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Abstract: Biodegradable nanoparticles such as chitosan nanoparticles (CSNPs) are used in sustainable agriculture since they avoid damage to the environment; CSNPs have positive effects such as the accumulation of bioactive compounds and increased productivity in plants. This study aimed to investigate the impact of applying CSNPs on lettuce, specifically focusing on enzymatic activity, bioactive compounds, and yield. The trial was conducted using a completely randomized design, incorporating CSNPs: 0, 0.05, 0.1, 0.2, 0.4, and 0.8 mg mL−1. The doses of 0.4 mg mL−1 improve yields up to 24.6% increases and 0.1 mg mL−1 of CSNPs increases total phenols by 31.2% and antioxidant capacity by 34.6%. In addition, when low concentrations of CSNPs (0.05 and 0.1 mg L−1) were applied, an increase in catalase was determined. The CSNPs represent a good alternative to be used as a biostimulant in sustainable agriculture because they improve the yield and quality of lettuce by increasing the bioactive compounds.
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1  Introduction

Modern agriculture requires increased production, through the development of innovative technologies that improve agricultural yields, reduce inputs, and avoid environmental pollution [1]. In theagriculture sector, chitosan (CS) is a well-known bio-stimulant used to the promotion of growth and manage stresses including pest and diseases [2]. CS has multiple advantages such as non-toxicity, biocompatibility, and biodegradability [3–6]. In recent years, studies on agricultural applications of CS have focused on tolerance to abiotic stress and quality traits related to primary and secondary metabolisms [7].

The CS structured on a nanometer scale (Chitosan Nanoparticles, CSNPs) have the properties of both CS and nanoparticles (NPs). NPs have improved bioavailability, increased half-life, and greater surface area to volume ratio, effects that allow it various applications such as coatings, biostimulants in plants, plant protection, loading, and release of bioactive molecules [3,8].

Furthermore, the use of CSNP has demonstrated positive effects such as the accumulation of bioactive compounds, which now is an area of interest due to the human health benefits of these antioxidants [9], as demonstrated in wheat, Eleucine coracana and tomato [4,10,11]. The latest research on the application of CSNPs indicate its benefit on plant productivity.

On the other hand, lettuce (Laсtuca sativa L.) is one of the most economically important leafy vegetable crops, in the world. In Mexico, the production of this crop grew by 4.5% in 2020, compared to the previous year (SIAP, 2020). This crop is characterized by its nutritional properties, such as its high content of antioxidant compounds [12]. Based on the above, is possible that chitosan nanoparticles (CSNPs) act as biostimulants increasing the yield and synthesis of bioactive compounds in the lettuce crop. For this reason, this study was to evaluate the effect of CSNPs on the yield, enzymatic activity, and content of bioactive compounds in lettuce.

2  Materials and Methods

2.1 Synthesis and Characterization of Chitosan Nanoparticles (CSNPs)

2.1.1 Synthesis of CSNPs

The CSNPs were synthesized at the CIQA (Saltillo, Mexico). Synthesis of chitosan nanoparticles was carried out by ionic gelation following the methodology indicated by Kumaraswamy et al. (2018) [13], using chitosan (viscosimetric molecular weight 200,000 g/mol) (Marine, Hydrocolloids, Kerala, India) and sodium tripolyphosphate (Sigma-Aldrich, USA) as crosslinker. CS was prepared at 0.5% (w/v) in 0.5% (v/v) acetic acid with constant stirring (200 rpm) and TPP at 0.5% (w/v) in distilled water. Crosslinking was carried out at a 10:3 v/v ratio of CS: TPP, 0.5% TPP was added dropwise, under magnetic stirring (600 rpm), and then the solution was centrifuged at 10,000 rpm for 10 min to obtain the CSNPs. Finally, it was washed with deionized water three times, frozen, and dried by lyophilization for further characterization.

2.1.2 Characterization of CSNPs

The obtained CSNPs were characterized by different techniques such as UV-Vis spectroscopy, infrared spectroscopy (FTIR by ATR), light scattering (DLS), thermogravimetric analysis (TGA), and SEM scanning electron microscopy.

UV-Visible Spectroscopy

Five milligrams of sample were dispersed in 10 mL of deionized water, then sonicated for 10 min at a frequency of 70% in an ultrasound Branson brand; subsequently, the UV absorbance of the CSNPs was determined using a wavelength range from 190 to 400 nm in a UV-Vis spectrophotometer (Shimadzu, UV-240IPC) to identify the characteristic absorption length of the chitosan nanoparticles.

Infrared Spectroscopy Analysis by ATR (FTIR/ATR)

Infrared spectrophotometers of the CSNPs were determined in an FTIR spectrophotometer, Nicolet brand model iS50 FT-IR/ATR, in the range of, 400–4000 cm−1 by directly placing the powdered samples on the diamond crystal.

Particle Size Determination by Dynamic Light Scattering Technique (DLS)

The average size of the CSNPs was determined in a MICROTRAC brand dynamic light scattering (Nanotrac waveII Q); using the same dispersions prepared for UV-Vis employing as reference deionized water for the scattering medium. Five sweeps were performed at a temperature of 25°C in a time of 45 s for each sweep and the average of the measurements was plotted.

Thermogravimetric Analysis (TGA)

The thermal stability of CSNPs was assessed using thermogravimetric analysis (TA Instruments, TGA Q500), under a nitrogen atmosphere, employing a heating rate of 10°C/min within a temperature range of 25°C to 600°C.

Scanning Electron Microscopy (SEM)

A scanning electron microscope (JEOL-JMS-7401F) was used to analyze the samples. The nanoparticles were dispersed in water. Subsequently, a few drops of this dispersion were deposited onto a conductive sample holder, where they were left to dry at 25°C. Micrographs were obtained at magnifications of 9000x.

2.2 Growing Conditions and Plant Material

The study was conducted within a tunnel-style greenhouse under the auspices of the Horticulture Department at the Antonio Narro Autonomous Agrarian University, situated in Buenavista, Saltillo, Coahuila, Mexico. The greenhouse is positioned at 25° 21’ N and 101° 01’ W, with an elevation of 1790 meters. Seeds of lettuce (Lactuca sativa L.) cv. Isla Parris (Huertas®, La Huerta, Mexico) germinated on agricultural foam plates. 20 days after sowing, seedlings transplanted into 10 L black polyethylene bags with a 2:1 (v/v) Peat moss and perlite mixture. The planting density equated to six plants within every square meter. Steiner’s [14] nutrient solution was utilized for crop nutrition, administered via a drip irrigation system with three daily irrigations. During the initial week post-transplanting, irrigation was conducted with a 25% nutrient solution, followed by 50% solution in the second week, 75% in the third week, and 100% in the fourth week post-transplanting. The mean recorded was 22.4°C, with an average photosynthetically active radiation of 677 μmol m−2·s−1 and an average relative humidity of 62%.

2.3 Treatments

The CSNPs were formulated in distilled water containing glycerin and Bionex (Arysta®) as dispersing and coadjutant agents, respectively. Subsequently, they underwent sonication for six minutes at an amplitude of 50% using an ultrasonic equipment (Branson, 1510R-DTH). Solutions were prepared at various concentrations: 0, 0.05, 0.1, 0.1, 0.2, 0.4, and 0.8 mg mL−1. These solutions were applied via foliar spray in the early morning hours (8:00 a.m.), with three applications every two weeks until harvest, commencing 15 days after transplanting (DAT).

2.4 Sampling

At 60 days after transplanting (DAT), ten plants per treatment were analyzed, then measured and weighed to determine: head fresh and dry weight, yield, total phenols, antioxidant capacity, enzyme activity, catalase (CAT), and glutathione peroxidase (GPX).

2.5 Yield

Lettuces were harvested at 60 DAT obtaining the fresh weight by weighing on an analytical balance (Ohaus®, CS5000P), then dried for four days at room temperature and in an oven (ARSA, Model AR-290AD) at 70°C for 72 h to obtain the dry weight.

2.6 Bioactive Compounds

2.6.1 Total Phenolic Content

A stock solution of extract for analysis was prepared, mixing one gram of fresh pulp in 10 mL of ethanol in a plastic tube with a screw cap, which was placed on a rotatory shaker for 24 h at 5°C and 70 rpm. Afterward, the tubes were centrifuged at 3000 rpm for 5 min, and the supernatant was extracted for analytical tests [15]. The total phenolic content was measured using the Folin–Ciocalteu method [16]. The measurement of absorbance at 765 nm was conducted using a UV-visible spectrophotometer (VE-5100uv-VELAB). The phenolic content was calculated using a standard curve using gallic acid (Sigma, St. Louis, Missouri, USA) as a standard; results were reported in mg of equivalent gallic acid per 100 g of fresh weight (mg Equiv GA·100 g−1 FW), which is the main indicator for this variable.

2.6.2 Antioxidant Capacity

The antioxidant capacity was evaluated using the in vitro DPPH+ method [17]. A mixture consisting of 50 µL of the sample and 1950 µL of DPPH+ solution was prepared to determine this capacity. After a 30 min incubation period, the absorbance was measured at 517 nm using a UV spectrophotometer (Genesys 10). Trolox (Aldrich, St. Louis, Missouri, USA) was used to establish the standard curve, and the results were expressed as antioxidant capacity (µM Equiv Trolox-100 g−1 fresh weight).

2.7 Enzymatic Activity

2.7.1 Determination of Enzyme Activity

To prepare the enzymatic extract, 0.2 g of freeze-dried plant tissue using a freezone lyophilizer (LABCONCO), along with 20 mg of polyvinylpyrrolidone, were combined with 1.5 mL of 0.1 M PB at pH 7–7.2 in a 2 mL Eppendorf tube. The mixture was then centrifuged at 12,000 rpm for 10 min at 4°C using a microcentrifuge (Labnet Int., Inc., Taiwan, PrismTm C2500-R). The resulting supernatant was collected and filtered through a 0.45-µm pore-size PVDF membrane [18].

2.7.2 Total Protein

The total protein concentration (TP) was assessed following Bradford’s colorimetric technique [19]. The results were expressed in g protein kg−1 DW.

2.7.3 Catalase (CAT) (EC 1.11.1.6)

CAT activity was determined as described by Cansev et al. [20]. This activity was quantified by measuring two reaction times, time 0 and time 1. The reaction was performed at 20°C and the hydrogen peroxide consumption was determined at 270 nm in a UV-Vis spectrophotometer (Genesys 10s UV-Vis, Thermo Scientific, Waltham, Massachusetts, USA). The calibration curve was prepared with 20 to 200 mM of hydrogen peroxide. The results were reported as specific activity (U mg−1 protein).

2.7.4 Glutation Peroxidase (GPX) (EC 1.11.1.9)

The activity of glutathione peroxidase (GPX) (EC 1.11.1.9) was quantified following the methodology of Flohé et al. [21] and modified by Xue et al. [22] using hydrogen peroxide as a substrate. The absorbance was read in a UV-VIS spectrophotometer (Genesys 10s UV-Vis, Thermo Scientific) at 412 nm, calculating the specific activity (U mg−1 protein) based on the calibration curve made with reduced glutathione (GSH) (0.02 to 1 mM).

2.8 Statistical Analysis

The experiment was conducted in a completely randomized design with ten replicates per treatment, and to detect statistical differences between treatments analysis of variance and separation of means according to Fisher’s LSD test (p ≤ 0.05) was performed with the statistical program InfoStat version 2020 [23].

3  Results and Discussion

3.1 Synthesis and Characterization of CSNPs

The CSNPs were obtained by the ionic gelation method employing the electrostatic interaction of chitosan (CS) and sodium tripolyphosphate (TPP). By UV-vis spectroscopy, an absorption band was observed at 195 nm confirming the formation of CSNPs, while by FTIR-ATR the characteristic chemical groups of CSNPs were observed [24]. The synthesized CSNPs showed particle sizes of about 111 ± 21 nm with the 10:3 ratio of CS:TPP (Fig. 1a). Thermogravimetric analysis showed the thermal behavior of the CSNPs (Fig. 1b) and Fig. 1c showed the Scanning Electron Microscopy (SEM) images where the CSNPs were observed at the nanoscale size.
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Figure 1: Characterization of CSNPs: (a) particle size distribution by DLS, (b) thermal behavior by TGA, and (c) scanning electron microscopy (SEM)

Previous studies have shown that the synthesis of CSNPs by ionic gelation is due to that the protonated amino groups (NH3+) of chitosan in the acidic medium are electrostatically attracted by the negative phosphate groups of TPP [13,25,26]. The above was demonstrated by characterizing CSNPs using the FTIR-ATR. The presence of the characteristic chemical groups of CSNPs such as the band at 3164 cm−1 was due to the vibration of -OH and -NH groups [27,28]. Furthermore, the peaks corresponding to the vibration of -CONH2 at 1628 and 1532 cm−1 due to the interaction of the protonated amino groups of CS with the negative phosphate groups of TPP were observed which confirms the formation of CSNPs [29].

On the other hand, Hoang et al. [5] mentioned that the size of NPs synthesized by the ionic gelation method is usually larger than 100 nm. Similar results were found with a 10:1 CS:TPP ratio where the CSNPs measured from 126.2 to 167.1 nm [30], Al-Nemrawi et al. [31], Kumaraswamy et al. [13] and Alishahi et al. [32] found that the particle size depends on the CS concentration, the CS: TPP ratio, the degree of deacetylation (DD) and the molecular weight of the CS used in the synthesis process.

The thermal behavior of CSNPs shows that the crosslinking of CS increases its thermal stability compared to chitosan from which CSNPs are formed due to the presence of phosphate groups (-P = O and -P-O) [33], four stages were observed: the first weight loss of 11.97%, which is as a result of the dehydration of the sample considering the removal of water, as well as the loss of short chains of the CS glycosidic bonds, the second weight loss from 200°C to 600°C of 39.40%, corresponds to the thermal degradation of the covalent bonds of the CS glycosidic groups with the TPP through dehydration and deamination [34]. In the third stage from 600°C to 625°C, a weight loss of only 7.57% and 32.38% from 625°C to 700°C is observed due to the degradation of polysaccharide backbones [35]; finally, a residue of 8.68% remains, which corresponds to metal residues.

3.2 Treatment of Lettuce with Chitosan Nanoparticles

3.2.1 Yield

Foliar spraying of CSNPs on lettuce positively affected biomass production, treatment with 0.4 mg mL−1 of CSNPs increased fresh weight by 24%, and with 0.5 mg mL−1 increased fresh weight by 31% (Fig. 2). These increments in biomass production are attributed to the capability of CSNPs to stimulate plant growth. These nanoparticles contain essential nutrients like C, O, N, and P, promoting cell division and elongation, activating enzymes, and enhancing protein synthesis, resulting in enhanced yield [36,37]. Foliar application of CSNPs is used to increase the growth and production in the plant. CSNPs get easily absorbed by leaves, penetrate the plant through stomata, travel down into the plant through the phloem, and provide nutrients.
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Figure 2: Effect of foliar application of CSNPs on lettuce: (a) fresh weight and (b) dry weight. Note:
Different letters above the bars indicate a significant difference (p < 0.05) according to the LSD test

To a different part [38,39], it has recently been shown the efficacy of CSNPs relies on the concentration, plant species, and growth stage, indicating that there is no single dose [5,40].

3.3 Bioactive Compounds

The biosynthesis of antioxidant compounds was enhanced through foliar spraying of CSNPs (Table 1). The treatment with 0.1 mg mL−1 of CSNPs increased the antioxidant capacity by 34.6%, and phenolic by 31.2% concerning the control treatment.
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The increase in antioxidant capacity and phenolic compound content in lettuce due to the application of CSNP is related to the plant’s response to stimulants such as CS. When applied, these substances induce the generation of reactive oxygen species (ROS), prompting the synthesis of defensive compounds such as phenolic compounds, flavonoids, anthocyanins, proline, tocopherols, and carotenoids [4,41–43]. Analysis of the proteome or transcriptome of plant tissues treated with chitosan confirms this assumption [44]. Although there are few reports in this regard, the same may occur with the application of CSNPs [41] since CSNPs have the characteristics of CS and the properties of nanoparticles such as surface and interface effect as well as small size [45]. Similar outcomes regarding antioxidant activity were documented in Triticum aestivum L. [4] upon the use of CSNPs, and in Raphanus sativus L. [46] with the application of CS. Furthermore, for the accumulation of phenolic compounds increases have been reported due to the application of CSNPs in Oryza sativa L. [41] and Rosa damascena Mill [47].

3.4 Enzymatic Activity

The foliar application of CSNPs positively influenced the total protein content in lettuce (Table 2). The highest protein yield, notably at 0.4 mg mL−1 CSNPs concentration, was observed. Moreover, lower CSNPs concentrations (0.05 and 0.1 mg L−1) resulted in the highest CAT activity in lettuce, while the GPX enzyme activity remained relatively stable (Table 2). Similar results were reported in the protein content of Triticum aestivum L. with the application of CSNPs [4].
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The increase could be attributed to CSNPs strengthening antioxidant systems such as H2O2 removal leading to protein protection [4], proving that CSNPs protect the plant from protein degradation.

Research has demonstrated that chitosan nanoparticles (CSNPs) can stimulate the production or synthesis of enzymatic antioxidants and facilitate the removal of H2O2. In their study, Hassan et al. [8] observed an increase in catalase (CAT) levels in basil leaves following the application of both CS and CSNPs. CAT is a key enzyme for biological defense mechanisms, as it facilitates the breakdown of accumulated H2O2 in plants into water (H2O) and oxygen (O2), thereby mitigating H2O2-induced damage to the cells of fruits and vegetables [48]. The elevation in CAT activity likely led to a reduction in accumulated H2O2 levels, consequently stabilizing the activity of glutathione peroxidase (GPX) at a basic level [4]. This could elucidate the absence of discernible disparities in GPX enzyme activity within lettuce treated with CSNPs.

4  Conclusions

The synthesis of CSNPs by the ionic gelation method represents a good option to obtain NPs with particle sizes close to 100 nm, good thermal stability, and biodegradability. The application of CSNPs (0.4 mg mL−1) in lettuce improves yields by up to 24.6% and 0.1 mg mL−1 of CSNPs increases total phenols by 31.2% and antioxidant capacity by 34.6%. In addition, when low concentrations of CSNPs (0.05 and 0.1 mg L−1) were applied, an increase in catalase was observed in lettuce. The foliar application of biodegradable chitosan nanoparticles represents an alternative for increasing yields and obtaining functional foods in sustainable agriculture.
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OEBPS/Images/table-2.png
Table 2: The impact of CSNPs on the enzymatic activity and total protein content of CAT and GPX 1n lettuce

was assessed

CSNPs (mg mL ™)

Enzymatic activity (U)

Total protein g kg ' CAT GPX
0 5045 +16.95b 020 +£0.04 b 0.25+0.15a
0.05 74.00 + 16.67 ab 1.53 £0.08 a 0.14 £0.08 a
0.1 74.31 +£22.78 ab 1.50+0.12 a 0.17£0.08 a
0.2 71.25+15.43 ab 1.30 £0.11 ab 024+0.14a
0.4 91.22+29.80 a 1.08 = 0.06 ab 020+0.11 a
0.8 64.31 + 10.08 ab 1.08 = 0.08 ab 0.23+0.07 a

Note: Different letters within each column indicate a significant difference (LSD p < 0.05).
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Table 1: Effect of foliar spraying of CSNPs on total phenols and antioxidant capacity i lettuce

CSNPs Total phenolic content Antioxidant capacity pmeq TROLOX/100 g (FW)
(mgmL™")  (mg GAE 100 g ' FW)

0 259.13 £ 16.12 b* 59.51 +£18.08 b

0.05 326.67 £30.51 a 56.74+9.17b

0.1 340.01 +£47.11 a 80.15+9.53 a

0.2 335.04 £25.63 a 64.46+9.76 a

0.4 32546 £34.23 a 72.19 £ 1524 a

0.8 296.73 + 27.17 ab 68.88 £ 16.51 a

Note: *Data are shown as mean £SD. Different letters within each column indicate a significant difference (LSD p < 0.05).
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