),
iron oxide (FesO.) and titanium dioxide (TiO:) enhance the
uptake of essential nutrients [15]. This results in improved plant
growth, greater biomass accumulation and higher yield
potential. ZnO nanoparticles particularly improve grain zinc
concentration and protein content. Zinc plays an important role
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in amino acid synthesis and carbohydrate metabolism, thereby
improving grain nutritional quality [16]. In addition, ZnO
nanoparticles promote starch accumulation and better kernel
development [17]. These effects contribute to improved grain
filling and enhanced crop yield. Iron nanoparticles increase iron
bioavailability in maize grains and support chlorophyll synthesis
[18]. Improved chlorophyll content enhances photosynthetic
activity and biomass production [19]. Titanium dioxide
nanoparticles stimulate carbohydrate synthesis and energy
metabolism. As a result, grain filling efficiency and kernel
development are significantly improved [20]. A higher
photosynthetic rate enables greater translocation of assimilates
to developing kernels. This process ultimately contributes to
increased grain yield and quality [21]. Silicon nanoparticles
indirectly improve productivity by reducing stress-induced
damage [22]. They help maintain physiological activity and
metabolic functions under adverse environmental conditions.
Metal-based nanoparticles play an important role in improving
maize growth, productivity and stress tolerance [23]. These
benefits are achieved through enhanced nutrient availability and
regulation of plant physiological processes [24]. Nanoparticles
also influence secondary metabolite production and antioxidant
activity in maize plants. Increased antioxidant enzyme activity
reduces oxidative stress and lipid peroxidation. Reduced
oxidative damage leads to healthier plant tissues and improved
grain quality [25]. This helps maintain growth and productivity
under challenging environmental conditions. Several reports
suggest that nanoparticle-treated maize grains contain higher
levels of proteins, carbohydrates and minerals than
conventionally fertilized crops [26]. In terms of grain quality,
nanoparticles improve protein content, starch accumulation,
essential micronutrient concentration and antioxidant activity
[27]. These changes enhance the nutritional value of maize
grains. Zinc and iron nanoparticles are particularly important for
bio-fortification [28]. They enrich grains with essential minerals
that are beneficial for human nutrition. Nanoparticles also
improve grain uniformity, seed hardness and storage quality
[29]. These benefits are mainly attributed to reduced oxidative
stress and enhanced plant defense mechanisms. Metal
nanoparticles such as zinc, iron and silica improve biochemical
composition and grain uniformity. This results in superior
nutritional and processing qualities. Below Figure 2 illustrate
that, nanoparticle concentration and application methods must
be carefully controlled. Excessive use may cause toxicity and
increase the risk of translocation into edible plant parts [30].
Controlled and safe use of metal-based nanoparticles can
improve both quantitative yield and qualitative grain
characteristics. At the same time, they help reduce nutrient
losses and mitigate environmental stress effects [31]. Overall,
metal-based nanoparticles represent a promising strategy for
producing high-quality maize grains while supporting
sustainable agricultural productivity and efficient resource
utilization.

Reducing translocation:

©Biomedical Informatics (2026)

Reducing translocation risk in maize refers to minimizing the
movement of harmful substances, particularly metal-based
nanoparticles and heavy metals, from roots to edible grains [32].
This is important for ensuring food safety, environmental
protection and sustainable crop production [33]. Several
strategies have been developed to reduce nanoparticle
translocation in maize plants. Controlled application methods
such as seed coating, foliar spraying and encapsulated nano-
fertilizers improve nutrient delivery. Below Figure 3 illustrate
the excessive nanoparticle uptake by plants [34]. Using the
optimal nanoparticle concentration is essential because higher
doses may increase movement into grains and lead to toxicity.
Appropriate concentrations provide benefits while minimizing
risks [35]. Surface modification of nanoparticles with
biocompatible coatings can reduce their mobility within plant
tissues. These coatings help regulate uptake and transport [36].
Soil amendments such as biochar, organic matter and clay
minerals can bind excess nanoparticles in the soil. This reduces
their absorption by roots and limits movement to edible plant
parts. The selection of safer nanoparticles, such as zinc oxide and
iron oxide, at low concentrations can significantly reduce
translocation risk. These materials are generally considered safer
than toxic metals such as cadmium and silver [37]. Maintaining
proper soil pH and supporting beneficial microbial activity can
further regulate nanoparticle availability and transport within
the soil-plant system [38]. Regular monitoring of nanoparticle
accumulation in roots, stems, leaves and grains is necessary to
ensure that concentrations remain within safe limits. These
approaches improve maize growth and productivity while
protecting grain quality and human health. Therefore, effective
strategies for reducing nanoparticle translocation are essential
for safe agricultural applications [39]. One important approach is
the use of low and optimized nanoparticle concentrations.
Beneficial effects are often achieved at low doses, whereas
excessive  concentrations  increase  accumulation and
phytotoxicity risk [40]. Many studies have shown that
nanoparticle concentrations below toxic thresholds can improve
plant growth while leaving minimal residues in grains. Foliar
application is another effective strategy for reducing
translocation risk [41]. Nanoparticles applied to leaves often act
locally and are less likely to accumulate in kernels than those
applied directly to soil. This treatment enhances germination,
seedling vigor and early growth without requiring prolonged
nanoparticle exposure during later developmental stages [42].
Polymer-coated nanoparticles release nutrients gradually and
prevent rapid movement through vascular tissues. Materials
such as biochar, clay minerals and organic matter can adsorb
nanoparticles and reduce their availability for excessive uptake
[43].

Environmental and safety consideration:

Use nanoparticles at recommended doses to avoid soil
contamination. Monitor soil pH, microbial activity and nutrient
balance regularly. Prevent nanoparticle runoff and leaching into
water bodies [44].
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Figure 1: Explains b using Nano particles increasing the
germination of seedlings, improving photosynthesis by

increasing Chlorophyll content, enhancing the enzyme activity

Figure 2: This Figure of spot is commonly associated with a
fungal leaf disease in maize, such as Southern corn leaf blight or
another foliar leaf spot disease. The affected leaf is yellowing
around the lesion, while the rest of the plant still looks relatively
healthy
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Figure 3: The Excessive translocation of toxic nanoparticles or
heavy metals to developing kernels may increase grain
susceptibility to pathogen attack
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Figure 4: The above diagrams illustrate the major differences
between zinc nano fertilizer and conventional chemical zinc
fertilizers (ZnSO. 7H:O and ZnO) in terms of their
physicochemical properties, application methods, efficiency and
environmental impact

After application, nanoparticles may accumulate in soil and
interact with microorganisms responsible for nutrient cycling
and organic matter decomposition [45]. Excessive nanoparticle
concentrations can alter microbial diversity and enzyme
activities, potentially affecting soil health. Metal-based
nanoparticles can be absorbed by maize roots and translocated
to different plant tissues [46]. Continuous application may result
in their accumulation within the food chain, posing potential
risks to animals and humans. However, studies indicate that
appropriately regulated doses generally exhibit minimal toxicity
and provide agronomic benefits. Long-term monitoring is
necessary to evaluate their persistence, bioavailability and
ecological impacts under field conditions [47]. Below Figure 4
illustrate the major differences between zinc nano fertilizer and
conventional chemical zinc fertilizers (ZnSOs 7H:0 and ZnO) in
terms of their physicochemical properties, application methods,
efficiency and environmental impact. Zinc nano fertilizers
consist of nanoparticles ranging from 1-100 nm, which provide a
larger surface area, higher solubility and greater bioavailability
than conventional fertilizers. As a result, they are absorbed more
efficiently through both leaves and roots, requiring much lower
application rates while achieving 80-90% nutrient use efficiency.
Nano zinc also exhibits controlled nutrient release, minimizes
nutrient leaching, improves soil microbial activity, reduces
environmental pollution and promotes a faster crop response,
typically within 5-7 days after foliar application. In contrast,
conventional zinc fertilizers contain bulk particles larger than
10,000 nm, exhibit lower nutrient use efficiency due to soil
fixation, require significantly higher application rates and are
associated with greater nutrient losses, soil acidification and
environmental contamination when applied excessively.
Although nano zinc fertilizers have a higher cost per kilogram,
their lower dosage requirement reduces the overall cost per acre.
Overall, the comparison highlights that zinc nano fertilizers
represent a more efficient, sustainable and environmentally
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friendly approach to zinc nutrition in crops, whereas
conventional zinc fertilizers remain useful primarily for
correcting severe soil zinc deficiencies through bulk soil
application. The soil quality and ecosystem health [48].
Therefore, careful monitoring of nanoparticle residues in edible
plant parts is essential to ensure food safety and consumer
health. Regulatory guidelines are needed to establish safe
application limits [49]. Long-term and repeated nanoparticle
applications may influence soil biodiversity and ecological
balance. Studies suggest that recommended doses generally
show minimal adverse effects, whereas excessive concentrations
can cause phytotoxicity and environmental contamination.
Therefore, environmentally responsible use, optimized dosage
strategies and continuous ecological risk assessment are
necessary for the sustainable adoption of nanotechnology in
maize production [50].

Conclusion:

We show that metal-based nanotechnology enhances maize
productivity, photosynthetic performance and nutritional value
while strengthening crop tolerance against drought, salinity and
heat stress. Utilizing biodegradable carriers, controlled doses
and targeted application methods successfully reduces
environmental risks and minimizes nanoparticle accumulation
in grains. Thus, continued biosafety research is essential for
responsible adoption, ensuring sustainable nanoparticle use
supports climate-resilient agriculture and future food security.
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