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Abstract

This study investigated the efficacy and mechanisms of foliar-applied selenium nanoparti-
cles (SeNPs) in reducing cadmium (Cd) concentrations and alleviating Cd toxicity in winter
wheat grown in Cd-contaminated soil. Pot experiments were conducted to evaluate SeNPs
of different particle sizes (50, 100, 200 nm) and concentrations (0.125, 0.25 mmol/L). Foliar
SeNPs application achieved the dual objectives of significantly decreasing Cd while increas-
ing selenium (Se) concentrations in wheat grain. High-concentration (0.25 mmol/L) SeNPs
treatments were most effective, particularly with a particle size of 100 nm size. Compared
with the control, SeNPs significantly reduced grain Cd concentrations by 18.9-70.5% and
increased grain Se concentrations by 1.2-27.2 times. Durum wheat exhibited a stronger
response than soft wheat. The primary mechanisms included: (1) enhancing antioxidant
defense: SeNPs significantly boosted superoxide dismutase (55.2-165.2%) and peroxi-
dase (36.5-182.6%) activities, effectively scavenging reactive oxygen species, reducing
oxidative stress markers malondialdehyde (12.0-35.1%) and regulating hydrogen peroxide
(7.9-64.1%), which mitigated membrane lipid peroxidation. (2) Regulating subcellular
Cd distribution: SeNPs increased the proportion of Cd immobilized in the cell wall by
2.9-39.6% and decreased Cd in organelles by 9.1-38.4%, thereby reducing its bioavailability
and toxicity. This study provides a theoretical basis for using foliar SeNPs to remediate Cd
pollution and simultaneously produce Se-enriched functional wheat.

Keywords: heavy metal remediation; selenium biofortification; nanoparticle fertilizer;
Triticum aestivum; oxidative stress; subcellular compartmentalization

1. Introduction

Cadmium (Cd) is a highly toxic and mobile metal contaminant that threatens crop
production, ecosystem integrity, and human health. Excessive Cd in soil has been demon-
strated to disrupt plant cellular structure, destroy chloroplasts, mitochondria, and other
organelles, and impair photosynthesis and respiration [1,2]. Cd exerts multiorgan toxicity
in humans. Chronic dietary exposure to low levels of Cd can cause renal dysfunction and
osteoporosis [3-5]. Cd contamination in agricultural areas is a global concern affecting
major production regions across different continents. According to the latest global soil pol-
lution data analysis, the exceedance rate of Cd is the highest, reaching 9.0% (—1.9%/+1.5%).
Cd exceedance for agricultural soil is the most notable in northern and central India,
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Pakistan, Bangladesh, southern China, southern parts of Thailand and Cambodia, Iran,
Turkey, Ethiopia, Nigeria, South Africa, Mexico, and Cuba [6]. According to the national
soil pollution survey (2014), the pollution exceedance rate of agricultural soil in China is
19.4%, and excessive Cd levels rank first, with a pollution rate of 7% [7]. Winter wheat, a
major staple crop, serves as a significant carrier for Cd to enter the human body. In the
North China Plain, a primary wheat-producing region of China, elevated Cd concentra-
tions in wheat grains have frequently been reported, with bioconcentration factors ranging
from 0.39 to 1.01 [8]. Thus, wheat Cd pollution has become a pressing issue that requires
urgent attention.

In recent years, selenium (Se), an essential trace element for humans, has been
widely reported to mitigate Cd accumulation and toxicity in crops. Soil applications
of Se (0.5-1.0 mg/kg) have been shown to reduce Cd concentrations in wheat grain by
59-61% [9]. Xia also demonstrated that foliar spraying of 2 mmol/L selenate (SeO4")
reduced Cd concentration in wheat grain by 32.0% [10]. The main mechanisms by which
Se mitigates Cd accumulation and toxicity operated at multiple levels. Firstly, Se can
reduce Cd uptake by roots and limit its translocation to aboveground tissues (especially
grain) by downregulating the expression of key genes (e.g., TaNramp5, TiHMA2, TnHMA3)
involved in Cd uptake and translocation in the root system [11]. Se can also indirectly
inhibit Cd absorption by promoting Zn?* and Fe?" uptake [12]. Secondly, Se modulates
the subcellular distribution of Cd in plants. Se has been reported to modulate the genes
responsible for cell wall biosynthesis, increasing the levels of lignin, cellulose, and hemicel-
lulose contents [13,14], thereby immobilizing Cd ions and regulating their mobility [15,16].
Cd leads to reactive oxygen species (ROS) accumulation, as indicated by malondialdehyde
(MDA) and hydrogen peroxide (HyO;) [17,18]. Antioxidant enzymes, such as superoxide
dismutase (SOD) and peroxidase (POD), can scavenge ROS [19]. Se enhances their activity,
improving ROS detoxification to reduce oxidative damage and MDA /H,0O, levels [20-22].
Importantly, Se supplementation can simultaneously enhance Se enrichment in grain, offer-
ing a dual benefit of Cd mitigation and biofortification. Therefore, it is necessary to identify
a more effective Se management strategy for reducing grain Cd accumulation in wheat.

Se application mainly includes soil application, foliar spraying, and seed soaking.
Compared with soil application, foliar spraying generally provides higher use efficiency
and faster assimilation while minimizing soil disturbance [9,21-23]. However, traditional
Se fertilizers (NaySeOy4, NaySeOs3) generally have some unavoidable drawbacks, such as
potential environmental risks and physiological toxicity. Generally, Se salts are classified as
highly toxic, and their safety threshold in agricultural production is very low; high-dose
ionic Se may pose environmental and biological risks, including potential toxicity and off-
target impacts on the rhizosphere [23-25]. In this context, selenium nanoparticles (SeNPs)
have emerged as a potentially safer alternative due to their high surface reactivity and
improved biocompatibility [25,26]. Evidence from other nanomaterials (e.g., iron oxide
and phosphorus nanoparticles) further supports the feasibility of nanoparticle-enabled
reductions in Cd accumulation in crops [27-29], providing a rationale for exploring SeNPs
as a foliar nano-fertilizer [26,30].

Notably, as a nanomaterial, the absorption rate of SeNPs on leaf surfaces and their
bioavailability within plants during foliar application are influenced by their inherent
properties, particularly the particle size of the NPs and the concentration of the suspension
at the time of application. Nanoparticles that are too large may not be absorbed by winter
wheat leaves, while those that are too small are highly prone to agglomeration on the
leaf surface [31,32]. Similarly, the concentration of NP suspension is also a key factor
influencing NP agglomeration [33,34]. Current research on foliar application of SeNPs still
has many gaps: how the particle size of SeNPs and the concentration of the suspension
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affect absorption by winter wheat leaves; what effects SeNPs have on Cd transport and
accumulation within winter wheat; and how foliar SeNPs alleviate Cd stress in winter
wheat. Systematic experimental evidence is still lacking for these issues.

This study systematically evaluated the effects of foliar-applied SeNPs with three
particle sizes (50 nm, 100 nm, 200 nm) and two concentration levels (0.125 mmol/L,
0.25 mmol/L) on Cd accumulation and associated toxicity in winter wheat grown in
Cd-contaminated soil. Specifically, the objectives of the present study were to: (1) clarify
the effects of foliar application of SeNPs with different particle sizes and levels on Cd
absorption and translocation in winter wheat; and (2) elucidate changes in the subcellular
partitioning of Cd/Se and oxidative stress responses following SeNP application.

2. Materials and Methods
2.1. Materials and Experimental Design

The soil used for the pot experiments was collected from the surface layer (0~20 cm)
of Cd-contaminated soil in Jiyuan City, Henan Province, China (35°04'01” N, 112°36’07" E).
The soil type is brown soil, and the texture is loam. The following are the fundamental
physical and chemical properties of the sampled soil: pH 7.68 (water:soil = 1:2.5, pH meter
method), total Se 0.02 mg/kg (atomic fluorescence spectrometry), total Cd 2.4 mg/kg,
available Cd 1.1 mg/kg, (graphite furnace atomic absorption spectrometry), organic matter
8.6 g/kg (potassium dichromate method), total N 1.2 g/kg (semi-micro Kjeldahl method),
available P 9.4 mg/kg (Molybdenum antimony colorimetric method), and available K
125.4 mg/kg (ammonium acetate extraction-flame photometry method). SeNPs with three
different particle sizes (50 nm, 100 nm, 200 nm) were synthesized using Na;SeO3; and
NayS,03-5H,0 following the method described by Lin et al. (2005) [35].

The experimental design included three particle sizes (50, 100, 200 nm) and two lev-
els (0.125 mmol/L, 0.25 mmol/L) of SeNPs, with no SeNPs application as the control.
Two varieties of winter wheat, including durum wheat (Zhoumai 49, labeled as D) and
soft wheat (Puxing 5, labeled as S), were selected as experimental plants. Each treatment
was replicated three times. Five kg of Cd-contaminated soil were added to each pot. The
experiment employed a single-application basal fertilizer strategy, applying 1.714 g of urea,
0.501 g of KoHPOy, and 0.375 g of KH,POy to the soil in each pot. Wheat seeds were
surface-disinfected with 10% hydrogen peroxide for 30 min and rinsed three times with
distilled water. After 3 days of pre-germination, 10 seedlings were sown per pot. The pots
were maintained at 75% of soil field capacity.

Foliar application of SeNPs was carried out at the pre-flowering and pre-grain fill-
ing stages, respectively [36]. SeNPs concentration was controlled by adding ultrapure
water. Each pot received six sprays (10 mL each) during the pre-flowering stage and six
sprays (10 mL each) during the pre-grain filling stage, totaling 120 mL of solution. During
spraying, the soil surface of each pot was covered with plastic film. Prior to each applica-
tion, nanoparticle suspensions were freshly prepared and sonicated for 30 min at 20 °C.
The experimental site was located in the controlled-shed experimental area at Northwest
Agriculture and Forestry University, China. Winter wheat was harvested at the flowering
and maturity stages, respectively. Fresh flag leaves were collected on the 5th day after
the second spraying and stored at —80 °C for subsequent analyses. Plant samples were
dissected into roots, stems, leaves, husks, and grains (spikes were separated into husks and
grains at maturity), washed, and dried to a constant weight. The dried plant samples were
weighed, ground, and stored for chemical analysis.
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2.2. Chemical and Oxidative Stress Parameters Analysis
2.2.1. Determination of Se and Cd Concentration in Plant and Soil

Plant and soil samples (0.3 g) were digested with mixed acids to determine Se and Cd.
For Se analysis, plant and soil samples were digested with HNO3;-HCIO4 (4:1, v/v) and
HNO3-HCIOy (3:2, v/v), respectively, and measured with atomic fluorescence spectrometry
(LC-AFS-8530, Haiguang Instrument Co., Ltd., Beijing, China) [37]. For Cd analysis,
plant and soil samples were digested with HNO3;-HCIOy (4:1, v/v), and HNO3;-HClO4—
HCI (8:2:5, v/v), respectively, and Cd concentrations were determined using an atomic
absorption spectrometer (AAS, Z-2000, Hitachi, Tokyo, Japan) [38].

2.2.2. Determination of Subcellular Se and Cd Concentration in Winter Wheat Leaf at
Flowering Stage

Subcellular Se and Cd extraction was performed using the method described by
Wang [39]: 2.000 g of frozen tissue samples were homogenized with 20 mL of pre-chilled
extraction buffer [50 mM Tris-HCl (pH 7.5), 250 mM sucrose, and 1.0 mM DTE] and ground
to a uniform slurry. The homogenate was centrifuged at 6000x g for 5 min, and the residue
was collected as the cell wall fraction. The supernatant was centrifuged at 16,000 x g for
10 min; the residue constituted the organelle fraction, and the supernatant represented the
cytoplasmic fraction. The separated samples were dried at 70 °C to a constant weight. Se
and Cd concentrations in each fraction were determined as described in Section 2.2.1.

2.2.3. Measurements of Antioxidant Enzymatic Activities, Lipid Peroxidation, and Reactive
Oxygen Species of Winter Wheat at Flowering Stage

Fresh wheat leaf samples (0.2 g) were ground in liquid nitrogen and homogenized in
0.05 mol L~! phosphate buffer (pH 7.8). After centrifugation at 4000 x g for 15 min at 4 °C,
the supernatant was used to determine SOD and POD activities spectrophotometrically,
as described by Paoletti et al. (1986) [40]. For the reaction, 0.5 mL of enzyme extract
was incubated with phosphate buffer and 10 mM hydroxylamine hydrochloride at 25 °C
for 1 h. Then, 17 mM sulfosalicylic acid and 7 mM «-naphthylamine were added, and
the absorbance was measured at 530 nm. The MDA content was determined using the
trichloroacetic acid (TCA) method [41], with absorbance recorded at 532 and 600 nm.
The HyO, content was measured by reacting the centrifuged extract with TiCly and 20%
NH4OH to form a precipitate. The precipitate was washed with diethyl ether, dissolved
in 10-15% H504 (10% was used consistently in the experiment), diluted to 25 mL, and
measured at 415 nm [42]. All reagents and assay kits were supplied by Beijing Solarbio
Science and Technology Co., Ltd. (Beijing, China).

2.3. Quality Control

To ensure experimental reliability, all conditions were standardized, and reproducibil-
ity was verified using certified reference materials (Se: GBW080215; Cd: GBW080119) [43,44].
The coefficient of variation among replicates was less than 10%. The recovery rate for
standard materials (Se and Cd) was 97.9-98.0%. Environmental and sample handling
conditions were strictly controlled to minimize systematic errors.

2.4. Data Statistics and Analysis

Data were statistically analyzed using Microsoft Excel and presented as mean =+
standard deviation (n = 3). The transfer factors (TF) of Se and Cd were calculated using the
following equations:

Cstem Croot Chusk Cgmin .

Se: TFM = ; TFLot = ; TFhusk = ; TFgm,'n =

7
Teaf leaf stem stem stenn stem Tusk Chusk

(1)
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where Crain, Cstem, Cleafts Chusk, and Croor denote the Se or Cd concentration (mg/kg) in the
grain, stem, leaf, husk, and root of winter wheat, respectively.
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Mean comparisons, three-way ANOVA, PCA, and Pearson correlation were performed
using IBM SPSS Statistics 27, and significant differences between means were determined
by Duncan’s test at a significance level of 0.05. Graphs were generated using Origin 2023
and a Mantel test was performed using ChiPlot (https://www.chiplot.online /index.html,
accessed on 30 July 2026).

3. Results and Discussion

3.1. Foliar Application of SeNPs Increased the Growth of Winter Wheat Grown in
Cd-Contaminated Soil

Foliar application of SeNPs promoted winter wheat growth. Five days after the first
foliar application of SeNPs, compared with the CK, the root and husk biomass significantly
increased by 9.8-44.3% and 69.6-129.5%, respectively, and the stem and leaf biomass of
the durum variety also increased (Table 1). At the maturity stage, the biomass of all plant
parts in the durum variety was increased compared with the CK (Table 2). The grain, leaf,
stem, and root biomass rose by 17.8%, 38.4%, 22.7%, and 49.7%, respectively. For the soft
variety, the increase in biomass was mainly observed in the leaves and stems. Among
all treatments, 100 nm SeNPs at 0.125 mmol/L produced the greatest yield increase (to
17.7 g/pot, an 18.3% increase) compared with the CK (15.0 g/pot for the durum variety).
These results indicate that SeNPs effectively alleviate Cd-induced growth inhibition and
promote greater biomass and yield formation. Notably, durum wheat exhibited a stronger
growth response to SeNPs than soft wheat, suggesting genotype-dependent sensitivity.
Similar protective effects of SeNPs against Cd stress have been reported in wheat, as well
as rice and maize, where SeNP application partially restored yield losses induced by Cd
exposure [45-47].

Table 1. Effects of foliar-applied selenium nanoparticles (SeNPs) at two levels (0.125 and 0.25 mmol /L)
and different sizes (50, 100, 200 nm) on biomass of two varieties of winter wheat (durum and soft)
grown in Cd-contaminated soil at flowering stage (mean + SE, n = 3).

Variety SeNPs Size  SeNPs Level Biomass (g/pot)
(nm) (mmol/L) Husk Leaf Stem Root
CK 1834+008c 524+079b 327+022b 093+ 0.18 ¢
0.125 215+ 0.13bc 546 +066b 471+06la 1.92+017b
50 0.25 2324029ab 634+085ab 417 +058ab 197 +0.12b
Durum 0.125 211+011bc 678+024ab 438+ 046ab 2.13 4 0.36 ab
100 0.25 2334009ab 790+175a 432+023ab 246+ 036a
200 0.125 262+030a 701+14lab 416+ 047ab 1.82+0.10b
0.25 264+022a 753+10la 489 +131a 2.00=+031ab
CK 234+005c 541+159a 407 +024a 071+007b
0.125 299+038ab 570+080a 400+187a 139+035a
50 0.25 312+002a 490+105a 501+105a 121+045a
Soft 0.125 257 +022c 506+034a 484+049a 140+0.13a
100 0.25 260+030bc 558+043a 474+038a 148+025a
200 0.125 262+010bc 518+042a 440+017a 152+008a
0.25 263+017bc  537+117a 454+067a 140+026a

Note: Different letters indicate significant differences among different SeNPs treatments (levels and sizes) under
the same wheat varieties (p < 0.05, Duncan’s test).
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Table 2. Effects of foliar-applied selenium nanoparticles (SeNPs) at two levels (0.125 and 0.25 mmol/L)
and different sizes (50, 100, 200 nm) on biomass of two varieties of winter wheat (durum and soft)
grown in Cd-contaminated soil at mature stage (mean + SE, n = 3).

Variety SeNPs Size  SeNPs Level Biomass (g/pot)
(nm) (mmol/L) Grain Husk Leaf Stem Root
CK 1497+ 054c 419+ 031b 521 +025¢ 431+023b 153 +023c
0.125 1696+ 052ab 433 4+023b 597 +028ab 449+ 0.15ab  1.86 % 0.06 abc
50 0.25 17144+ 059ab 494+03ab 544 +008bc 455+ 007ab 1.81 + 0.1 be
Durum 100 0.125 1771+ 016a 492+008ab 636+£002a 487 +007a 192+ 0.06abc
0.25 1763+ 013ab  596+04a 639+010a 491+003a 229-+012a
0.125 1672 +007b 487 +019ab 594+ 016ab 450+ 0.16ab 2.10 +0.16 ab
200 0.25 1630+ 040a 496+04ab 585+012ab 447 +0.1lab 1.94 + 0.10 abc
CK 1562+ 025a 353+021b 418+038b 418+035a 123+021a
0.125 1663 +025a 437+002ab 547 +023a 496+004a  154+008a
50 0.25 1657 £ 020a 481 +£009a 481 +038ab 424+046a 1.65+019a
Soft 0.125 1600+ 042a 44140092 515+026ab 490+007a 153 +0.03a
100 0.25 1708 £022a 509+043a 578+040a 502+021a 1.63+010a
200 0.125 1693+ 045a 447+037a 527+033a 481+012a 143+015a
0.25 1654 +1.07a 437+013ab 525+012a 447 +016a 159+011a

Note: Different letters indicate significant differences among different SeNPs treatments (levels and sizes) under
the same wheat varieties (p < 0.05, Duncan’s test).

3.2. Foliar Application of SeNPs Alleviated Cd Toxicity in Winter Wheat by Activating the
Antioxidant Defense System at the Flowering Stage

Foliar application of SeNPs modulated the antioxidant enzyme system. SeNPs signifi-
cantly reduced MDA by 12.0-35.1% and HyO, by 7.9-64.1% while significantly increasing
POD activity by 36.5-182.6%, and SOD activity by 55.2-165.2% in winter wheat leaves
at the flowering stage (Figure 1). These changes indicate effective suppression of Cd-
induced oxidative stress. Similarly, previous studies have shown that foliar Se application
reduced lipid peroxidation and reactive oxygen species (ROS) accumulation in rice and
other crops [48,49].

Correlation analysis further elucidated the relationships among the antioxidant en-
zyme system, Se and Cd concentrations, and biomass indicators in winter wheat (Figure 2).
Se concentration showed significant positive correlations (r > 0.5) with antioxidant enzyme
activities (SOD, POD) and negative correlations (r < —0.5) with oxidative stress markers
(MDA, H,0,). Conversely, Cd exhibited positive correlations (r > 0.5) with oxidative stress
markers and negative correlations (r < —0.5) with antioxidant enzymes, suggesting that Cd
impedes the plant antioxidant system. The correlation analysis also revealed a pronounced
antagonistic relationship between Se and Cd in winter wheat (Figure 2). These results are
consistent with previous studies in potato, lettuce, and rice [49-51], which also reported
that exogenous Se decreased Cd-induced ROS accumulation and oxidative damage. PCA
further validated these associations (Figure 3). The first two principal components (PC1:
57.0%; PC2: 11.6%) accounted for 68.6% of the total variance. PC1 distinctly reflected
the fundamental physiological response pattern. These analyses indicated that Cd stress
was associated with increased ROS accumulation, whereas Se application was linked to
enhanced antioxidant enzyme activities and reduced oxidative damage. Concurrently, the
results revealed a strong negative correlation between Se and Cd concentrations, indicating
that Se reduced Cd enrichment in plant organs, thereby mitigating Cd toxicity. Plants
rely on a complex antioxidant defense system composed of enzymatic and non-enzymatic
components to mitigate oxidative stress [51-53]. Furthermore, experimental observations
indicated that foliar application of SeNPs activated antioxidant enzymes in winter wheat,
thereby effectively scavenging reactive oxygen species. Mantel’s test further demonstrated
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that biomass parameters were strongly correlated with Cd concentrations in plant organs
and moderately correlated with ROS levels and antioxidant enzyme activities.
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Figure 1. Effects of foliar-applied selenium nanoparticles (SeNPs) at two levels (0.125 (L), 0.25 (H)
mmol/L) and different sizes (50, 100, 200 nm) on peroxidase (a), superoxide dismutase (b), hydrogen
peroxide (c), and malondialdehyde (d) of winter wheat grown in Cd-contaminated soil at flowing
stage (mean £ SE, n = 3). Different letters indicate significant differences among different SeNPs
treatments (levels and sizes) under the same wheat varieties (p < 0.05, Duncan’s test).

These results suggest that foliar-applied SeNPs mitigate Cd-induced growth inhibition
primarily by suppressing oxidative damage and restoring redox homeostasis, rather than
by growth stimulation alone (Figures 1-3). The Se-induced enhancement of antioxidant en-
zyme activities is widely recognized as an effective mechanism for mitigating Cd-induced
oxidative stress [53-55]. Although signaling pathways involved in Se-mediated stress
responses were not directly examined in this study, previous research suggests that SeNPs
may enhance ROS-scavenging capacity by activating the ascorbate-glutathione cycle and
regulating MAPK-related pathways and hormone signaling [56,57]. The observed en-
hancement of antioxidant enzyme activities in the present study is consistent with these
proposed mechanisms. Overall, the activation of the antioxidant defense system is a central
physiological process through which foliar-applied SeNPs alleviate Cd-induced oxidative
stress and promote growth in winter wheat.
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Figure 2. Correlation heatmap showing relationships among peroxidase (POD), superoxide dismutase
(SOD), malondialdehyde (MDA), hydrogen peroxide (H,O,), and Se and Cd concentrations in winter
wheat organs; Mantel tests with winter wheat biomass. Cell color indicates the level of relevance
(r). (*: 0.01 <p <0.05, **: 0.001 < p < 0.01). Edge width corresponds to Mantel’s r statistic for
the corresponding distance correlations, and edge color denotes the statistical significance based
on permutations.

3.3. Foliar Application of SeNPs Regulated the Subcellular Distribution of Se and Cd in Winter
Wheat at Flowering Stage

After spraying SeNPs, the proportion of Cd fixation in the cell wall increased by
2.9-39.6%, while the concentration of Cd in the organelles decreased by 9.1-38.4%. The
100 nm SeNPs showed the best Cd fixation effect (Figure 4). The proportion of Se in the
organelles was significantly lower than that in the CK. After spraying SeNPs, Se was
mainly enriched in the cell wall (the proportion of which was elevated by 18.5-53.6%). It
has been shown that most of the Cd in the cell accumulates in the cell wall and soluble
fractions [58]. Foliar application of SeNPs enhanced Cd sequestration within cell walls,
thereby impeding Cd movement between cells and reducing Cd concentrations in winter
wheat organs. Conversely, enhanced sequestration of cell wall components reduced Cd
exposure to organelles and decreased Cd-induced lipid membrane peroxidation.

The root cell wall served as the primary defense barrier against heavy metals and was
composed of pectin, hemicellulose, and cellulose. These components contained abundant
functional groups (-OH, -COOH, -NH}) that could chelate Cd** ions and prevent their
entry into the cell [59-61]. Previous studies suggested that SeNPs alleviated Cd toxicity
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predominantly through subcellular compartmentalization, in which Cd was preferentially
immobilized in the apoplast rather than translocated to the symplast [59]. At the cellular
level, SeNPs enhanced glutathione and phytochelatin synthesis, facilitating Cd sequestra-
tion in vacuoles and cell walls while downregulating HMA?2 and HMA4 expression, thereby
inhibiting Cd loading into the xylem [62].

-0.4 -0.2 0.0 0.2 0.4
| | | |
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Se-Grain

PC2 (11.6%)
=)
|

°
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Figure 3. Principal component analysis (PCA) between peroxidase (POD), superoxide dismutase
(SOD), malondialdehyde (MDA), hydrogen peroxide (H;O5;), and Se, Cd concentrations in winter
wheat organs. Shadows represent the confidence ellipse, displaying grouping and clustering patterns,
and discrimination between groups. Points represent individual samples, and colors indicate dif-
ferent treatment groups (see legend). Arrows represent variable loadings; their directions indicate
associations with PC axes, and their lengths reflect the relative contributions (loading magnitudes) of
variables to the ordination (p < 0.05).

Therefore, it could be concluded that the primary mechanisms by which Se application
inhibited Cd toxicity can be summarized in two points: First, the application of SeNPs
enhanced the activity of two antioxidant enzymes (POD and SOD), accelerated the clearance
of reactive oxygen species (ROS) by plants, and reduced lipid membrane peroxidation
caused by ROS production under Cd stress. On the other hand, the application of SeNPs
strengthened plant cell walls, enhanced the immobilization of Cd within the cell walls, and
thereby hindered Cd’s impact on organelles.
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Figure 4. Effects of foliar-applied selenium nanoparticles (SeNPs) at two levels (0.125 (L), 0.25 (H)
mmol/L) and three sizes (50, 100, 200 nm) on subcellular structure distribution of Se and Cd in leaves
of two winter wheat varieties at the flowering stage, displayed as percentage (1 = 3).

3.4. Foliar Application of SeNPs Reduced Cd Concentration but Enhanced Se Enrichment in
Winter Wheat Grown in Cd-Contaminated Soil

Foliar application of SeNPs reduced Cd concentrations in winter wheat organs. At
the flowering stage, SeNP application significantly reduced root Cd concentrations by
14.4-33.0% compared to CK (p < 0.05). Cd concentrations in stems and husks also decreased,
suggesting that the reduction in Cd concentrations likely began with decreased root Cd
concentration and the inhibition of root-to-stem transport (Figure S1). At the mature stage,
Cd concentrations decreased in all plant parts, with significant differences observed in
grains, husks, and stems. In particular, grain Cd concentrations were significantly decreased
to 0.14-0.41 mg/kg (a decrease of 18.9-70.5%) at maturity, compared with the CK (Figure 5).
Among these treatments, SeNPs with a 100 nm size and 0.25 mmol/L showed the most
pronounced Cd-reducing effect, decreasing grain Cd concentrations in durum wheat and
soft wheat to 0.14 & 0.01 and 0.17 £ 0.01 mg/kg, respectively (decreased by 70.5% and
65.9% compared to CK). The present results were consistent with previous findings in rice,
where foliar application of SeNPs reduced Cd concentrations in brown rice from 1.13 to
0.48 mg/kg [63]. Similarly, foliar application of SeNPs (0.125-0.25 mM) reduced grain
Cd concentration in rice by 20-36% [9]. The reduction in grain Cd concentrations was
associated with increased biomass. The weight of winter wheat grain was significantly
(p < 0.05) increased by 17.8% (Table 2). Cd translocation from roots to stems and from stems
to leaves showed a decreasing trend under foliar application of SeNPs (Figure 2). Similarly,
Rizwan et al. (2019) attributed the reduction in Cd concentration to decreased Cd uptake
accompanied by increased biomass, which diluted Cd concentrations in rice tissues (the
dilution effect) [64]. The reduction in Cd uptake may also have been attributed to SeNPs-
mediated regulation of Cd uptake and transport-related genes. Zhou et al. (2021) reported
that foliar application of SeNPs significantly downregulated the transcription levels of the
Cd uptake and grain-loading transporter genes TaNramp5 and TaLCT1 by 58-65%, while
upregulating the expression of Cd efflux and vacuolar sequestration-related genes TaTM20
(51-52%) and TaHMA3 (19-30%), ultimately resulting in a 20-36% reduction in grain Cd
concentration [9]. Furthermore, Wang et al. [36] demonstrated that foliar application of
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SeNPs regulated rhizosphere Cd speciation. SeNPs decreased bioavailable Cd fractions
by 6% and increased residual Cd by 8%, suggesting enhanced Cd immobilization in soil.
Moreover, SeNPs might alter rhizosphere metabolic processes by reducing organic acid
secretion (e.g., oxalic acid), thereby decreasing Cd mobilization and bioavailability [36].
These findings provide a plausible mechanistic basis for the observed reduction in grain
Cd. In addition, variance analysis indicated that SeNP size had a significant (p < 0.05)
effect on grain Cd concentration (Table 3). Among the tested sizes, 100 nm SeNPs exhibited
the highest Cd-reducing capacity at 0.25 mmol/L. This resulted in reduced grain Cd
concentrations of 0.14 £ 0.01 mg/kg and 0.17 £ 0.01 mg/kg, which were 65-70% lower
than those in the CK. This effect may be attributed to a balance between bioavailability and
foliar retention associated with SeNP particle size. On the one hand, larger nanoparticles
exhibit greater retention on leaf surfaces following foliar application [65]. In contrast, SeNPs
in the 100-800 nm range have shown higher bioavailability [66]. Compared with 50 nm
and 200 nm SeNPs, 100 nm SeNPs appear to be more readily absorbed and more efficiently
utilized by plants.

Table 3. Results of three-way ANOVA showing significance levels (F-values) of SeNP sizes, levels,
wheat varieties, and their interactions on grain Cd and Se concentration.

Grain Cd Grain Se
ANOVA
F Value Significance F Value Significance
Variety 502.239 o 71.865 **
SeNPs level 18.012 * 39.213 i
SeNPs size 564.049 o 366.506 **
Variety x SeNPs level 6.338 * 12.481 **
Variety x SeNPs size 114.24 > 32.114 *
SeNPs level x SeNPs size 21.892 o 13.995 **
Variety x SeNPs level x SeNPs size 3.455 * 0.244 ns

Note: Three-way ANOVA was used to test the significant effects of SeNPs level, SeNPs size, wheat variety, and
their interaction at the level of 95%. “ns” indicates not significant (p > 0.05); * indicates p < 0.05; ** indicates
p <0.01. (p < 0.05, Duncan’s test).

SeNPs also substantially enhanced Se enrichment in wheat, particularly in grain. Dur-
ing the flowering stage, the Se concentration in all parts significantly increased (p < 0.05),
mainly accumulating in the leaves (Figure S2). At the mature stage, grain Se concentra-
tions increased by 1.2-27.2-fold relative to the control (Figure 6). Compared with CK
(0.06 mg/kg), under the 0.25 mmol/L SeNPs level, the SeNPs with 50 nm, 100 nm, and
200 nm particle size resulted in grain Se concentrations that were 24.4 times, 27.2 times,
and 15.1 times higher (1.53, 1.71, and 0.97 mg/kg), respectively. Variance analysis showed
that particle size, application level, and wheat genotype all significantly affected Se en-
richment (Table 3). Across three particle sizes, 100 nm SeNPs resulted in a significantly
higher (p < 0.05) Se concentration in grain, stem, and leaf (Figure 6a,c,d). Regardless of
particle size, 0.25 mmol/L SeNPs resulted in a 15.1-27.2-fold increase in grain Se concen-
tration. The increase in Se concentration was consistent with previous experiments on
wheat [9,28,36,67,68]. Moreover, durum wheat exhibited greater Se enrichment than soft
wheat, indicating a clear genotype dependence. This outcome is incongruent with the
findings of Grant (2007), which reported that durum wheat performed less favorably in Se
uptake following the application of SeNPs [67]. This discrepancy may be attributable to
particular wheat varieties, as well as the particle size and level of SeNPs.

Based on the results of foliar application of SeNPs to reduce Cd concentration and
enhance Se accumulation, it was found that the effects of SeNPs did not simply increase
with decreasing particle size. At the 0.125 mmol/L SeNPs application levels, Se enrich-
ment showed a positive correlation with particle size (50 nm > 100 nm > 200 nm), but at
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the 0.25 mmol/L SeNPs levels, the order of effectiveness was 100 nm > 50 nm > 200 nm
(Figures 5 and 6). This further indicated that the interaction effect between particle size
and level might play a significant role in the absorption and utilization of SeNPs by winter
wheat (Table 3). Previous studies have generally reported that smaller nanomaterials
enter plants more readily through foliar pathways. However, the present study’s results
were not entirely consistent with those findings. This discrepancy might have been at-
tributed to particle aggregation and the actual foliar absorption capacity under spray
application conditions.
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Figure 5. Effects of foliar-applied selenium nanoparticles (SeNPs) at two levels (0.125 (L), 0.25 (H)
mmol/L) and different sizes (50, 100, 200 nm) on Cd concentration in grain (a), husk (b), leaf (c),
stem (d), and root (e) of two winter wheat varieties (durum and soft) grown in Cd-contaminated soil
at mature stage (mean =+ SE, n = 3). Different letters indicate significant differences among different
SeNP treatments (levels and sizes) under the same wheat varieties (p < 0.05, Duncan’s test).

https://doi.org/10.3390/agronomy16151468


https://doi.org/10.3390/agronomy16151468

Agronomy 2026, 16, 1468 13 of 19
(a) 5.0 Durum I Soft
1
2 , m
g 4.0} I —
= |
2
< 3.0t |
ot
£ 1
=
g 2.0 !
s a a 1
L
wn b | a
=
£ 1.0}
£ c | b b
&} cd 1 dP <l a
(b) 5 (©) 50 Uil I Sof
1 I
&b = a a
| o ab 2 |
= 4.0} | < 40 | a
g £
= 1 = I
€ 3.0} I S 3.0f be |
£ ! E N
= =
: 2.0} a ! a € 20} |
g abl ab ab g™ ol | I b
A befll, i | ¢ o e abE 3 del¥ |
% 1.0f € | ° = 1.0} I
= %]
= I = I
(d) )
1 I
B 1 w8 I
=4 o]
= 4.0} | > 40} |
£ 1 = I
= =
£ 3.0} 1 é 30t I
E I E I
= =
b1 | g 1
£ 2.0} £ 20}
S - 1 3 a ;2P I
@ a ] a
F " ES ab 2 Z b bE=gbb | 2 ,27%. ,
g 1.0 bl 2 . 1 bcz ¢ cbc g Lo} |
@ " 1 a ~ |
0.0
CK 50 100 200 CK 50 100 200 CK 50 100 200 CK 50 100 200

SeNPs size (nm)) SeNPs size (nm)

Figure 6. Effects of foliar-applied selenium nanoparticles (5eNPs) at two levels (0.125 (L) and
0.25 (H) mmol/L) and different sizes (50, 100, 200 nm) on Se concentration in grain (a), husk (b), leaf (c),
stem (d), and root (e) of two winter wheat varieties (durum and soft) grown in Cd-contaminated soil
at mature stage (mean =+ SE, n = 3). Different letters indicate significant differences among different
SeNPs treatments (levels and sizes) under the same wheat varieties (p < 0.05, Duncan’s test).

From the perspective of foliar uptake, the main pathways for SeNPs entering winter
wheat include cuticular diffusion and stomatal penetration. Particles in the range of
20-100 nm are primarily accommodated by stomatal pathways [69]. In general, larger
particles (>50 nm) do not directly enter the leaf tissue. The effective utilization of such
SeNPs by plants largely depends on the gradual dissolution of Se from the particle surface
into soluble Se forms (e.g., Se ions or nanoscale molecular complexes), which can then
penetrate the cell wall and be absorbed and translocated [45]. These observations indicate
that foliar Se uptake relies more on the indirect Se-supplying function of SeNPs (slow release
of absorbable Se forms) rather than on the direct uptake of larger particles themselves.
Smaller SeNPs might provide a greater surface area and be directly absorbed by the leaf,
but on the other hand, smaller NPs (especially under 100 nm) are thermodynamically
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more prone to agglomeration [31,32]. Simultaneously, at high levels, particles agglomerate
more rapidly into larger aggregates [33,34], reducing effective contact with the leaf and
diminishing foliar uptake efficiency.

Overall, foliar application of SeNPs simultaneously reduces grain Cd and enhances
grain Se, with a strong dependence on particle size x dose x genotype (Table 3). Among
the tested treatments, 100 nm at 0.25 mmol/L provides the best combined outcome, achiev-
ing grain Cd below the safety threshold while maximizing Se enrichment. Similar dose-
dependent particle-size effects have been observed during foliar application of SeNPs to
wheat, where 200 nm particles showed higher utilization efficiency than 60 nm particles [45].
In contrast, medium-sized SeNPs (around 100 nm) not only exhibit stronger leaf reten-
tion and controlled release of Se, but also enter the leaf directly through stomatal path-
ways; furthermore, they exhibit no significant agglomeration even at high concentrations
(0.25 mmol/L).

3.5. Foliar Application of SeNPs Regulated the Translocation of Se and Cd in Winter Wheat

The transfer factors (TF) of Se and Cd reflected the capacity of Se and Cd to be
transferred among different organs (Table 4). Foliar application of SeNPs significantly
reduced the Cd TFgiem /ro0t- At the 0.25 mol/L SeNPs level, the TFgem /100t 0f durum
wheat and soft wheat decreased by 33.9-90.5% and 34.6-46.1%, respectively. These results
indicated that the application of SeNPs effectively inhibited the translocation of Cd from
roots to shoots. In durum wheat, TFgain /husk Was also reduced by 18.5-39.7%, and similar
trends were also observed in soft wheat, suggesting that SeNPs further restricted the
transport of Cd into the grains. Conversely, the Se transfer factor from husk to grain
increased significantly, indicating that foliar-applied SeNPs might enhance the transport
pathway of Se. These results suggested that SeNPs promoted Se accumulation in grains
while simultaneously limiting Cd translocation, suggesting a key physiological mechanism
underlying Se-induced Cd detoxification. Foliar-applied SeNPs were absorbed through the
cuticle and stomata and subsequently transformed into organic Se compounds, which may
act as systemic signaling molecules regulating Cd transport [36]. The results showed that
Cd concentrations in wheat roots were substantially higher than in other tissues (Figure 5).
According to Di et al. [56], SeNPs might regulate root metabolism by suppressing Cd uptake-
related transporters (IRT1 and Nramp5) and enhancing the secretion of organic acids in
the rhizosphere, thereby promoting Cd immobilization in the root zone. Collectively, these
processes reduced the translocation of Cd from roots to shoots.

Overall, based on the results of the subcellular analyses described above, foliar ap-
plication of SeNPs promotes the sequestration of Cd in the cell walls and vacuoles of
roots and leaves. This compartmentalization of Cd effectively reduces its mobility, inhibits
its transport from roots to stems and from stems to leaves and grains, and minimizes
damage to metabolically active organelles. This is considered the primary mechanism for
reducing Cd concentrations in grains. Future studies should investigate how SeNP size
influences foliar retention, transformation, and long-distance transport efficiency in wheat,
thereby optimizing SeNP-based strategies to reduce Cd accumulation while enhancing
Se biofortification.
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Table 4. Effects of foliar-applied selenium nanoparticles (SeNPs) at two levels (0.125 (L) and 0.25 (H) mmol/L) and different sizes (50, 100, 200 nm) on the transfer
factor (TF) between grain, husk, stem, leaf and root of two varieties of winter wheat (durum and soft) grown in Cd-contaminated soil (mean + SE, n = 3).

Variet SeNPs Size SeNPs Level Transfer Factor (Cd) Transfer Factor (Se)
aney (nm) (mmol/L) Stem/Root Leaf/Stem Husk/Stem Grain/Husk Stem/Leaf Root/Stem Husk/Stem Grain/Husk
CK 0.32 +0.03 a 0.76 = 0.09b 0.54 +0.07 a 1.39 £ 0.09 a 3.14+155a 3734+ 0.71a 3.154+0.32a 0.07+0.01e
0.125 0.29 £ 0.05a 0.33 +0.05b 051 +0.12a 1.13 £ 0.15 ab 0.39 +0.05b 1.754+0.32b 249 £ 0.45ab 0.41 +0.08 d
50 0.25 0.14 = 0.04 b 329 +142b 1354+ 049 a 0.99 £ 0.21 ab 0.41 £0.07b 1.08+0.1b 14+024c 0.90 £ 0.07 b
Durum 0.125 0.25 + 0.02 ab 1.124+022b 0.68 £0.11a 1.04 +=0.22 ab 0.51 +£0.13b 212 4+0.52b 2.02 + 0.44 bc 0.35+0.03d
100 0.25 003+001c 762+314a  088+037a  084+002b 033+£003b  094+007b  118+010c  111+0.09a
0.125 0.33 £0.03a 0.56 £ 0.06 b 0.52+0.11a 1.09 +0.11 ab 1.12 £ 0.66 b 198 +0.24b 1.95 + 0.11 bc 0.13+0.01e
200 0.25 0.21 £+ 0.05 ab 1.13+0.11b 0.84 £0.22a 1.01 +0.01 ab 0.39 £ 0.02b 1.02+0.23b 1.48 +0.16 ¢ 0.67 £0.12¢
CK 0.26 £ 0.07 a 0.62 +£0.12 ab 0.76 £ 0.12a 1.36 £0.11a 1.854+0.30 a 451+112a 469 £1.98a 0.07 £0.01d
0.125 024 +£0.04a 0.64 £ 0.13 ab 0.87+0.20 a 1.36 + 0.07 ab 0.37 £0.07b 146 +0.14Db 144 +£0.13b 0.20 £ 0.05 cd
50 0.25 0.17 £ 0.01 a 0.72 + 0.04 ab 0.61 £ 0.07 a 1.30 = 0.16 ab 0.22+0.01b 1.31+0.12b 1.854+0.32b 040 +£0.10b
Soft 100 0.125 0.20 £0.03 a 1.05+0.14a 0.87+0.15a 1.28 = 0.16 ab 0.34 £0.09b 1.84 +034Db 1.74 +0.28 b 0.30 £ 0.02 ab
0.25 0.15+0.05a 0.85 + 0.37 ab 097+ 043 a 1.02 +0.03b 0.28 £0.03b 1.18 = 0.18 b 152 +£0.01b 0.79 +£0.05a
0.125 0.19 £ 0.02 a 0.69 + 0.13 ab 0.69 £+ 0.09 a 1.56 + 0.16 ab 041 +£0.05b 1.77+0.14Db 1.68 = 0.13b 0.23 +£0.02 ¢
200 0.25 0.14 £ 0.06 a 032 +£0.12b 0.75+023a 1.71 +£0.17 ab 0.21 £0.04b 1.14 +0.13b 1.63 £ 0.02b 0.45+0.02b

Note: Different letters indicate significant differences among different SeNPs treatments (levels and sizes) under the same wheat varieties (p < 0.05, Duncan’s test).
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4. Conclusions

Foliar application of SeNPs effectively increases biomass and reduces Cd concentra-
tions in winter wheat while enhancing Se enrichment. SeNPs with 100 nm particle size and
0.25 mmol/L level demonstrated superior foliar uptake efficiency while simultaneously
achieving the goals of enriching the grains with Se and reducing Cd levels. Durum wheat
exhibited a stronger response than soft wheat, indicating genotype-dependent regulation.
Mechanistically, SeNPs restrict Cd uptake and long-distance translocation, promote Cd
sequestration in the cell wall, and reduce Cd allocation to organelles, thereby lowering
Cd bioavailability. Simultaneously, SeNPs enhance antioxidant defense by increasing su-
peroxide dismutase and peroxidase activities and by decreasing reactive oxygen species
and lipid peroxidation, thereby alleviating Cd-induced oxidative stress and supporting
improvements in biomass and yield. This study provides an important theoretical ba-
sis and technical approach for simultaneously remediating Cd pollution and producing
Se-biofortified wheat. Foliar spraying with SeNPs is a promising strategy to mitigate Cd
contamination in winter wheat while promoting Se enrichment. Further studies focus-
ing on the transformation processes of SeNPs of different sizes in the environment and
on long-term field performance are warranted to optimize SeNP-based applications in
sustainable agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy16151468/s1, Figure S1: Effects of foliar-applied selenium
nanoparticles (SeNPs) at two levels (0.125 (L) and 0.25 (H) mmol/L) and different sizes (50, 100,
200 nm) on Cd concentration in husk (a), leaf (b), stem (c), and root (d) of two winter wheat varieties
(durum and soft) grown in Cd-contaminated soil at the flowing stage (mean =+ SE, n = 3); Figure S2:
Effects of foliar-applied selenium nanoparticles (SeNPs) at two levels (0.125 (L) and 0.25 (H) mmol /L)
and different sizes (50, 100, 200 nm) on Se concentration in husk (a), leaf (b), stem (c), and root (d)
of two winter wheat varieties (durum and soft) grown in Cd-contaminated soil at the flowing stage
(mean £ SE, n = 3).
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