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ABSTRACT

Nanotechnology has emerged as a promising tool in modern agriculture, particularly through 
the use of metallic nanoparticles with biostimulant and biofortifying properties. This field study 
evaluated the effects of foliar application of zinc oxide nanoparticles (ZnO-NPs) on jalapeño pepper 
(Capsicum annuum L.). Treatments consisted of five foliar concentrations (0, 50, 100, 150, and 200 mg 
L⁻¹), and the assessed variables included morphophysiological traits, yield components, biophysical 
fruit characteristics, nutraceutical quality, antioxidant activity, and zinc bioaccumulation. ZnO-NPs 
significantly enhanced yield-related traits, increasing total yield (48.34%), fruit length (13.91%), 
firmness (25.18%), and chlorophyll content (35.33%). Improvements in nutraceutical quality were also 
observed, including protein content (225%), flavonoids (82.19%), total phenols (118.41%), vitamin 
C (27.77%), capsaicin (80.21%), and total antioxidant capacity (12.12%). Catalase and peroxidase 
activities increased by 12.12% and 13.52%, respectively. Zinc concentration in the fruit increased 
by 55%, confirming a biofortifying effect. Overall, foliar application of ZnO-NPs modulated 
physiological, yield, and nutraceutical responses in jalapeño pepper plants. Concentrations between 
100 and 150 mg L⁻¹ were identified as the optimal range for practical foliar application under field 
conditions

Keywords: Capsicum annuum; nanotechnology; biofortification; bioactive compounds; zinc oxide 
nanoparticles; antioxidant activity.
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INTRODUCTION

Jalapeño pepper (Capsicum annuum L.) is a 
horticultural crop of great economic, social, and 
cultural importance in Mexico and one of the most 
in-demand vegetables in international markets 
due to its culinary value and nutraceutical 
attributes (Sánchez-Toledano et al., 2023). 
Several studies have documented its functional 
properties, which are associated with bioactive 
compounds such as capsaicin, flavonoids, 
polyphenols, and vitamin C, conferring 
antioxidant, anti-inflammatory, antidiabetic, and 
anticancer effects (García-Vásquez et al., 2023). 
However, despite these qualities, the content of 
essential micronutrients such as zinc (Zn) in its 
fruits is often limited, reducing its value as a 
dietary source of this vital element for human 
health.
This low Zn concentration is largely attributed 

to its limited availability in agricultural soils, 
particularly those with alkaline pH, high 
carbonate content, or elevated phosphorus levels, 
which reduce Zn solubility and plant uptake 
(Preciado et al., 2021). This limitation not only 
affects plant development but also compromises 
the nutritional quality of the fruits, posing a risk 
to vulnerable populations that rely heavily on 
plant-based foods. Zinc deficiency is estimated to 
affect nearly one-third of the global population, 
with children under five years of age being the 
most susceptible due to their high nutritional 
demands (Praharaj et al., 2021). In plants, Zn 
plays a crucial role in cellular metabolism, being 
a structural component of various enzymes and 
essential for photosynthesis and carbohydrate 
metabolism (Cakmak et al., 2017).
To address this issue, the foliar application of 

ZnO-NPs has emerged as a sustainable agronomic 
strategy to enhance the nutritional quality of 
plant-based foods and help reduce micronutrient 
deficiencies in vulnerable populations. ZnO-
NPs possess catalytic, physical, nutritional, 
and antimicrobial properties, along with high 
penetration capacity in foliar tissues and efficient 
absorption (Faizan et al., 2021). In addition to 
supplying Zn, ZnO-NPs act as elicitors, activating 
secondary metabolic pathways involved in 
the synthesis of bioactive compounds, thereby 
increasing the content of polyphenols, flavonoids, 
and vitamin C in fruits (Páramo et al., 2020; 
Sánchez-Pérez et al., 2023).
However, the physiological response of plants 

to ZnO-NPs depends on their physicochemical 
characteristics, such as size, morphology, synthesis 
method, and applied concentration (Bandeira 
et al., 2020). High doses may induce phytotoxic 
effects, including structural alterations, oxidative 

stress, and reduced growth (Palacio-Márquez et 
al., 2021). Therefore, it is crucial to define safe and 
effective doses that maximize benefits without 
causing toxicity.

In this context, and given the importance 
of the jalapeño pepper and its biofortification 
potential, the present study evaluated the effect 
of foliar application of ZnO-NPs on yield, 
nutraceutical content, and Zn bioaccumulation 
in fruits.  Specifically, it aimed to determine the 
optimal foliar concentration of ZnO nanoparticles 
to improve yield, nutraceutical quality, and 
Zn bioaccumulation in jalapeño pepper fruits, 
contributing to sustainable production and 
nutritional improvement.

MATERIALS AND METHODS

Growing conditions and plant material 
The experiment was carried out at the 

experimental field of the Universidad Politécnica 
de la Región Laguna, located in San Pedro de 
las Colonias, Coahuila, Mexico (25°46’57.8” N, 
103°11’30.1” W). The region has a semi-arid, warm 
climate typical of the Comarca Lagunera, with an 
average annual temperature of 22°C (range: 16.1–
38.5°C) and an average yearly precipitation of 
258 mm. The soil texture is clay loam. It showed 
a moderately alkaline pH of 7.92, an electrical 
conductivity of 3.02 dS m⁻¹, and an organic 
matter content of 1.25%. Available nitrogen and 
phosphorus levels were 17.14 and 13.82 mg kg⁻¹, 
respectively. Extractable potassium, calcium, 
and magnesium were 535.85, 6594.94, and 
714.67 mg kg⁻¹, while sodium reached 587.97 mg 
kg⁻¹. Micronutrient levels (Fe, Cu, Zn, and Mn) 
ranged from 0.26 to 3.28 mg kg⁻¹, indicating low 
micronutrient availability. The irrigation water 
had a neutral pH but moderate to high salinity; 
therefore, leaching fractions were used to prevent 
salt buildup in the root zone. Transplanting 
occurred 55 days after sowing, when seedlings 
had four true leaves and were 12–15 cm tall. The 
jalapeño pepper variety ‘Orizaba’ (Harris Moran®) 
was used. Plants were spaced 30 cm within rows 
and 75 cm between rows, resulting in a planting 
density of 35,500 plants per hectare. Fertilization 
followed INIFAP recommendations, applying 
160–80–00 (N–P₂O₅–K₂O). Drip irrigation was 
scheduled based on the crop’s water needs.

Treatments and experimental design
The ZnO nanoparticles were supplied 

by  Compañía Mexicana Investigacion y 
Desarrollo de Nanomateriales S.A. de C.V. The 
nanoparticles had an average size of less than 
50 nm, a purity of 99.7%, and a density of 5.61 g 
cm³. The treatments were prepared using a ZnO 
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NPs stock solution at a concentration of 1,000 
mg L⁻¹. From this stock, five working doses (0, 
50, 100, 150, and 200 mg L⁻¹) were obtained by 
dilution in distilled water, and each dose was 
prepared in a one-liter flask before application. 
A randomized complete block design was used, 
with five treatments and six replicates, for a total 
of 30 experimental units. Each experimental 
unit measured 4 m in length and 10 m in width, 
for an area of 40 m². Foliar applications were 
performed using a 5 L manual sprayer, with 
each concentration of ZnO NPs diluted in 5 L of 
distilled water. Five applications were carried 
out: the first one 15 days after transplanting, 
followed by four additional applications every 15 
days. In all formulations, a carrier ion and a non-
toxic commercial surfactant (INEX-A®, 0.02% v:v) 
were included. All applications were conducted 
between 7:00 and 8:00 AM to ensure uniform 
coverage.

Yield and fruit characteristics
Fruits were harvested 85 days after 

transplanting at commercial maturity. Total fruit 
weight per plot was recorded using a digital 
scale (Torrey®, Mexico; max. 5 kg), and yield was 
extrapolated to kg ha⁻¹. Fruit length and diameter 
were measured using a digital caliper (Truper®, 
Mexico) and expressed in centimeters.

Fruit firmness
Fruit firmness was evaluated using a 

penetrometer (model FH20000, Extech®, USA) 
equipped with an 8 mm diameter probe. Six 
replicates were considered per treatment, and 
eight fruits were selected from each replicate. 
Each fruit was placed on a firm, level surface 
and punctured at two distinct points, recording 
the average value of both measurements. Results 
were expressed as maximum compression force 
in Newtons (N).

Chlorophyll content
Chlorophyll content was determined following 

the method of Lichtenthaler and Wellburn (1983). 
Fresh leaf tissue (500 mg) was suspended in 
95% ethanol, homogenized, and centrifuged at 
1500 × g for 20 min. Absorbance readings were 
taken at 665, 649, and 470 nm using a UV-Vis 
spectrophotometer (Jenway 7305). Chlorophyll 
concentrations were calculated using the 
following equations:

•	 Chlorophyll a = 13.95 × A665 − 6.88 × A649
•	 Chlorophyll b = 24.96 × A649 − 7.32 × A665
•	 Total chlorophyll = Chlorophyll a + 
Chlorophyll b

Preparation of extracts for non-enzymatic 
antioxidants

To evaluate bioactive compounds (total 
phenols, flavonoids, and antioxidant capacity), 2 
g of fresh sample were extracted with 10 mL of 
80% ethanol. The mixture was agitated for 24 h at 
200 rpm and 5 °C, then centrifuged at 3,000 rpm 
for 5 min. This extraction procedure, which uses 
80% ethanol at low temperature and subsequent 
centrifugation, selectively isolates non-enzymatic 
antioxidant compounds. The use of an alcohol-
based solvent and cold conditions prevents the 
extraction and activity of antioxidant enzymes, 
ensuring that the resulting extract contains only 
non-enzymatic bioactive antioxidant compounds. 
The supernatant was stored at −20 °C for further 
analysis.

Total flavonoids
Total flavonoid content was determined 

according to the method of Lamaison and Carnet 
(1990). A 250 µL aliquot of the extract was 
mixed with specific reagents (NaNO₂, AlCl₃, and 
NaOH), and absorbance was measured at 510 nm. 
Quercetin was used as the standard, and results 
were expressed as mg of quercetin equivalents 
(QE) per 100 g of fresh weight (FW).

Total phenolic 
Total phenolic content was determined using 

the Folin–Ciocalteu method adapted by Singleton 
et al. (1999). A 50 µL aliquot of the extract was 
mixed with distilled water and 10% (v/v) Folin–
Ciocalteu reagent, followed by 7.5% (w/v) 
sodium carbonate solution. After 2 h of reaction, 
absorbance was measured at 760 nm using a UV-
Vis spectrophotometer. Results were expressed 
as mg of gallic acid equivalents (GAE) per 100 g 
of FW.

Vitamin C content
Vitamin C content was determined according 

to the method described by Padayatt et al. (2001). 
Fresh tissue (10 g) was homogenized with 
10 mL of 2% HCl (v/v), filtered, and adjusted 
to 100 mL with distilled water. Subsequently, 
10 mL of the diluted extract was titrated with 
2,6-dichlorophenolindophenol (1 × 10⁻³ N) until 
a persistent pink color appeared. The final result 
was expressed as mg per 100 grams of FW.

Capsaicin content
Capsaicin concentration was determined 

in physiologically mature fruits following the 
method of Bennet and Kirby (1965). Quantification 
was performed by spectrophotometry at 286 nm 
using a Bio-145025 Biomate-5 spectrophotometer 
(Thermo Electron Corporation). A calibration 
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curve was prepared using standard capsaicin 
(Sigma, Co) in the range of 0.5 to 1.5 mg mL⁻¹. 
Results were expressed as mg g⁻¹ FW of capsaicin.

Antioxidant capacity
Antioxidant capacity was assessed using the in 

vitro DPPH method described by Brand-Williams 
et al. (1995). A DPPH solution (0.025 mg mL⁻¹ in 
ethanol) was mixed with 50 µL of the sample 
and 1950 µL of the DPPH solution. After 
30 minutes of reaction, absorbance was measured 
at 517 nm using a UV-Vis spectrophotometer. 
Measurements were performed in triplicate, 
using ethanol as a blank. Trolox was used as 
the standard, and results were expressed as µM 
Trolox equivalents per 100 g⁻¹ FW.

Preparation of extracts for enzymatic activity 
and total protein

Fresh plant tissue (100 g) was washed, 
disinfected, and homogenized with 50 mL of 
0.1 M potassium phosphate buffer using 30 s 
blending cycles for 3 min. The homogenate was 
kept at 4 °C for 24 h, filtered through gauze, and 
centrifuged at 4000 rpm for 20 min at 4 °C. The 
resulting extract was used to quantify catalase, 
peroxidase, and total protein content.

Enzymatic activity (catalase and peroxidase)
Catalase activity (EC 1.11.1.6) was determined 

following the method of Aebi (1983) by 
measuring the decrease in absorbance at 240 nm 
due to the decomposition of H₂O₂. The extinction 
coefficient ε240 = 43.6 /M·cm was used, and 
protein concentration was determined using 
the Bradford method (1976). Results were 
expressed as U mg⁻¹ protein. Peroxidase activity 
(EC 1.11.1.7) was evaluated using guaiacol as a 
substrate, measuring the increase in absorbance 
at 470 nm caused by H₂O₂-induced oxidation. 
The extinction coefficient ε470 = 5.57 /mM·cm⁻¹ 
was applied, and protein content was determined 
using the Bradford method (1976), with results 
expressed as U mg⁻¹ protein (Onsa et al., 2004).

Protein content
Soluble protein content was determined 

using the Bradford method (Bradford, 1976). 
This assay quantifies only the proteins extracted 
in the phosphate buffer, corresponding to the 
soluble protein fraction. Therefore, results were 
expressed as mg of soluble protein per g of FW.

Zinc content
Zinc concentration in jalapeño pepper 

fruits was determined by atomic absorption 
spectrophotometry (VARIAN-SPECTR AA 
3110, Palo Alto, CA, USA), following the AOAC 

method (1990). Results were expressed as mg kg⁻¹ 
dry weight (DW).

Statistical analysis
Data were subjected to Bartlett’s test to assess 

homogeneity of variance, and normality was 
evaluated using the Kolmogorov–Smirnov and 
Shapiro–Wilk W tests. Analysis of variance 
(ANOVA) was then performed, and treatment 
means were compared using Tukey’s test at a 
significance level of p ≤ 0.05.

RESULTS AND DISCUSSION

Yield and biophysical fruit quality
Foliar application of ZnO-NPs had a positive 

effect on yield, firmness, and fruit length in 
jalapeño pepper. The 100 mg L⁻¹ treatment 
was the most effective, resulting in a 48.34% 
increase in yield compared to the control (Table 
1), suggesting a dose-dependent biostimulant 
effect. This increase is attributed to the essential 
role of Zn as a cofactor in key physiological 
processes such as photosynthesis, cellular 
respiration, and the synthesis of nucleic acids, 
proteins, and carbohydrates (Marschner and 
Rengel, 2012; Ramzan et al., 2020). Additionally, 
Zn is involved in auxin biosynthesis via the 
tryptophan pathway, promoting cell division 
and elongation, which enhances vegetative 
growth and yield (Faizan et al., 2021).
However, concentrations above 100 mg L⁻¹ 

did not further improve yield, likely due to 
phytotoxic effects. High Zn levels can induce 
oxidative stress by increasing the production 
of reactive oxygen species (ROS), altering 
membrane permeability (Lin et al., 2012), and 
reducing K⁺ content due to competition for 
similar binding sites, thereby disrupting nutrient 
balance and inhibiting growth (Sturikova et al., 
2018; Barrmeda-Medina et al., 2014). Moreover, 
excessive Zn may reduce hydraulic conductivity, 
negatively affecting photoassimilate transport 
and tissue water content, ultimately leading to 
lower fresh biomass (Barceló and Poschenrieder, 
1990; Sturikova et al., 2018).
Regarding fruit quality, firmness responded 

positively to ZnO-NP application. The 
100 mg L⁻¹ dose increased firmness by 20.85% 
compared to the control (Table 1). This effect is 
associated with the role of Zn in maintaining 
cell wall integrity by promoting the synthesis 
of structural components such as cellulose, 
hemicellulose, and pectins, which contribute 
to mechanical resistance (García et al., 2019; 
Sharifan et al., 2021). Similar results have been 
reported in other crops, such as grape (Abou 
et al., 2021) and bell pepper (Magdaleno et al., 
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2023), where ZnO-NPs treatments also enhanced 
fruit firmness.

Fruit size and chlorophyll content
Fruit size, measured as length, also increased 

significantly with the application of ZnO-NPs. 
The 100 mg L⁻¹ treatment again showed the best 
performance, reaching a fruit length of 58.37 mm, 
which represents a 13.91% increase compared 
to the control (Table 1). This result aligns with 
findings by Ucan et al. (2023) in cucumber, where 
ZnO application significantly increased fruit size. 
Zinc enhances the activation of enzymes that 
improve photosynthetic efficiency and redox 
balance, promoting cell growth and biomass 
accumulation in reproductive organs (Faizan et al., 
2018; Mahmood et al., 2021).
Similarly, chlorophyll content in jalapeño 

pepper leaves increased significantly with the 
application of ZnO-NPs, with the highest value 
observed at 100 mg L⁻¹, representing a 35.33% 
increase compared to the control. This finding 
is consistent with results reported by Méndez et 
al. (2016) and Magdaleno-García et al. (2023) in 
different Capsicum varieties, where chlorophyll 
index also increased with 50 and 100 mg L⁻¹ ZnO 
treatments. Zinc is essential for the biosynthesis 
of light-harvesting complex (LHC) proteins, 
which support the formation and stability of 
photosynthetic pigments (Wang et al., 2021), 
thereby enhancing photosynthetic potential 
and ultimately improving crop growth and 
productivity.

Non-enzymatic antioxidants
Foliar application of ZnO nanoparticles led to 

an increase in the accumulation of non-enzymatic 
antioxidant compounds, including flavonoids, 
total phenols, vitamin C, capsaicin, and total 
antioxidant capacity. The enhancement of these 
bioactive compounds is highly desirable due 
to their strong antioxidant properties and their 

association with the prevention of cardiovascular, 
neurodegenerative, and inflammatory diseases 
(Guo et al., 2024; Minocha et al., 2022).
The 100 mg L⁻¹ ZnO-NPs treatment resulted in 

an 82.19% increase in flavonoid content compared 
to the control (Fig. 1a). Zinc has been reported to act 
as a cofactor for enzymes in the phenylpropanoid 
pathway, particularly phenylalanine ammonia-
lyase (PAL), which plays a key role in flavonoid 
biosynthesis (García et al., 2018; Patel et al., 2020). 
These findings are consistent with those reported 
by Rivera et al. (2021) and Iziy et al. (2019).
Furthermore, the 200 mg L⁻¹ ZnO-NPs 

treatment led to a 118.41% increase in total 
phenolic compounds compared to the control 
(Fig. 1b). Similar effects have been documented in 
grapevine (Guillén et al., 2023) and radish (Galindo 
et al., 2023), and are attributed to the controlled 
generation of ROS, which activate secondary 
metabolic pathways such as the phenylpropanoid 
pathway (Marslin et al., 2017). These metabolites 
not only function as antioxidants but also serve as 
protective agents against abiotic and biotic stress 
conditions (Ferreira et al., 2021).
The highest antioxidant capacity was observed 

with the 200 mg L⁻¹ ZnO-NPs treatment, showing 
a 12.12% increase compared to the control (Fig. 
1c). This result is consistent with findings in bell 
pepper (Uresti et al., 2021) and melon (Rivera et 
al., 2021) and is attributed to the elicitor effect 
of ZnO-NPs, which stimulate the biosynthesis 
of antioxidant enzymes such as SOD, CAT, and 
POD, thereby strengthening cellular defense 
mechanisms (Sánchez-Pérez et al., 2023).
Vitamin C content also increased significantly 

with the 200 mg L⁻¹ treatment, reaching a 27.77% 
increase compared to the control (Fig. 1d). Zinc 
acts as a cofactor for ascorbate oxidase, an enzyme 
involved in the biosynthesis of this vitamin 
(Zahedi et al., 2020; Bedlovičová et al., 2020). These 
findings are in agreement with those of Hong et al. 
(2021) and Magdaleno et al. (2023), who reported 

Table 1. 	Effect of foliar application of zinc oxide nanoparticles on yield and commercial quality of 
jalapeño pepper fruits.

ZnO NPs	     Yield	             Firmness 	      Fruit length	 Chlorophyll
 mg mL-1	   ton ha-1   	   N	             mm	  μg mg-1 FW 
Control	 21.06c	 12,18c	 51.24b	 26.40b
  50	 23.58bc	 16.86b	 52.96b	 35.88ab
100	 32.43a	 20.85a	 58.37a	 40.53a
150	 27.01b	 16.51b	 56.28a	 29.95b
200	 26.59b	 16.70b	 56.29a	 28.66b
                Means with the same letters are not significantly different according to Tukey´s test (p ≤ 0.05). 
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Fig. 1. 	Effect of foliar application of zinc oxide nanoparticles on (a) flavonoids, (b) phenols, (c) 
antioxidant capacity, (d) vitamin C, and (e) capsaicin content in jalapeño pepper fruit. Bars 
represent the mean of six replicates, with error bars indicating the standard error of the mean. 
Means with different letters are statistically different according to Tukey´s test (p ≤ 0.05). 
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significant increases in vitamin C content in 
habanero and bell pepper fruits following foliar 
ZnO-NP application. The accumulation of 
vitamin C enhances oxidative stress tolerance 
and provides functional benefits such as immune 
system support and prevention of respiratory 
diseases (Hemilä et al., 2023; Wang et al., 2024).

The highest capsaicin concentration was 
recorded with the 100 mg L⁻¹ treatment, showing 
an 80.21% increase compared to the control (Fig. 
1e). Zinc may stimulate metabolic pathways 
such as the shikimic acid pathway, which is a 
precursor to capsaicin biosynthesis (Solanki, 2021; 
Chen et al., 2020). However, this effect appears 
to be concentration-dependent, as higher doses 
led to a reduction in capsaicin content, possibly 

due to excessive oxidative stress impairing 
its biosynthesis. Similar results were reported 
by García et al. (2019), who observed a 19.3% 
increase in capsaicin content in habanero peppers 
treated with ZnO-NPs.

Enzymatic antioxidants
Foliar application of ZnO nanoparticles 

significantly influenced the activity of antioxidant 
enzymes, as well as protein content and zinc 
concentration in jalapeño pepper fruits. Catalase 
activity showed a significant increase with ZnO-
NPs treatments, reaching its highest value at 
200 mg L⁻¹, which represented a 12.12% increase 
compared to the control (Fig. 2a). This pattern 
suggests a direct dose-dependent response, 

Fig 2. 	Effect of foliar application of zinc oxide nanoparticles on (a) catalase, (b) peroxidase, (c) 
protein, and (d) zinc content in jalapeño pepper fruit. Bars represent the mean of six replicates, 
with error bars indicating the standard error of the mean. Means with different letters are 
statistically different according to Tukey´s test (p ≤ 0.05). 
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consistent with findings by García et al. (2018) in 
pepper and Dulta et al. (2022) in Carica papaya.
The increase in catalase activity can be 

explained by the role of Zn as a catalytic cofactor 
and regulator of redox balance. Catalase is a 
key enzyme in the detoxification of hydrogen 
peroxide (H₂O₂), mitigating damage caused by 
ROS and protecting plant cells from oxidative 
stress (Nandi et al., 2019). From a nutraceutical 
perspective, catalase activity has been associated 
with the prevention of gastrointestinal disorders 
such as ulcers, and with reduced risk of cancer 
and other chronic diseases related to oxidative 
stress (Tandon et al., 2004; Monacelli et al., 2023).
Peroxidase activity increased with the 

50 mg L⁻¹ ZnO-NPs treatment, showing a 13.52% 
rise compared to the control. However, at higher 
concentrations, activity declined, indicating an 
inverse dose-dependent pattern (Fig. 2b). This 
behavior is consistent with findings by Iziy et 
al. (2019) in purslane and Faizan et al. (2018) in 
tomato. ZnO-NPs can induce controlled ROS 
production, activating defense mechanisms 
such as peroxidase, which catalyzes peroxide 
breakdown and protects cellular integrity (Ghosh 
et al., 2016; Ruiz et al., 2021). Nevertheless, 
excessive ZnO-NPs concentrations may lead 
to ROS overproduction, surpassing the plant’s 
antioxidant capacity and reducing peroxidase 
activity (Kumar et al., 2016).
Protein content in fruits responded positively 

to the foliar application of ZnO-NPs, with a 225% 
increase observed at 100 mg L⁻¹ compared to the 
control (Fig. 2c). Zinc acts as a cofactor in multiple 
antioxidant enzymes, enhancing metabolic 
efficiency and the accumulation of biomolecules, 
including proteins (Salehi et al., 2021). Similar 
results have been reported by García et al. (2017) 
in bean and tomato, and by Faizan et al. (2021) 
in tomato, attributing the increase to improved 
cellular metabolism and Zn-induced oxidative 
stress protection.
Zinc concentration in fruits increased with 

the application of ZnO-NPs, reaching its peak 
at 150 mg L⁻¹, with a 55% increase relative to the 
control (Fig. 2d). These results are consistent with 
those reported by Rivera et al. (2021) in melon. This 
effect is attributed to the high surface reactivity 
and bioavailability of nanoparticles, which 
facilitate foliar absorption and translocation to the 
fruits (Nandi et al., 2019). Once incorporated into 
plant tissues, Zn participates in key physiological 
processes, acting as an enzymatic cofactor in 
protein synthesis, gene regulation, and activation 
of antioxidant pathways (Afzal et al., 2022; Jian et 
al., 2019). Moreover, Zn is essential for the activity 
of superoxide dismutase (SOD), contributing to 
redox balance and cellular antioxidant defense.

From a public health perspective, Zn 
biofortification represents an effective strategy 
to combat micronutrient deficiencies, strengthen 
the immune system, and reduce the incidence 
of respiratory and chronic diseases. Studies 
by Prasad et al. (2009) and Song et al. (2009) 
have shown that adequate dietary Zn levels 
are associated with inflammation modulation, 
infection resistance, and cancer prevention.

CONCLUSIONS

The response of jalapeño pepper to foliar 
application of zinc oxide nanoparticles was dose-
dependent. Low concentrations (50–100 mg L⁻¹) 
significantly improved yield and biophysical fruit 
quality, whereas intermediate concentrations 
(150–200 mg L⁻¹) enhanced nutraceutical quality, 
enzymatic activity, and zinc accumulation in the 
fruit. These findings highlight the importance of 
carefully adjusting ZnO-NP doses to optimize 
both productivity and nutritional quality.  In 
summary, foliar application of ZnO-NPs at 
moderate doses (100–150 mg L⁻¹) optimized 
both productivity and nutraceutical properties 
in jalapeño pepper, confirming its potential as a 
sustainable biofortification strategy. Therefore, 
the use of ZnO-NPs represents a viable agronomic 
approach to increase crop yield and improve the 
nutritional value of jalapeño pepper fruits, with 
direct implications for sustainable agriculture 
and public health.
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