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Abstract

Crop biofortification is a recent strategy based on the production of plants rich in micronutrients for
human consumption. The biofortification of plants with minerals is considered one of the least expensive and
most efficient ways to improve the commercial and nutritional quality of horticultural products, in addition to
improving crop yields. The objective of the research was to evaluate commercial and phytochemical quality,
physiological parameters, and zinc concentration in lettuce leaves (Lactuca sativa L.) after foliar application of
zinc oxide nanoparticles (NPsZnO) produced under a hydroponic system. The experiment was carried out
with six treatments (0, 5, 10, 15, 20, and 25 mgL"' NPsZnO) of five replicates each, under a completely
randomized design. Five applications every 15 days of each concentration of NPsZnO were made through the
crop cycle. The results show no statistical differences in physiological parameters (height, number of leaves, leaf
size, crown perimeter, fresh and dry weight), but that do show a slight tendency to increase on the treated
lettuce mainly at concentrations of 20 and 25 mgL™. A positive correlation was found between the
phytochemical variables (phenolics and total flavonols) and the concentration of NPsZnO. Even though there
was not a clear correlation between NPsZnO concentration and the variables of commercial quality; Zn
content in the plant tissue was improved, thereby obtaining a biofortified product for the final consumer.
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Introduction

The biofortification of crops allows the production of micronutrient-rich plants for human
consumption. Zinc (Zn) is an essential clement for human nutrition. Symptoms of Zn deficiency include
stunting, diarrhea, and pneumonia in children, contributing significantly to infant mortality (White and
Broadley, 2011). It is estimated that the diet of one third of the world's population is deficient in Zn (Maxficld
et al., 2021). Also, Zn is an essential micronutrient for the growth and development of vascular plants and is
associated with a wide range of metabolic pathways in plants (Castillo-Gonzalez ez 4/.,2018)

The Biofortification has the purpose of increasing the bioavailability of mineral elements through
genetic and agronomic pathways. However, the first pathway has several disadvantages because of limited
genetic variation and slow movement of the trait (Hirschi, 2009) besides this could be ineffective if there are
insufficient mineral elements present (White and Broadley, 2011), while unfortunately, the potential for
genetic modifications has political and economic limitations (Watanabe ez 4/., 2005).

The radical fertilization as a pathway agronomic is a polluting agent for the environment and limits the
availability of other minerals (Hirschi, 2009). While foliar fertilization is a widely used and effective strategy
used by producers to complement fertilization, remedy nutritional deficiencies, stimulate development, and
improve yield and quality (Otalora ez /., 2018) and exhibits a very rapid plant response (Meier ez al., 2020).
This can be utilized for all types of crops (D4vila-Rangel e7 4/., 2020) and is an excellent possibility to explore
as a pathway for biofortification.

However, foliar fertilizers have reception challenges, and their efficacy may be compromised due to the
differential between solute size and cell wall pores size and synergistic and antagonistic relationships between
nutrients (Rietra ez /., 2017). Nanotechnology has developed small particles with a high surface-to-volume
ratio called nanoparticles (NPs) that are enriched with microelements (Dimkpa e 4/, 2013), whose
functionality are dependent on their size and concentration (Janmohammadi ez 4/., 2016). Nano-fertilizers may
improve the solubility and dispersion of insoluble nutrients in soil, reduce nutrient immobilization and increase
bioavailability (Janmohammadi ez a/., 2016). Other benefits of NPs are ameliorative roles against abiotic stress,
additional antioxidant capacity, and a higher concentration of phytochemicals, which result in better
nutraceutical quality (Kumar ez 4/., 2021).

The impact of NPs on living organisms, especially plants, has drawn attention, because the NPs contain
agrochemicals that can help distribute pesticides and fertilizers in a controlled way. This has been considered a
high specificity procedure with minimal environmental impact (Lira ez 4/, 2018). NPsZnO have been
investigated for their antifungal, antibacterial, and nutritional (microelement) properties (Rossi ez al., 2019)
and alleviate the bioavailability of heavy metals (Sharifan ez 4/., 2019, 2021). Lettuce is a suitable example for
effectively increasing the Zn content and improving commercial quality and nutraceutical properties in this
way (Preciado-Rangel ez al., 2021).

The mechanism by which they present these characteristics is through the biosynthesis of antioxidant
compounds such as phenolic compounds, and flavonoids (Hatami and Nagdhi, 2019), additionally being a
cofactor in the enzymes of the antioxidant system, such as peroxidase (Castillo-Gonzalez ez al., 2018). As plant
growth promoter, Zn is an important regulator of tryptophan biosynthesis and, consequently, in the metabolic
pathway of auxin biosynthesis (Garcia-Lépez ef al., 2018) by inhibiting the uptake of metal pollutants (Sharifan
et al,, 2021).

There are relevant results in the application of NPsZnO (10 and 500 mgL™") that have shown an increase
in both nutraceutical quality and improvement of development and yield of tomato, cucumber, habanero
pepper, and melon, among other crops (Méndez-Argiicllo e al., 2016; Garcia-Lépez et al., 2019; Rivera-
Gutiérrez et al., 2021). On the other hand, there is existing data that suggests that NPsZnO can inhibit
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development at different stages (Ma ez al., 2010), subsequently reducing plant biomass and yield (Xu ez al,
2018) and causing phytotoxicity (Chen ez /., 2018).

It is therefore pertinent to conduct research on the effects of Zn biofortification through
nanotechnology on high-demand products such as lettuce. This would increase the nutritional level of lettuce
as well as increase its yield and quality (Sapkota ez /., 2019).

Based on the above, this research was developed to evaluate the effects of foliar application of NPsZnO
in different concentrations and to determine its effect on yield, commercial, and nutraceutical quality in lettuce
cultivation under a hydroponic system.

Materials and Methods

Plant and nanoparticles material

Seeds of "orejona” lettuce (Lactuca sativa L.) of the Vita® brand (California, USA) were germinated and
transplantation 3 weeks later, when presenting the first five true leaves, in the hydroponic system.

NPsZnO were between 20 and 60 nm in size, with a purity of 97%, white in colour, and with a
hemispherical and polygonal structural shape. NPsZnO were synthesized through controlled precipitation
(Ramirez-Barrén ez al., 2019), using the chemical hydrolysis method. Next, 530.4 g of zinc acetate
(CH3CO0,)2Zn and 24 L of ethanol were poured into a 200 L reactor with a provided boiler with a temperature
controller. The solution was heated to 80 °C for 3 hrs. Subsequently, 0.22 M NaOH solutions were added to
the reactor. It was stirred for 1 hr to achieve the precipitation of the NPs. The precipitate was washed several
times with distilled water for further characterization by transmission electron microscopy to determine the
particle size of the material obtained.

Application of treatments

The experiment was carried out during the autumn-winter agricultural cycle (2020-2021). Lettuce
cultivation was carried out under a shade anti aphid mesh structure in the experimental field of the Torredn
Technological Institute, located in the Torre6n municipality, Coahuila, Mexico between coordinates
25°36'37" North and 103°22'33" West, at an altitude of 1150 m.a.s.l.

Five treatments and the control were evaluated (Table 1). The treatments consisted of foliar application
using industrial atomizers (Lion tools, LY, United Kingdon) to apply fine calibrated droplets (50 um).
Approximately 50 mL of solution was used for each individual lettuce, enough to cover the entire surface of the
plant until dripping. Tween 20°, (Sinaloa, Mexico) was added as an adherent to the mixture at a concentration
of 2 mL'L". Five foliar applications were carried out. The first was applied 15 DAT and one every 15 days
thereafter, and the last one was applied ten days before the harvest.

Hydroponic system and nutrient solution: Floating film NFT hydroponic system was used with a
structure of two sections of 6 PVC (polyvinylchloride) tubes 6 m long and 10 em diameter with holes of 10 cm
in diameter with a separation of 30 cm.

Table 1. Treatments evaluated in the hydroponic lettuce experiment

Treatment (T) Concentration NPsOZn (mg L")
T1 Control (deionized water)
T2 5
T3 10
T4 15
T5 20
T6 25
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The NS used was the universal Steiner (1961), which was adjusted and modified based on the analysis
of the water utilized for solution preparation and the purity of the fertilizers used. The NS was applied
according to the needs of the crop considering the adjustment to a pH value of 5.5 - 6 and an EC of 1.5 - 2.0
dSm™. The nutritive solution was composed of: 11.95, 1.02, 1.2, 1.49, 1.06 and 11.55 mmolesL" of NO3,
H2PO4*, SO4*, Ca*, Mg*" and K, respectively, with 0.005, 0.0025, 0.0005, 0.0005, 0.0025, 0.003 and
0.0005 gL'! of Fe, Mn, Zn, B, Cu, Mg and Mo, in the same order.

Plant height, number of leaves, crown perimeter, leaf size, fresh weight and dry weight

In each harvested plant was used to measure H, CP and NL; H reading was taken from the level of the
agricultural foam to the leaf apex and the middle of crown both reported in cm and NL in head of lettuce was
recorded by quantifying all the leaves present on the day of harvest.

The LS was determined in three leaves per lettuce, measuring the length of the leaf (L-H) from its base
to the apex and the widest part of the same leaf (W-H), and the ratio L-H/W-H was calculated to define the
shape of the leaves. Furthermore, the leaf area was calculated using the ellipse area formula (A= L-H/2 * W-
H/2 *x). Lettuce head FW and DW (g) were estimated on a gravimetric balance (Sartorius, USA). Lettuce
heads harvested were defoliated, weighed (fw), dehydrated on kraft paper, and placed in a drying oven (Yamato
DX600, Osaka, Japan) at 70 °C until constant weight (dw).

Compounds extraction

Sampled outer leaves of the harvested lettuce were stored at -80 °C and lyophilized, after which, 0.2 g of
lyophilized leaves were weighed and pulverized in a grinder, placed in the dark in falcon tubes covered with
aluminium. 10 ml an 80% methanol - 20% water mixture (JT Baker, USA) was added and homogenized for 3
minutes with a homogenizer ultraturax (IKA, Germany). Then, the samples were sonicated (Branson SFX250,
Germany) for one hour at room temperature (in total darkness). After sonication, they were centrifuged at
room temperature at 35,000 g for 15 minutes (Sorvall ST8R, USA) and the supernatant was filtered through
Whatman No. 1 paper. The filtrate was used to measure total phenols and total flavonoids, chlorophyll a*, b*,
total carotenoids (P carotene + xanthophylls), and antioxidant activity.

Total phenol content

Total phenol content was measured according to Singleton and Rossi (1965) with slight modifications.
A solution was prepared to mix 200 uL folin Ciocalteu concentrate (Sigma-Aldrich, USA), 750 uL of NaCO,
(JT Baker, USA) at 20%, 100 pL of extract, and 3.9 mL of H,O. Subsequently, it was left to stand for 1.5 h in
total darkness and was measured in a spectrophotometer (Hach 6,500, Germany) at 765 nm. For the blank,
the same mixture was used, substituting the extract for 80% methanol extracting solution. A standard curve of

gallic acid (Sigma-Aldrich, USA) was made. The results are reported as mg of gallic acid 100 g of dry weight.

Total flavonoid content

Total flavonoids were measured by a modified method (Huang ez 4/, 2018). Solution 1 was prepared
by mixing 0.3 mL of 5% NaNOsand 4 mL of bidistilled water and solution 2 was prepared by mixing 2 mL of
1 M NaOH and 2.4 mL of water. Subsequently, 1 mL of the extract was added to solution 1 (for the blank, the
extract was replaced by 80% methanol), it was allowed to stand for 5 minutes and 0.3 mL of 10% AICl; was
added, mixed gently, and left to stand for 1 minute. Finally, 4.4 ml of solution 2 was added to that mixture and
shaken vigorously. The absorbance was immediately read in a spectrophotometer (Hach 6,500, Germany) at
425 nm. A standard curve was made with the quercetin standard (Sigma-Aldrich, USA) and the results were
reported as mg of quercetin 100 g* dw.
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Content of total chlorophyll, chlorophylls a, b, and total carotenoids (xanthophylls + B-carotene)

An aliquot was taken from the extract to measure the concentration of chlorophylls and total
carotenoids according to Lichtenthaler ez a/. (2013) with slight modifications. The aliquot was measured using
a spectrophotometer (Hach 6500, Germany) at different wavelengths: With the equations reported by
Lichtenthaler ez 4/. (2013) and adapted for measuringin 80% methanol were calculated: Cla= 15.65*A(6652.2)
-9.16*A(652.4), Clb = 39.04*A(6652.2) — 15.28*A(652.4), TCl= Cla+Clb, Cx+ c= (1,000°A(470) - 1.63*Ca
- 104.96*Cb) / 221. The result obtained was in uygmL", later it was adjusted to pgg" fw. Also, the ratio of
chlorophyll a/b was calculated, as well as total chlorophylls/total carotenoids.

Antioxidant activity

The antioxidant activity was estimated by TEAC method. 50 pL of the extract was added to 1 mL of
diluted ABTS*+ solution (2, 2’- Azino-bis (3 - Etil Benzotiazolin)-6-ammonium sulfonate, Sigma-Aldrich,
USA) prepared according to Marquez er al. (2014). The disappearance of ABTS*+ was determined by
measuring the decrease of absorbance at 734 nm for 5 min, in the same way, we proceeded for the reference
where the sample was replaced by grade ethanol (Merck’, USA). For the calculation of the antioxidant capacity,
the change in absorbance was measured in five dilutions of the sample as reference and the corresponding
percentage of inhibition was calculated using the following equation: Inhibition % = 1-((As-Ab)/(Ar)) *100
where: As=sample absorbance, Ab= blank absorbance, Ar= reference absorbance. A simple regression curve
was made to determine CI50 (concentration 50% inhibition). A curve was made of the inhibition percentage
versus concentration of the trolox solutions and calculated the CIS0 in pmoles of trolox L™ of solvent. With
the CI50 of the sample expressed as mg of fresh sample L' of solvent and the CI50 of the trolox in pmol of
trolox L of solvent, is calculated and expressed as uM trolox equivalent antioxidant capacity (uM trolox 100
g™ fw) by the equation of TEAC =CI50 trolox/CI50 sample), where: CI50 of trolox = concentration (moles
of trolox L' solvent) to which the antioxidant trolox inhibits 50% of the free radicals present. CIS0 of the
sample = concentration (mg of sample L™ solvent) to which the antioxidants of the sample inhibit 50 % of the
free radicals present.

Peroxidase activity (POD)

Peroxidase enzyme extraction was performed by homogenizer 100 mg of the lyophilized sample with 5
ml of cold 100 mM Tris HCI (Sigma Aldrich USA) extraction buffer containing 1 % polyvinylpyrrolidone
(Sigma-Aldrich, USA). The mixing was adjusted to a pH of 7.1 and centrifuged for 15 min at 6,500 gand 4 °C.

The assay was done at room temperature in the dark according to Flurkey and Jen (1978), with slight
modifications: the assay was mixed 2.6 mL of 100 mM Tris-HCI buffer (Sigma-Aldrich USA) pH 7.1, 0.25 ml
of 0.1 M guaiacol, 0.1 ml of 0.25% H,O, (Sigma-Aldrich, USA), and 0.05 ml of the sample extract
(supernatant). The absorbance change at 470 nm for 3 minutes was determined. The tests were done.
Extinction coefficient (5,570 * 10) reported by Rodriguez ez 4l. (2006) and protein content (Bradford, 1976)
were used to calculate enzymatic activity. The activity was expressed in Umg" of protein, where one unit of
enzymatic activity is equal to the formation of 1 umol of tetraguaicolmin™.

Zinc content in plant tissue

The determination of zinc concentration in plant tissue was carried out using the Mckean (1993)
method. A sample of 3.0 g of dry plant tissue was placed in crucibles inside a digital muffle (Model LEF-203S-
0 LabTech’) at 600 °C for 4 hours until total calcination, then they were cooled at room temperature in a
desiccator (low relative humidity). 10 mL of HCI (Sigma-Aldric, USA) were added to the crucible with the
ashes. After the reaction, the content was filtered through pore size < 3 um filter paper; 50 pL of deionized
water was added to each filtrate. Zinc concentration was determined using the GBC Xplor AA atomic
absorption equipment (Germany) and Zn content was reported as mg of Zn kg’ fw. Concentration was
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calculated using fitted curve calibration (r*=0.9983) and two blanks, one with a reference sample and the other
for the equipment blank.

Experimental design
The experiment was analysed with a completely randomized design considering six treatments with five

replicates per treatment, giving a total of 30 experimental units, the mean comparison test was done by the

DMS method (p < 0.05), using the statistical package SAS Version 9.3 (2009).

Results

Plant height, number of leaves, crown perimeter, leaf size shape of leaves, fresh weight and dry weight

Results of quality variables agreed with that specified in the Official Mexican Standard (NOM-FF-51-
1992) (DOF, 1983). H ranged 20 to 30 cm, while NL were 40 to 60 leaves, CP was 40 to 50 cm, average long
size of leaves of 20 to 30 cm and 10 to 20 cm wide, with a typical obovate shape and fresh weight of
approximately between 0.8 and 1.0 kg on average at harvest. No statistical differences (p < 0.05) were found on
cach of these variables (H, NL, and CP) neither between the treatments nor concerning the control. We could
only observe that T4 showed the lowest height (23.4 cm) and in the opposite case, T3 showed the highest
height (25.33 cm) and T1 (22.66 cm), while lettuces treated had 2.8 to 6.5 leaves more than T1. Previous results
were directly proportional to the amount of dry biomass at the end of the experiment. Treated harvested
lettuces with NPsZnO presented 4 and 8 % more crown perimeter than T1, only T4 was similar to the control
(data not shown).

The leaf size measured in their components L-L and W-L and the shape of the leaf (L-L/W-L), as well
as the FW and DW, maintain a similar pattern of increasing values in the lettuce treated with NPsZnO. T1
lettuces showed L-L of 20.73 cm and W-L of 13.13 cm, T'5 was higher than T1 by almost 1 cm in length, while
T2 was 6.23 cm longer (Table 2). On the other hand, only the T3 had smaller leaf width (1.17 ¢m) than the
control. According to the value of the L-L/W-L ratio, the lettuces show an obovate shape, with T3 being the
most elongated and T'5 the widest. Although there were no significant differences in L-L and W-L of the leaf,
the calculated area showed significant differences between treatments and concerning the T1, in which the T1
showed a smaller area of 213.7 cm? followed by the treatment with T3 (230.70 cm2), in contrast to the
treatments of T2 and T5 exceeded 304 cm?, with the largest leaf area (Table 2).

The FW and DW did not show significant differences, however, it is observed that the treated lettuces
were heavier both fresh and dry than the control lettuces; this is reflected by the fact that the treatments
exceeded 0.9 kg fw compared to the 0.738 kg fw of T1. The dry biomass reached 59.67 gin T4 and 76 gin T’5,
while T1 only reached 57 g. Both in FW and DW, the treated lettuces were superior between 24 and 34% for
FW and between 4-33% for DW (Table 2).

Table 2. Leaf size and shape, fresh and dry weight of hydroponically produced lettuce exposed to different
foliar-applied concentrations of NPsZnO

Treatments Large Width LW Area Fresh weight Dry weight
(mgL™) (cm) (cm) (em?) (Kg) (8
T1 20.73+3.99a | 13.13+1.83a 1.58 213.84+5.73d | 0.74+0.262a | 57.00 + 14.17 a
T2 2696 +3.45a | 14.36+0.582a 1.88 304.0+11.57a | 0.92+0.179a | 62.05+1.93a
T3 2456+3.04a | 11.96+2.05a 2.05 230.7 +£7.25¢ 1.00+0.247a | 63.39+6.65a
T4 23.25+1.06a | 15.05+1.06a 1.54 2745+ 10.88b | 0.93+0.348a 59.67 £ 6.02a
TS 21.66+2.92a | 1790+ 1.78 a 1.21 3045+ 14.08a | 0.92+0.246a 76.00 +5.29a
T6 2523+ 1.56a | 14.13+1.72a 1.79 280.0 £ 14.80b | 0.95+0.138a | 63.00 +9.84a

Values followed by same literal at same column are not significant according to DMS (p < 0.05).
YL= Large, W= Width; Leaf shape: >1 obovate, =1 round, <1 oval.

6
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Total phenol content

The content of total phenols in the lettuce leaves shows significant differences (P < 0.05). A relative
increase in the concentration of total phenols is observed in lettuce leaves treated with NPsZnO as the
concentration of NPsZnO applied increases, it is observed that the treatment with the lowest concentration of
T2 presented values similar to T1 (266 mg of gallic acid 100 g fw) until reaching the highest concentration in
T6 with 519 mg of gallic acid 100 g fw (Figure 1a), 52.63%, more than T1.
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Figure 1. (A) Content of total phenols, (B) total flavonoids and (C) Antioxidant capacity in
hydroponically produced lettuce leaves exposed to different concentrations of NPsZnO
Values followed by same literal at same column are not significant according to DMS (p < 0.05)
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Total flavonoid content

The content of flavonoids in plant tissue showed a statistical difference. An increase proportional to the
concentration of the NPsZnO applied is observed. In Figure 1b, it can be seen that the plants evaluated with
T6 had 319.11 mg100 gr'' fw content of total flavonoids; 48.1% more than T1, while T2, T3, T4 and TS were
statistically similar to T6.

Antioxidant capacity

The antioxidant capacity measured as meq trolox presents only significant differences between T5 and
T4, in addition, in this variable, a similar pattern of proportionality is not observed as in the other nutraceutical
variables, that is, an increase in the concentration of NPs does not increase the antioxidant capacity even though
it increased total phenols and the flavonoids concentration (Figure 1c).

Chloraphyll content and total carotenoids

According to the DMS analysis, there were significant differences (p < 0.05) among treatments in TC,
Cla and CIb content. T6 treatment had the highest concentration of TCI with a value of 32.73 ug.g"' dw,
followed by T1 and T6 with levels of 25.82 and 23.44 ug.g' dw respectively, while T2, T3, and T4 registered
lower values with 15.33, 15.89 and 20.83 pgg" dw respectively (Table 3). The content of Cla and Clb showed
a similar pattern to TCL Contrary to what is commonly reported, the concentration of Clb was higher than
Cla in all treatments. The Cla/Clb ratio was similar in each of the treatments, with values between 0.42 and
0.55, except T4, which reported a value of approximately 0.28.

The carotenoids show statistical differences between treatments as well as TCl in the extreme treatments
(T1, TS5, and T6). The highest concentration of Cx+c obtained was 3.54, 2.84, and 3.51 ugg" dw respectively,
while T2, T3, and T4 treatments reached 2.57, 2.37 and 2.65 pgg" dw respectively (Table 3). However, the
Clt/ Cx+c ratio remained homogeneous in all the treatments with values between 6 and 9, except TS that
presented a value of 11.50.

Table 3. Content of total chlorophyll, chlorophylls a* and b* as well as total carotenoids in lettuce leaves
harvested produced hydroponically and exposed to different concentrations of foliar-applied NPsZnO

Treatments Cla Clb TCl Cx+c
(mg L") (ugg'dw) (ug g'dw) (ug g'dw) Cla/Clb (ugg'dw) Ct/ Cx+c
T1 923+0.70b 16.61 £0.33b | 25.82+0.53b 0.555 354+020a 7.29
T2 456+0.16¢ 10.76 +0.11 ¢ 15.33+£0.25¢ 0.423 2.57+0.12b 9.74
T3 5.64+037d 10.24+0.17 ¢ 15.89 +0.24 ¢ 0.550 237+030b 6.69
T4 452+0.29e 1631+ 153b | 20.83+1.33b 0.277 2.65+0.23b 7.86
TS 11.39+ 1.13a 21.34+0.29a | 32.73+£1.93a 0.533 2.84+0.73 ab 11.50
T6 7.56+0.70 c 15.87 £0.16 b 2344 +0.22b 0.477 3514033 6.67

Cla = chlorophyll a, Clb = chlorophyll b, TCI = total chlorophyll, Cx+c = total carotenoids.
Values followed by same literal at same column are not significant according to DMS (p < 0.05).

Peroxidase activity

POD variable shows statistical differences between the treatments. In Figure 2, it can be seen that the
plants of T3, T4 and, TS showed the highest peroxidase enzymatic activity by producing 0.42, 0.40 and, 0.53
uMol of tetraguaicol'mg” protein, 54.72% and 69.82% more activity than T1 and T2 respectively (Figure 2).
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Figure 2. Enzymatic activity of peroxidase of lettuce leaves produced hydroponically, exposed to different

concentrations of NPsZnO applied foliar
Means with the same literal are not significant according to DMS (p < 0.05)

Zinc content in plant tissue

The results obtained for the variable zinc content in the plant tissue found no statistical differences
between the treatments, however, there was 25% more concentration of the zinc content in the leaves in TS
and T6 concerning T1, while T2 had the lowest concentration of the zinc even below T1 (Figure 3).

S0

40

30

20

Zinc content (mg Kg-')

10

T T2 T3 T4 T5 T6
Treatments (mg L)

Figure 3. Effect of NPsZnO on the Zn content in the plant tissue of lettuce produced in a hydroponic
system
Means with the same literal are not significant according to DMS (p < 0.05).

Discussion

NPsZnO applications have shown positive effects on the commercial quality and nutraceutical quality
of some horticultural species (Goswani and Mathur, 2019). In the present work, the application of NPsZnO
slightly promoted the growth and development of lettuce reflected in the area leaf and biomass accumulation
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(FW and DW); this increase coincides with that reported by Song and Kim (2020) in lettuce and carrots
treated with NPsZnO applied to the substrate in concentrations of 1 to 100 mgkg" of the substrate. Méndez-
Argiiello ez al. (2015 and 2016) promoted the growth and increased of dry biomass by foliar-applied NPsZnO
15 days after germination in chili plants.

The NL in the lettuce treated with NPsZnO increased as it did on an onion crop that registered a greater
number of leaves due to the fortnightly application of NPsZnO at concentrations between 10 and 40 ugmL"
(Laware and Shilpa, 2014) which indicates that development was also stimulated through greater foliar
sprouting and consequently a greater leaf area (Zhao ez 4/., 2014) (Figure 1A-1C).

This could be partly responsible for the effect observed on the growth and development of lettuce plants
due to NPsZnO indirectly promoting cell division and cell elongation due to the effect of the biosynthesis
stimulation of auxin, through the precursor tryptophan, a phytohormone that plays a role in the process of cell
division and elongation (Garcia-Lopez ez 4l., 2018).

In general, the nutraceutical characteristics were positively affected by the application of NPsZnO,
which was proportional to the concentration of the applied treatments (Table 2), as was observed in Capsicum
chinense, with the increase of total phenols, total flavonoids, condensed tannins, and DPPH antioxidant
capacity (Garcfa-Lépez et al., 2019). A higher concentration of total phenols and flavonoids was observed in
those treated with NPsZnO. Some studies have shown that metal nanoparticles can act as elicitors that
stimulate the production of secondary metabolites, among which are polyphenols (Hatami and Nagdhi, 2019),
as has been proven in different studies and species such as Cucumis melo (Shah et al., 2021) and Brassica oleracea
var. Italic (Awan ez al., 2021).

Despite the increase in phenolic compounds and flavonoids, it was not reflected in an increase in
antioxidant capacity in a clear way, and even in some treatments, it was slightly inhibited. Generally, at a higher
concentration of polyphenols, the antioxidant capacity increases, however, our results did not present this
asseveration but coincided with what was reported by Garcia-Lépez ef al. (2018) in which they did not observe
changes in the response of antioxidant capacity to the stimulation of NPsZnO in habanero pepper. This lack
of correlation could have been because phenolic acids were used to protect cellular components from possible
damage by the presence of NPs causing oxidative stress (Vecetova ez al., 2019). In lettuce, phenolic compounds
act as substrates for enzymatic oxidations responsible for browning, which reduces the visual quality of fresh
products (Singh ez 4., 2018), very common in outer leaves (Figure la-1c).

The higher content of Clb over Cla found in the lettuces is not uncommon, since it coincides with what
has been reported in others rescarch (Sapkota ez 4/., 2019), which could be explained as a natural characteristic
of the lettuces and/or the cultivation system used (use of shade mesh) reinforced by the low values obtained in
the concentration of chlorophyll (Cla, Clb, and TCl) and the Cla/Clb ratio (Table 3).

This ratio is an indicator of the functionality of the pigment in the adaptation/acclimatization process,
since Cla is present in the reaction centers of photosystems I and II, while Clb is found exclusively in the
antenna pigments, which means that at alower Cla/Clb ratio elongation of the antenna system of photosystem
IT occurs due to the shading of the leaves, which in turn is reinforced by the fact that the values of the Cle/Cx+c
ratio exceeded the 5.2 (Table 3) normal range for leaves that are under shade (Lichtenthaler ¢z al., 2013) a
common situation in most of the inner leaves of lettuce and/or the shading of the mesh used in the cultivation
system. Therefore, the exposure of lettuce to the applied NPsZnO concentrations did not demonstrate neither
physiological stimulus nor phytotoxicity affecting the chlorophyll content or carotenoids content of the treated
plants.

The application of NPsZnO could stimulate POD activity enzyme as part of the antioxidant system,
which acts by converting H,O,, providing protection against oxidative damage (Garcfa-Lépez, 2019; Raliya ez
al.,2017), and reducing damage to the cell membrane. It can be seen from Figure 2 that the effect of NPsZnO
on POD activity increased first in T3, T4 and T5 and then effect decreased with an increase in NPsZnO (T6).

It was demonstrated that an increased concentration of NPsZnO would improve the antioxidant activity of
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lettuce by enhancing the activity of the POD enzyme. However, at a concentration of 25 mg L™ in 5
applications, the effect of NPsZnO could be inhibited and the enhancement of POD enzyme activity would
be ineffective (Liang ez al,, 2021).

The effective assimilation of Zn is confirmed by observing an increase in the concentration in the foliar
tissue as the applied dose of the NPsZnO increases (Figure 3), coinciding with a similar increase in the sorghum

crop (Raliya et 4l., 2017) and beans (Sida-Arreola et 4l., 2017).

Conclusions

The results suggest that the biofortification of Zn through NPsZnO by foliar route presented a slight
increase in Zn in lettuce leaves, especially in the treatments with the highest concentration of NPsZnO, which
led an increase in the levels of antioxidant compounds (phenols and flavonoids), POD enzyme activity and
consequently a higher nutraceutical quality.

The commercial and visual quality of the lettuces remained unchanged even when there was a greater
accumulation of fresh and dry biomass in the lettuces treated with NPsZnO.

Detailed studies are suggested to understand the mechanism of action of nanoscale materials.
Additionally, an evaluation of its use in agriculture must be holistic in order to determine its most effective and
efficient usage.
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