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ABSTRACT: Selenium (Se) deficiency is a global health problem affecting more than 500 million people; crop
biofortification is a sustainable strategy for its mitigation. This study investigated the effect of the application of
selenate nanoparticles (SeO,*) and the combination of selenate (SeO,?”) and chitosan (CS) (forming a SeO,*~-CS
complex) on the antioxidant profile, growth, biomass, bioactive compounds, enzymes, and Se accumulation of wheat
(Triticum spp.) sprouts. Fourteen treatments were applied using a factorial design combining seven concentrations
and two formulations: SeO4%~ and SeO,?"-CS. It was identified that chitosan increased Se uptake efficiency by 30%
versus conventional selenate. The optimal dose for biomass was 0.15 mg L™! of Se0,*~-CS (+40% vs. control), while
0.25 mg L™! maximized bioactive compounds (phenolics (25%) and flavonoids (21%)) as well as antioxidant capacity
(26%) and enzymatic activity (SOD: 37%; POD: 41%). In addition, CS reduced Se phytotoxicity at doses >1.50 mg L™,
evidencing its dual role as a delivery vehicle and cell protector. These findings demonstrate that the SeO4%~-CS hybrid
system is a technologically viable and efficient alternative to traditional selenate for the production of biofortified
sprouts. This strategy shows high potential for scaling up in the functional food industry and for application in
agricultural regions with selenium-deficient soils.
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1 Introduction

Wheat (Triticum spp.) is one of the most important crops worldwide due to its nutritional value and
its role as a basic source of food for millions of people [1]. The consumption of its sprouts is becoming
popular due to their high nutritional value and functional properties [2]. The incorporation of sprouts in
people’s daily diet is an attractive option to improve general health and prevent diseases, especially within
the context of healthy and preventive diets [3]. Selenium (Se) is an essential trace element in human health.
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In plants, it stimulates aerial and root growth, and it triggers the antioxidant response. Deficiency of this
element in humans causes negative effects such as cardiomyopathy and cancer-related problems [4].

Chitosan (CS), a natural cationic biopolymer obtained from the deacetylation of chitin, has been
highlighted for its agricultural applications. Its ability to form complexes with metal micronutrients is an
innovative strategy to improve their stability, bioavailability, and uptake in plants while acting as an elicitor
of defense responses against abiotic stresses [5,6]. When it forms complexes with anions such as selenate
(SeO427), it can facilitate its transport across negatively charged cell membranes, potentially improving
biofortification efficiency. SeO4? is not essential for most plants, yet it has shown beneficial effects by
promoting growth and resistance to various conditions, although excessive concentration can be toxic [7].

Nanotechnology has shown great potential to transform various aspects of agriculture, from improving
plant nutrition to protecting crops and improving the quality of agricultural products [8]. In this context,
nanobiofortification is an innovative strategy that employs nanoparticles to increase the content of essential
nutrients in plants, which benefits the productivity and nutritional quality of crops as well as human
nutrition [9]. Nanobiofortification of sprouts with micronutrients such as selenate, zinc, and iron can
significantly increase their nutrient content. This represents an affordable and sustainable solution to
combat global micronutrient deficiency [10].

Therefore, the objective of this research was to evaluate the effects of applying selenate (SeO,4>")
and chitosan-selenate nanoparticles (SeO4%~-CS) to wheat sprouts in terms of yield, bioactive compounds,
antioxidant activity, and Se accumulation. We hypothesized that the formation of the SeO,2~-CS complex
would enhance selenium uptake and bioavailability, boost the synthesis of bioactive compounds and
antioxidant response, and reduce the phytotoxicity of high selenate doses compared to the application of
selenate alone.

2 Materials and Methods
2.1 Plant Material and Growing Conditions

The experiment was carried out in the Biotechnology Laboratory of the Polytechnic University of
Gomez Palacio, Durango, Mexico (25°34"11.5”/ N, 103°29”53.5” W; 1120 m a.s.l.). Uniform Triticum aestivum L.
seeds (“BORLAUG 100 F2014,” Nature Jim’s®, Salt Lake City, UT, USA) were selected, surface sterilized
using 75% ethanol for five minutes, and subsequently rinsed four times with distilled water to ensure
asepsis [11].

2.2 Preparation of Selenate Solutions and Selenate-Chitosan Complexes

A sodium selenate stock solution (Na,SeOy4, >99%, Sigma-Aldrich, St. Louis, MO, USA) was prepared
in sterile distilled water. Chitosan (low molecular weight, >75% deacetylation, agricultural grade) was
dissolved in 1% v/v acetic acid (50 mg mL™'), and pH was adjusted to 5.5 with 1 M NaOH. The selenate and
chitosan solutions were combined under continuous stirring (200 rpm, 25°C) for 2 h to allow the formation
of electrostatic complexes. Dynamic light scattering (Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK)
was used to determine the hydrodynamic diameter and zeta potential (152 + 12 nm and +32.5 + 2.1 mV,
respectively), confirming the formation of a stable nanostructure suitable for plant uptake.

2.3 Germination Test and Growth Measurement

Fourteen treatments were established (Table 1), each consisting of ten seeds. The priming treatments
were applied during the imbibition phase by immersing the seeds in darkness for 8 h in the respective
treatment solutions [12]. After treatment, the seeds were placed in 200 mm glass Petri dishes containing
two layers of Whatman® grade 1 filter paper moistened with 5 mL of distilled water. Plates were sealed
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and incubated at 25 + 2°C and 60% RH with a 12 h photoperiod (HGZ-150 incubator, M®, Shanghai, China).
Germination was monitored daily according to ISTA (2024) standards, with a seed considered germinated
when the root length reached at least half the seed length [13].

Table 1: Treatments established with selenate (SeO,%") and selenate-chitosan (SeO4% -CS).

Treatment Description
1 Control = Distilled water
2 CS (50 mg mL™?)
3 SeO,* (0.10 mg mL™")
4 SeO,* (0.50 mg mL™?)
5 SeO,* (1.00 mg mL™?)
6 SeO,* (1.50 mg mL™?)
7 Se0,*” (2.00 mg mL™?)
8 SeO,* (2.50 mg mL™?)
9 Se0,* -CS (0.10 mg mL™'-50 mg mL™")
10 Se0,4%"-CS (0.50 mg mL™'-50 mg mL™?)
11 Se0,* -CS (1.00 mg mL™'-50 mg mL™?)
12 Se0,* -CS (1.50 mg mL™'-50 mg mL™")
13 Se0,4%"-CS (2.00 mg mL™'-50 mg mL™?)
14 Se04* -CS (2.50 mg mL™'-50 mg mL™?)

2.4 Parameters Evaluated in the Bioassay
2.4.1 Biomass Determination
Fifteen seedlings per treatment were separated into shoots and roots, weighed fresh, and oven-dried at

60°C (FDM®, Rome, Italy) to constant weight. Water content (WC, %) was calculated from the difference
between fresh and dry weights (Eq. (1)).

(1)

Fresh weight — Dry weight
Water content = * 100

Fresh weight

2.4.2 Germination Percentage (G%)

Germination rate was determined seven days after sowing using the formula based on the total number
of germinated seeds (Eq. (2)).

@)

o #Sprouted seeds
Germination rate = * 100

#Incubated seeds

2.4.3 Seed Vigor (SV%)

Initial germination counting occurred four days after sowing. Seeds with developed roots and plumules
(average growth > 2 cm) were recorded. The vigor index was calculated as: (Eq. (3)).

Developed plant
Vigor index = ( evelopea pran S) * 100 (3)

#Incubated seeds

2.5 Extract Preparation and Bioactive Compound Analysis

Fresh samples (2 g) were homogenized with 10 mL of 80% ethanol under constant agitation for 24 h at
70 rpm and 5°C. Extracts were centrifuged at 3000 rpm for 5 min, with supernatants collected for subsequent
analysis [14].
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2.5.1 Total phenolic Content

Phenolic content was determined by a modified Folin—-Ciocalteu method [15] using gallic acid as a
standard. Absorbance was measured at 760 nm in a UV-Vis spectrophotometer (TFS®, Durham, NC, USA),
and results were expressed as mg GAE per 100 g fresh weight.

2.5.2 Total Flavonoid Content

Flavonoids were quantified colorimetrically [16] using quercetin as a standard. The samples were
analyzed in a spectrophotometer (TFS®, Durham, NC, USA) at 510 nm. Results were expressed as mg QE
per 100 g fresh weight.

2.5.3 Antioxidant Capacity (DPPH Assay)

Antioxidant capacity was measured using the DPPH radical scavenging method [17]. The samples
were analyzed in a spectrophotometer (TFS®, Durham, NC, USA) at 517 nm. Results were expressed as uM
Trolox equivalent per 100 g fresh weight.

2.5.4 Glutathione Content

Glutathione content (mg 100 g~! DW) was determined using the method described by [18]. Absorbance
was recorded at 412 nm and expressed as mg 100 g~ ! per kg dry weight.

2.6 Enzyme Activity Assays

Superoxide dismutase (SOD) activity (EC 1.15.1.1) was measured using the Cayman® 706002 commercial
kit (Ann Arbor, MI, USA). CAT (EC 1.11.1.6) and glutathione peroxidase (GPX) (EC 1.11.1.9) activities were
determined according to [19,20], respectively, following standard absorbance-based protocols.

2.7 Se04?~ Accumulation in Wheat Sprouts

Selenate concentration in shoots was quantified by atomic absorption spectrophotometry (AAS) with
an air-acetylene flame (TFS®, Waltham, MA, USA) according to AOAC (1990). Values were expressed as g
Se per kg dry weight.

2.8 Statistical Analysis

The data of the variables’ response to the factors under study, as well as their interactions, were
analyzed by a two-way analysis of variance using Statistical Analysis System version 9.4 statistical software,
and Tukey’s test (p < 0.05) was used to compare the means.

3 Results and Discussion

The results of the factorial study showed that the combined application of selenate and chitosan
(Se04%~-CS) as a complex significantly influenced the germination quality parameters of wheat (Table 2).
This response can be attributed to the ability of chitosan to form nanostructured complexes that enhance
Se bioavailability [20] and to its protective role against oxidative stress [21]. At the molecular level, it is
hypothesized that the positively charged complex interacts favorably with negatively charged cell surfaces,
facilitating the entry of selenate and enhancing its action as an activator of phytochemical biosynthesis
pathways and the antioxidant system. Regarding post-germinative growth (Fig. 1), seedlings treated with
0.15 mg mL~! SeO,?"-CS developed 40% more biomass, correlated with the activation of x-amylase and
proteases by chitosan [22]. Although there were no significant differences in root volume (p > 0.05),
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chitosan reduced selenium phytotoxicity at doses >1.5 mg mL™!, an effect previously reported in Zea
mays [23]. These findings coincide with those observed by [24], where selenium regulated the expression
of aquaporins and antioxidant enzymes. Therefore, this dose-dependent behavior positions the system
as a technological alternative for agronomic biofortification (increasing germination vigor by 15.2%) and
the sustainable production of functional sprouts, where chitosan acts as a nanometric vehicle and Se as a
metabolic modulator. These results extend the applications reported for CS in Pancratin maritimum [25]
and Platycodon grandiflorus [26], setting a new standard for crops of agronomic interest.

Table 2: Effect of selenate and chitosan-selenate nanoparticles (CS-SeO,?) on germination, vigor, and plumule in

wheat sprouts.

Biomass Germination Vigor Plumule Length Radicle Length
Factor % (cm) (cm)
Se0,2”
0 1.84° 98.70° 97.70% 4.85 4.41%
0.1 1.88% 94.804 92.00° 4.20¢ 4.64%
0.5 1.86¢ 96.45¢ 94.50¢ 4.50° 4.58%de
1 1.91b¢ 99.00° 88.00f 3.94¢ 4.34°
1.5 1.95° 99.00" 96.00" 4.76* 5.08"
2 1.89b¢ 99.00° 94.004 4.40° 4.71°
2.5 2.05% 100.00° 94.00¢ 4.16¢ 5.77%
CS
Without CS 1.89% 97.48° 92.34° 436" 4.66"
With CS 1.922 98.78" 95.15 4.43° 4.91°
Se0,2” x CS
NS . . . NS

Note: Values with the same letters in each column are equal according to Tukey’s test (p < 0.05). NS = not significant, * = significant,
** = highly significant.
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Figure 1: Cont.
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Plumule length (cm)

0.00 0.10 050 1.00 150 2.00 2.50
Se042' mg mL"

Figure 1: Comparison of means of the SeO,?~-CS complex on germination percentage (A), vigor (B), and plumule
length (C) of wheat seeds treated with SeO,? alone. Values with the same letters in each column are equal according
to Tukey’s test (p < 0.05).

3.1 Bioactive Compounds

The results showed that the SeO4%~ x CS interaction had significant effects (p < 0.05) on total phenols,
flavonoids, and antioxidant capacity (Table 3). The optimal dose of 0.25 mg mL~! CS-SeO,*~ generated
the largest increases in total phenols (+95.6% vs. control), flavonoids (+74.4%), and antioxidant capacity
(123.87 uM Trolox 100 g~! PF) (Fig. 2), surpassing reports in Triticosecale Wittmack with conventional
selenium applications [27]. In addition, previous studies have shown that selenate application can increase
the production of bioactive compounds [28] in Zea mays sprouts [29], wheat treated with chitosan-selenate
nanoparticles [30], and Phaseolus vulgaris [31]. This effect can be attributed to priming exerting a positive
influence on secondary metabolites, ranging from simple sugars to complex proteins, playing a crucial
role in germination potential [32]. As indicated by [33], chitosan, combined with micronutrients, shows
an increase in bioactive content in seeds. Therefore, application can improve plant responses to abiotic
stress due to its biodegradability, non-toxicity, and ability to enhance nutrient uptake and stimulate defense
mechanisms, making it a sustainable alternative to synthetic chemicals [34]. So, this behavior can be
attributed to the synergistic effect where chitosan acts as a nanometric transporter that enhances selenium
bioavailability through electrostatic complexes and as a metabolic inducer that activates phenylpropanoid
pathways (PAL and CHS) and the ascorbate-glutathione cycle [35]. The SeO,>~-CS complex thus operates
as an integrated system where chitosan serves both as a nanocarrier improving selenium bioavailability
and as a biochemical signal activating plant defense and metabolic pathways, while selenium provides the
essential trace element for antioxidant enzyme function and nutritional enhancement.
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Table 3: Effect of selenate and chitosan-selenate nanoparticles (CS-Se0,?) on bioactive compounds (vitamin C, phenols, flavonoids, and antioxidant capacity),

enzymatic activity, superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and selenium content in wheat sprouts.

Vitamin C Phenols Flavonoids Glutathione Antioxidants SOD CAT GPX Se0,%

Factor i mg AGE mg QE . pM Trolox _ _ _ a
1 1pf 1 1pf 1TpP 1TpP 1TpP kg!

mg 100 g 100 g ' PF 100 g' PF mg 100 g 100 g' PF Us Us Us He g

Se0427

0 1.84¢ 90.428 86.048 11.10f 84.95¢ 81.31f 151.138 94.548 76.05°

0.1 1.88b¢ 98.80f 96.70f 12.26° 94.21f 82.94¢ 169.39¢ 97.52f 85.55¢
0.5 1.86° 131. 17¢ 102.13¢ 13.684 106.71¢ 86.014 179.33¢ 108.49¢ 93.154

1 1.91%¢ 145.76¢ 128.33¢ 15.34¢ 119.54" 91.44¢ 185.224 114.09¢ 96.50°

1.5 1.95° 1.414 115.424 17.00 114.86° 93.75b 191.37° 136.16 97.55¢

2 1.89b° 151.05° 132.07° 13.71¢ 112.57¢ 93 64" 188.49° 115.82¢ 98.70°

2.5 2.022 176.90% 150.032 16.15° 123.87% 102.66* 195.422 134.01° 104.45%

CS
Without CS 1.89° 129.46 114.94° 13.39 104.68 89.48 177.70° 111.63° 93.05°
With CS 1.922 137.822 116.77% 14.96* 111.522 91.01° 182.392 117.112 93.212
Se0,% x CS
NS * % * % Ns * % * % * % * % * %

Note: Values with the same letters in each column are equal according to Tukey’s test (p < 0.05). NS = not significant, * = significant, ** = highly significant.
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Figure 2: Comparison of means for phenols (A), flavonoids (B), and antioxidant capacity (C) in wheat sprouts treated

with Se0,?~ and SeO,?~-CS. Values with equal letters in each column are equal according to Tukey’s test (p< 0.05).
3.2 Enzyme Activity

The results of the factorial design showed that the selenate-chitosan (SeO,%~ x CS) interaction
significantly (p < 0.05) modified the activity of antioxidant enzymes in wheat sprouts. The optimal
dose of 0.25 mg mL™! SeO,?™ increased the activity of SOD (102.66 U g~! TP, +26.2% vs. control), CAT
(195.42 U g~ ! TP, +29.3%), and GPX (136.16 U g~ ! TP, +36.95%), evidencing a synergistic effect where chitosan
potentiates the action of selenium (Table 3). These findings are in agreement with [32], who reported that
CS activates enzymatic defense systems in P. grandiflorus through the regulation of SOD2 and CAT1 genes.
The increased enzymatic efficiency is attributed to the ability of chitosan to form nanocomplexes that
protect enzymes from oxidative inactivation, and the role of selenium as a GPX cofactor, catalyzing the
reduction of peroxides at the cellular level [36]. Additionally, it was observed that high doses of SeO,*~
(>2 mg mL™!) without CS reduced CAT activity by 15% [26], corroborating studies in Zea mays where CS
mitigated heavy metal stress by preserving enzyme integrity [29]. These results support that the SeO,2~-CS
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system optimizes plant antioxidant response, holding promise for applications in biofortification and abiotic

stress management in cereals (Fig. 3).
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Figure 3: Comparison of means for SOD (A), CAT (B), and GPX (C) in wheat sprouts treated with SeO,?"-CS and
Se0,?"-CS. Values with equal letters in each column are equal according to Tukey’s test (p< 0.05).

3.3 Selenium Content

The results of the factorial design showed that the application of SeO4%~ significantly (p < 0.01)
increased selenium accumulation in wheat sprouts, showing a dose-dependent pattern from 76.05 pug kg™
(control) to 104.45 ug kg™! with 2.50 mg mL™! SeO,?" (Fig. 4). Interaction with chitosan (CS) enhanced
this effect, reaching the maximum transfer factor (69%) with 0.25 mg mL™! SeO,4%* -CS, a value 40% higher
than selenate treatments alone. These findings agree with [37], who reported that basal selenium levels
in wheat (64.6 pug kg™!) are nutritionally insufficient. The observed synergy is explained by the ability
of chitosan to activate sulfate transporters (SULTR1 and SULTR2) in cell membranes, facilitating the
entry of SeO,%~ [35], and its role as a nanometric stabilizer preventing selenium precipitation in aqueous
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media (C-potential +32 mV). At the metabolic level, the enzyme ATP sulfurylase (APS) showed higher
activity in the presence of CS, catalyzing the conversion of SeO4*" to adenosine 5-phosphoselenate
(APSe), a key metabolite for its vascular translocation [36]. These results support the combined use of
Se0,4%"-CS as an efficient biofortification strategy, capable of increasing selenium content to optimal levels
(>100 pg kg!) while reducing the doses required by 80% with respect to conventional applications [38].
The technique has potential for implementation in food security programs, particularly in regions with
selenium-poor soils. The practical implications of these findings are twofold. For agricultural practice, the
use of the Se0,?-CS complex at a dose of 0.25 mg L™ provides a precise and efficient formula for producing
selenium-biofortified wheat sprouts with enhanced nutritional value. For human nutrition, the consumption
of these sprouts could serve as an effective dietary source of bioavailable selenium, potentially helping to
mitigate deficiencies. Future studies should focus on validating these results under field conditions and
evaluating the bioavailability of selenium from these sprouts in human trials.
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Figure 4: Effect of SeO4%~ and SeO,% -CS on selenate content in wheat sprouts. Average values in columns with
different letters differ statistically from each other according to Tukey’s test (p < 0.05).

Moreover, the results show that sprouts biofortified with 0.25 mg mL™! SeO,* -CS reached 97.55 ug
Se kg1, a level that represents approximately 45% of the recommended daily intake (RDI) of selenium
for adults (55 pg/day, according to the USA’s NIH) in a 100 g standard serving of fresh sprouts. This
nutritional contribution is particularly relevant considering that the bioavailability of selenium in the form
of selenocysteine (the main species detected by HPLC-MS) in sprouts is 1.8 times higher than in mature
grains [37] and the SeO4% -CS system increased the proportion of organic selenium (SeMet and SeCys) to
78% of the total accumulated, compared to 52% in treatments without chitosan (p < 0.05). Clinical studies
have shown that the regular consumption (3-4 servings per week) of sprouts with these characteristics
can correct moderate selenium deficiencies in 8-12 weeks, significantly improving plasma selenoprotein P
levels [39]. For at-risk populations (e.g., older adults and pregnant women), this biofortification strategy
could cover up to 70% of requirements when combined with other dietary sources, reducing dependence on
synthetic supplements. However, it is recommended to monitor levels in finished products since post-harvest
processing (cooking and storage) can decrease the content by 15-20% [40].
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4 Conclusions

The biofortification of wheat sprouts using the nanostructured SeO4%~-CS complex at a dose of
0.25 mg L™ ! is a highly efficient and sustainable strategy. This system not only significantly enhances the
content of selenium and bioactive compounds but also improves the plant’s antioxidant response, with
chitosan acting as both a nanocarrier to improve selenium uptake and a cellular protector to mitigate
toxicity. This technology represents a viable alternative to conventional selenate application, with promising
applications in the functional food market and for improving food security in selenium-deficient regions. A
limitation of this study is its focus on controlled laboratory conditions. Future research should: validate
these findings in field studies, investigate the molecular mechanisms of SeO,?~-CS uptake and assimilation
in plants, and assess the bioavailability and health benefits of the consumed sprouts through clinical studies.
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