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Abstract: The metabolic activity of the fruits continues even after harvest, which results in the loss of bioactive

compounds, a decrease in the quality of the fruits, softening and browning, among other negative effects. The use of

certain elements such as silicon can improve postharvest quality, since it is involved in the metabolic, physiological

and structural activity of plants, moreover can increase the quality of the fruits. In addition, nanotechnology has had

a positive impact on crop yield, nutritional value, fruit quality and can improve antioxidant activity. For these

reasons, the use of beneficial elements such as silicon in the form of nanoparticles can be a viable option to improve

the characteristics of the fruits. In the present study was evaluated the application of potassium silicate (125, 250 and

500 mg L−1) and SiO2 nanoparticles (125, 250 and 500 mg L−1) during the development of the crop. The results

showed that the application of silicon (potassium silicate and silicon nanoparticles) increased the content of total

soluble solids (up to 15.6% higher than control), titratable acidity (up to 38.8% higher than control), vitamin C (up to

78.2% higher than control), phenols (up to 22% higher than control), flavonoids (up to 64.6% higher than control),

and antioxidant activity in lipophilic compounds (up to 56.2% higher than control). This study suggests that the use

of silicon can be a good option to increase the content of bioactive compounds in cucumber fruits when they are

applied during the development of the crop.

Introduction

Cucumber (Cucumis sativus L.) is one of the most commonly
produced crops worldwide, and it has great value since it can
be consumed fresh or processed. The fruits are used as a salad,
they also have benefits for human health due to the content of
biocompounds such as vitamins C, A and B complex, among
others (Lim, 2012). However, after the harvest, a deterioration
of the quality of the fruits begins, since the living tissues
continue with their biological processes such as respiration
(Gouda et al., 2020). In particular, cucumbers have a short
shelf life, and quality decreases after harvest as the fruits

lose a lot of moisture and are highly susceptible to physical
damage during handling and storage (Maleki et al., 2018). A
factor of great importance during postharvest is the content
of bioactive compounds, but these can be degraded due to
changes at the physiological level that the fruits maintain,
such as respiration, which triggers oxidative reactions (Jia et
al., 2018). For this reason, it is very important to look for
management alternatives that allow increasing the quality of
the fruits and especially the content of bioactive compounds
during postharvest.

Silicon (Si) is the second most abundant element on the
surface of the earth’s crust and in soils, it is present in various
forms, especially quartz, silicates and oxides. The extractable
forms of Si in the soil include amorphous Si, active Si and
water-soluble Si, the latter being the only one in which it
can be available to plants (Khan et al., 2021), since in the
liquid phase of the soil, it is mainly found as monosilicic
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acid (H4SiO4) (also known as orthosilicic acid) and its
concentration ranges between 0.1 and 0.6 mM. This element
is involved in metabolic, physiological and structural activity
in higher plants exposed to abiotic and biotic conditions
(Thakral et al., 2021). Moreover, silicon has shown positive
mechanical and physiological effects in plants, such as,
increase resistance to strong wind and rain, promote the
tolerance against drought, alleviation of salt stress, and
improved the K and Ca absorption, which are fundamental
elements in postharvest quality (Guntzer et al., 2012; Savvas
and Ntatsi, 2015). Silicon also stimulates the antioxidant
defense system, increasing the production and accumulation
of enzymatic and non-enzymatic antioxidants in plants
(Savvas and Ntatsi, 2015). Therefore, the use of this element
during the production of different crops can positively
impact the postharvest quality and shelf life of the fruits.

Nanotechnology can be applied from the production of
crops to the processing and storage of vegetables, and other
products during postharvest. It is known that nanomaterials
(NMs) can increase crop yield, nutritional value, fruit
quality, antioxidant activity and consequently the value of
the products (Fu et al., 2014). Due to their size (1–100 nm),
nanoparticles (NPs) can cross cell walls in various ways:
endocytosis, pore formation, carrier proteins or through
plasmodesmata (Zuverza-Mena et al., 2017). NPs are
considered to have stimulating effects to induce antioxidant
compounds, through the stimulation of the production of
reactive oxygen species (ROS), which activate the defense
system of the plant, which results in the production of
antioxidant compounds (Fu et al., 2014). This can directly
modify the quality of the fruits, especially the content of
bioactive compounds during the postharvest life
(Hernández-Fuentes et al., 2017).

Therefore, the objective of the work is to evaluate the
effect of potassium silicate and SiO2 NPs on the postharvest
behavior of this crop.

Materials and Methods

Experimental development and treatments
Cucumber fruits of the variety “Vitaly” (Syngenta AG,
Switzerland) were used as plant material. This is a slicer type
cucumber, parthenocarpic, dark green, strong and vigorous
plant adapted to conditions in Mexico. The plants to obtain
the fruits were established in a multi-tunnel greenhouse, with
a polyethylene cover. The average of maximum temperature
was 35°C and minimum 10°C, relative humidity of 40–90%,
PAR maximum of 1600 µmol m−2 s−1, and 380 ppm of CO2

concentration. A mixture of peat moss and perlite (1:1) was
used as substrate, the irrigation system was directed, and a
Steiner solution was used for plant nutrition (Steiner, 1961).
The Peat Moss (PREMIER®) is a moss that belongs to the
Sphagnum genus, with a high water retention capacity, and a
pH between 5.5 and 6. The expanded mineral perlite
(HORTIPERL®), is an inert substrate, free of salts, neutral pH
with high aeration capacity.

The treatments consisted in the application of two forms
of silicon (potassium silicate and SiO2 nanoparticles) in the
plants. The SiO2 NPs of 10–20 nm size had a spherical
morphology, a surface area of 160 m2 g−1, and a bulk

density of 0.08–0.1 g cm−3 (SkySpring Nanomaterials Inc.,
Houston, TX, USA).

Seven treatments were applied as follows (Table 1):
T0 = Control, T1 = K2SiO3 at 125 mg L−1 (KS 125),
T2 = K2SiO3 at 250 mg L−1 (KS 250), T3 = K2SiO3 at 500 mg L−1

(KS 500), T4 = SiO2 NPs at 125 mg L−1 (Si NPs 125), T5 = SiO2

NPs at 250 mg L−1 (Si NPs 250), and T6 = SiO2 NPs at
500 mg L−1 (Si NPs 500).

The application of the treatments was made through
foliar application in plants at intervals of 15 days, starting
15 days after they emerged, and making a total of five
applications during development of crop.

Physicochemical characteristics of the fruits
The fruit quality variables were evaluated in 6 fruits per
treatment to determine the behavior of the variables during
the shelf life, for which three sampling times were taken: (1)
at harvest time, (2) at five days after harvest, and (3) ten
days after harvest. The fruits were chosen considering the
same size and state of commercial maturity, and it was
verified that they had no damage. The fruits were stored at
room temperature of 20 ± 1°C.

The percentage of weight loss by physiological activity was
calculated. Potential of hydrogen (pH) was determined using a
digital potentiometer (HI 98130, HANNA®). The total soluble
solids (TSS, °Brix) were obtained with a refractometer (1940,
ATAGO®), and the percentage of titratable acidity was
determined according to the methodology of AOAC (AOAC,
1990), expressing the data as a percentage of citric acid
(% CA). The firmness of the fruit was determined with a
manual penetrometer (WAGNER INSTRUMENTS, model
FDK 20, Greenwich, CT, USA). For this, measurements were
made at three different points of the fruit and the average
was obtained for each sample.

Bioactive compounds and antioxidant capacity
Fruit samples used to determine bioactive compounds and
antioxidant capacity were sliced and stored in a −80°C deep
freezer (3003 Ultrafreezer Thermo Scientific, USA). They
were then lyophilized for 72 h at −84°C and 0.060 mbar in a
lyophilizer (Labconco, FreeZone 2.5 L model, Kansas City,
Mo, USA). Once the samples were lyophilized, they were
ground manually in a porcelain mortar.

The vitamin C content was determined by the titration
method with 2,6 dichlorophenolindophenol (Padayatty

TABLE 1

Treatment’s description

Form of silicon Treatment Concentration

Control 0.0 mg L−1

Potassium silicate (K2SiO3) KS 125 125 mg L−1

KS 250 250 mg L−1

KS 500 500 mg L−1

Silicon nanoparticles (SiO2 NPs) Si NPs 125 125 mg L−1

Si NPs 250 250 mg L−1

Si NPs 500 500 mg L−1
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et al., 2003), expressing the results in mg 100 g−1 of fresh
weight (FW). Glutathione quantification was performed
using the spectrophotometric technique of (Xue et al.,
2001), expressing the results in mmol 100 g−1 of dry weight
(DW). The determination of phenols was carried out by the
Folin-Ciocalteu method (Singleton et al., 1999), expressing
the results in equivalent milligrams of gallic acid per 100 g
of dry weight (mg of EGA 100 g−1 DW). Determination of
flavonoids content was carried out by the method of
(Arvouet-Grand et al., 1994), expressing the results in
equivalent milligrams of quercetin per 100 g of dry weight
(mg EQ 100 g−1 DW).

The antioxidant capacity was determined by the radical
ABTS [2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid)] (Re et al., 1999), expressing the results as Trolox
equivalents in µmol per gram of dry weight (µmol g−1 DW).
An extraction was carried out for lipophilic compounds,
with a hexane: acetone solution. For hydrophilic compounds
the extraction was carried out with phosphate buffer pH 7.0
(0.1 M). Total antioxidant capacity was de sum of both
compounds.

Statistical analysis
The experiment was set up using a completely randomized
experimental design. A total of seven treatments and six
replicates per treatment were considered. For the statistical

analysis was used the statistical program InfoStat (2016)
with the analysis of variance and a Fisher’s Least Significant
Difference means test were performed (α = 0.05).

Results

Significant differences in TSS were found in the fruits treated,
at the time of harvest the KS 125 treatment showed a
concentration of TSS 8.5% higher than the control. Besides,
after five days of storage an increase in TSS is observed,
with a higher concentration being found in the control.
However, ten days of storage, only the KS 250 treatment
presents a concentration 15.6% higher than control (Fig. 1).

Significant differences were shown in titratable acidity.
The highest acidity was observed in Si NPs 250 and Si NPs
500 treatments, being in the increase 28.8% and 27.8%
higher than the control. However, at five days of storage
there were not differences between treatments. At ten days
of storage, the Si NPs 250 treatment showed an increase of
38.8% titratable acidity comparatively to the control (Fig. 2).

Hydrogen potential (pH) results did not show statistical
differences between the treatments applied in plants (Fig. 3).

On the other side, differences were found between
treatments in the firmness of the fruits. At the time of
harvest the greatest firmness was found in the Si NPs 250
treatment, presenting an increase about 22.5% than the

FIGURE 1. Content of total soluble solids
(°Brix) in cucumber fruits of plants treated
with K2SiO3 and SiO2 NPs. The fruits
were evaluated at harvest time, 5 and
10 days of storage at room temperature
20°C ± 1. Different letters indicate
significant differences according to the
Fisher’s LSD test (α = 0.05). n = 6 ±
standard error. KS 125, 250 and 500:
K2SiO3 at 125, 250 and 500 mg L−1. Si
NPs 125, 250 and 500: SiO2 NPs at 125,
250 and 500 mg L−1.

FIGURE 2. Titratable acidity (% citric acid)
in cucumber fruits of plants treated with
K2SiO3 and SiO2 NPs. The fruits were
evaluated at harvest time, 5 and 10 days of
storage at room temperature 20°C ± 1.
Different letters indicate significant
differences according to the Fisher’s LSD
test (α = 0.05). n = 6 ± standard error. KS
125, 250 and 500: K2SiO3 at 125, 250 and
500 mg L−1. Si NPs 125, 250 and 500: SiO2

NPs at 125, 250 and 500 mg L−1.
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control, contrarily at five days of storage, the control showed
the greatest firmness. While at day ten, the treatments Si NPs
125, KS 125, KS 500 and the control had the highest firmness
(Fig. 4).

Differences in physiological weight loss of the fruits were
observed between treatments (Fig. 5). Data did not show
significant differences between treatments at five days of
storage. While at ten days of storage, the greatest weight loss
was recorded by Si NPs 125 treatment, being this loss of 43%
more than the control. Results showed that the control was the
only one that showed the least weight loss throughout storage.

In vitamin C content, differences were observed between
treatments (Fig. 6). At the time of harvest the control had the
highest vitamin C content but after five days of storage, was
the KS 125 treatment that presented an increase of 78.2%
comparatively to the control. Moreover, at ten days of
storage, the Si NPs 250 treatment presented 70.1% more
vitamin C than the control.

Significant differences were observed in the content of
glutathione (Fig. 7). After five days of storage the Si NPs 125,
Si NPs 250 and the control treatments presented the highest
concentration of this compound. However, after ten days of
storage, the control presented the highest concentration.

Significant differences between treatments were observed
in phenol content (Fig. 8). Results showed that after five days

of storage, the Si NPs 250 treatment presented a concentration
of 13.04 mg g−1 DW, which representing an increase of 22%
higher than the control. At ten days of storage, the Si NP
250 and KS 500 treatments had a concentration of 12.32
and 12.0 mg g−1 DW, representing an increase of 15.1% and
12% more than the control. It was observed that during
storage phenols have a tendency to decrease as the time
after harvest increase; however, some treatments (Si NPs
250 and KS 500) cause an increase as the storage time
increases.

Fig. 9 showed significant differences between treatments
in flavonoid content. In general, it was observed that
flavonoids decrease as storage time progresses. However,
at the time of harvest the Si NPs 125 treatment
presented 35.7% more flavonoids content than the control.
At five days of storage, the KS 125 and Si NPs 250
treatments recorded and increase of 52.4% and 64.6% more
than fruits without silicon. At ten days of storage, the KS
125, KS 500 and control treatments presented the higher
contents.

Differences were obtained in the antioxidant capacity of
the cucumber fruits determined through the radical ABTS
(Table 2). In the hydrophilic compounds at the time of
harvest the KS 250 and Si NPs 500 treatments show values of
100.8 µmol g−1 DW, representing an increase of 106% more

FIGURE 3. Potential of hydrogen (pH) in
cucumber of plants treated with K2SiO3

and SiO2 NPs. The fruits were evaluated at
harvest time, 5 and 10 days of storage at
room temperature 20°C ± 1. Different
letters indicate significant differences
according to the Fisher’s LSD test
(α = 0.05). n = 6 ± standard error. KS 125,
250 and 500: K2SiO3 at 125, 250 and
500 mg L−1. Si NPs 125, 250 and 500: SiO2

NPs at 125, 250 and 500 mg L−1.

FIGURE 4. Firmness (kg cm−2) in
cucumber fruits of plants treated with
K2SiO3 and SiO2 NPs. The fruits were
evaluated at harvest time, 5 and 10 days of
storage at room temperature 20°C ± 1.
Different letters indicate significant
differences according to the Fisher’s LSD
test (α = 0.05). n = 6 ± standard error. KS
125, 250 and 500: K2SiO3 at 125, 250 and
500 mg L−1. Si NPs 125, 250 and 500: SiO2

NPs at 125, 250 and 500 mg L−1.
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than the control. After five days of storage, a decrease in the
antioxidant capacity was observed in all treatments, except
control and the KS 500 treatment. While after ten days
of storage, an increase in the antioxidant capacity is observed,
being the KS 250 treatment which recorded the higher
activity (82.9 µmol g−1 DW) with 5.2% more than the control.

In the lipophilic compounds, at the time of harvest the
highest antioxidant capacity was observed in the KS 500 and
Si NPs 125 treatments and in the control. After five days of
storage, the Si NPs 250 treatment showed values of
93.8 µmol g−1 DW representing an increase of 24.3% more
antioxidant capacity than the control. After ten days of

FIGURE 6. Content of vitamin C
(mg 100 g−1 FW) in cucumber fruits of
plants treated with K2SiO3 and SiO2 NPs.
The fruits were evaluated at harvest time,
5 and 10 days of storage at room
temperature 20°C ± 1. Different letters
indicate significant differences according
to the Fisher’s LSD test (α = 0.05). n = 6 ±
standard error. KS 125, 250 and 500:
K2SiO3 at 125, 250 and 500 mg L−1. Si
NPs 125, 250 and 500: SiO2 NPs at 125,
250 and 500 mg L−1.

FIGURE 7. Content of glutathione (GSH,
mmol 100 g−1 DW) in cucumber fruits of
plants treated with K2SiO3 and SiO2 NPs.
The fruits were evaluated at harvest time,
5 and 10 days of storage at room
temperature 20°C ± 1. Different letters
indicate significant differences according
to the Fisher’s LSD test (α = 0.05). n = 6 ±
standard error. KS 125, 250 and 500:
K2SiO3 at 125, 250 and 500 mg L−1. Si
NPs 125, 250 and 500: SiO2 NPs at 125,
250 and 500 mg L−1.

FIGURE 5. Physiological weight loss (%) in
cucumber fruits of plants treated with
K2SiO3 and SiO2 NPs. The fruits were
evaluated at harvest time, 5 and 10 days of
storage at room temperature 20°C ± 1.
Different letters indicate significant
differences according to the Fisher’s LSD
test (α = 0.05). n = 6 ± standard error. KS
125, 250 and 500: K2SiO3 at 125, 250 and
500 mg L−1. Si NPs 125, 250 and 500: SiO2

NPs at 125, 250 and 500 mg L−1.
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storage, the KS 250 and Si NPs 250 treatments presented
values of 64 µmol g−1 DW, representing an increase of 67%
than the untreated plants.

The total antioxidant capacity at harvest was better in the
treatments KS 125, KS 250, Si NPs 125 and Si NPs 500, with an
increase of 56.1%, 46.4%, 59.7% and 56.2% respectively
compared to the control. After five days of storage, the KS 500

treatment and the control had the highest total antioxidant
capacity. At ten days of storage, the KS 250 treatment showed
the highest antioxidant capacity, being 33.2% more than the
control. These results suggests that the most of silicon treatments
induce a greater antioxidant capacity in the cucumber fruits at
the time of harvest, however, only the KS 250 treatment can
maintain this capacity for the longest period of time.

FIGURE 8. Content of phenols
(mg 100 g−1 DW) in cucumber fruits of
plants treated with K2SiO3 and SiO2 NPs.
The fruits were evaluated at harvest time,
5 and 10 days of storage at room
temperature 20°C ± 1. Different letters
indicate significant differences according
to the Fisher’s LSD test (α = 0.05). n = 6 ±
standard error. KS 125, 250 and 500:
K2SiO3 at 125, 250 and 500 mg L−1.
Si NPs 125, 250 and 500: SiO2 NPs at 125,
250 and 500 mg L−1.

FIGURE 9. Content of flavonoids (mg 100
g−1 DW) in cucumber fruits of plants
treated with K2SiO3 and SiO2 NPs. The
fruits were evaluated at harvest time, 5
and 10 days of storage at room
temperature 20°C ± 1. Different letters
indicate significant differences according
to the Fisher’s LSD test (α = 0.05). n = 6 ±
standard error. KS 125, 250 and 500:
K2SiO3 at 125, 250 and 500 mg L−1. Si
NPs 125, 250 and 500: SiO2 NPs at 125,
250 and 500 mg L−1.

TABLE 2

Antioxidant capacity (µmol g−1 DW) of cucumber fruits treated with K2SiO3 and SiO2 NPs

Treatments Hydrophilic Lipophilic Total

Harvest 5 days 10 Days Harvest 5 days 10 days Harvest 5 days 10 days

Control 48.8 e 83 a 78.8 ab 68.4 a 73 b 38.6 bc 97.9 c 154.9 a 117.5 bc

KS 125 91.1 b 71.2 ab 81 ab 61.8 ab 30.6 d 50 ab 152.9 a 102.3 c 131.1 b

KS 250 100.8 a 46.1 cd 82.9 a 42.4 cd 67.8 b 64.7 a 143.4 a 114 bc 156.7 a

KS 500 62.8 d 81.1 a 80.2 ab 68.5 a 60.1 bc 31.2 c 134.1 ab 141.1 a 112.4 c

Si NPs 125 89.7 b 58.1 bc 74.1 bc 66.5 a 33.86 d 44.8 bc 156.4 a 92 c 118.9 bc

Si NPs 250 77.64 c 40.9 d 68.9 c 36.4 d 90.8 a 64.1 a 114.5 bc 134.7 ab 133.1 b

Si NPs 500 100.7 a 55.3 bcd 78.3 ab 52 bc 45.4 cd 45.4 bc 152.9 a 104.7 c 123.8 bc
Note: Different letters per column indicate significant differences according to Fisher’s LSD test (α = 0.05).
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Discussion

An increasing trend was observed in TSS and titratable acidity
as storage time passed. This is because TSS increase as the fruit
ripens, due to the degradation and biosynthesis of
polysaccharides and the accumulation of simple sugars
(Ghasemnezhad et al., 2011). Some studies have shown that
Si participates in the regulation and accumulation of soluble
sugars and carbohydrates, which are an important factor for
the quality of the fruits, since they determine the flavor
(Peris-Felipo et al., 2020). In addition, these compounds
serve as osmoprotectors, carbon sources and free radical
scavengers in plants (Hassan et al., 2021). Zhu et al. (2016)
showed that the application of 0.3 mM Na2SiO3 in the
nutrient solution increased the content of soluble sugars
(glucose, sucrose and fructose) in cucumber plants. Data
was corroborated by Peris-Felipo et al. (2020) who reported
the increase in glucose and fructose content in strawberry
fruits (Fragaria x ananasa Duch. var. Fortuna), with the
foliar and drench application of 1.5 mM SiO4H4. Moreover,
Hu et al. (2022) referred the increase of sucrose and fructose
in cucumber fruits when applied foliarly 1 mM of Na2SiO3.

Acids evaluated for titratable acidity serve as an energy
reserve and participate in metabolic reactions for the
synthesis of pigments, enzymes and other materials, as well
as in the degradation of pectins and celluloses that are
essential for the maturation processes (Ghasemnezhad et al.,
2011). Therefore, titratable acidity is expected to increase
with storage time and it results in a higher quality of the fruits.

In the present study, the application of Si NPs induced a
greater firmness at harvest time. This is very important
because one of the main problems in the quality of the
fruits during postharvest is the respiration rate, which
induces the “softening” of the tissues due to the loss of
water and the decomposition of organic molecules
(Gundewadi et al., 2018). When the water of the fruits is
lost by 5–10%, most of the fruits are no longer commercial,
in addition to loss of firmness, texture, flavor, accelerated
senescence, susceptibility to cold damage, and membrane
disintegration, and promotes “browning” (Lufu et al., 2020).

As in this study, Karagiannis et al. (2021) demonstrated
that foliar application with 20 kg ha−1 of SiO2 in apple trees
(Malus x domestica Borkh) increased fruit firmness. On the
other side, Shalaby et al. (2021) verified that foliar
application with 200 mg L−1 of Si NPs to cucumber plants
induced an increase in fruit firmness. Mahmoud et al.
(2022) observed the increase in firmness of potato tubers
(Solanum tuberosum L.) when applying 20 and 55 mg L−1 of
Si NPs in the nutrient solution.

Silicon is referred as an element that promotes fruit
firmness because it plays an important role in stabilizing the
cell wall, by promoting the formation of a double layer of
silica in the cuticle, which reduces water loss through
transpiration (Luyckx et al., 2017). This element also
stimulates the deposition of cellulose and hemicellulose that
reinforce cell walls and delays the softening process
(Głazowska et al., 2018). Moreover, plays an important role
in stabilizing the cell wall, protecting it from degrading
enzymes, such as polygalacturonase, β-galactosidase, and
pectin methylesterase (Karagiannis et al., 2021).

In this study it can be observed that the longer the storage
time, the greater the loss of weight and firmness of the fruits
(Kumar et al., 2021; Li et al., 2021). Over the time after
harvest the fruits mature as part of their natural physiology,
transpiration and respiration progress, and the fruits
gradually lose water and firmness, decreasing their quality
parameters (Kumar et al., 2021).

The content of bioactive compounds (such as vitamins,
phenols, flavonoids, etc.) in cucumber fruits is one of the
most important characteristics of this crop, so keeping them
longer during postharvest is essential. For example, in our
study was observed a higher vitamin C content in all Si
treatments. Vitamin C is of great importance since humans
must ingest vitamin C through rich sources such as fruits
because the human body does not have the ability to
produce it (Padayatty et al., 2003). Glutathione is one of the
crucial non-enzymatic antioxidant compounds involved in
defending against oxidative stress. In human health, it is
important to maintain adequate levels of this compound to
prevent health problems, since low levels have been
associated with an increased risk of cancer, cardiovascular
diseases, arthritis, diabetes, among others (Kalaras et al., 2017).
Phenols are antioxidants that activate a series of secondary
metabolites synthesized through the shikimic acid or malonic
acid pathway, which exert cellular signaling functions under
conditions of abiotic stress (Michalak, 2006). These
compounds are a group of structurally diverse plant secondary
metabolites that include terpenoids, phenylpropanoids,
cinnamic acids, lignin precursors, hydroxybenzoic acids,
catechols, coumarins, flavanoids, isoflavanoids, and tannins.
Flavonoids in turn can be classified into flavones, flavonols,
flavanones, isoflavones and anthocyanins (Fraga et al., 2019).
They are a large and diverse group of low molecular weight
secondary polyphenolic metabolites in plants and are related to
stress (Klunklin and Savage, 2017). These compounds give the
antioxidant capacity in fruits due to the reduction of oxidative
changes in cells by reducing the levels of free radicals, they also
have beneficial effects on cardiometabolic health and on
cognitive functioning, they also have antidiabetic, anti-obesity
and anticancer (Fraga et al., 2019; Klunklin and Savage, 2017).
Therefore, an increase in the content of these compounds in
food is beneficial for human health.

In this study, silicon in both forms of application induced
positive responses, which could be enhanced with the
application of Si NPs. This responses are because silicon (Si)
can be involved in metabolic and physiological activity, and
is associated with the components of cell walls so it can
function as an elicitor (Savvas and Ntatsi, 2015). While
NMs can stimulate the formation of ROS, which in turn
activates the defense system of the plant, generating
enzymatic and non-enzymatic antioxidant compounds
(Juárez-Maldonado et al., 2021).

As observed here, it is known that nanomaterials during
the development of crops can improve postharvest quality due
to the changes it induces at the physiological level, it can
improve the shelf life of crops, increasing the antioxidant
system of plants and fruit (Achari and Kowshik, 2018).
Also, the application of NMs in postharvest has positive
effects, since semi-permeable barriers can form that
inhibiting decomposition, reducing intracellular electrolyte
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leakage, lower respiration rate that results in lower weight and
water loss (Shah et al., 2015).

The application of Si NPs can reduce lipid peroxidation
preserving the integrity of the membrane through the
activation of the antioxidant system (El-Serafy, 2019). The
application of nano-calcium on apple trees (Malus
domestica L. cv. Red Delicious) reduced the enzymatic
activity of polygalacturonase, pectin methyl esterase and β-
galactosidase, these enzymes are related to the hydrolysis of
the cell wall that cause softening in climacteric fruits. Also,
the application of nano-calcium could stabilize the cell
membrane, maintaining the structure-rigidity-firmness of
the cell wall of the fruit, derived from a greater penetration
and better absorption of NPs, and as a result could reduce
respiration, metabolism, and ethylene production, and
hydrolysis of polysaccharides to monosaccharides (Ranjbar
et al., 2018). The spraying of Zn nano-chelate on apple trees
(Malus domestica L. cv. Delbard Estival and cv. Kohanz) in
3–4 weeks prior to harvest induces an improvement in the
postharvest quality of fruits, increasing the content of
ascorbic acid and SOD as well as a reduction of polyphenol
oxidase (Rasouli and Saba, 2018). The application of Se NPs
(3 and 10 mg L−1) on tomato seedlings (Solanum
lycopersicum L.) increased the antioxidant capacity (catalase
and peroxidase), as well as ascorbic acid, non-protein
thiols, soluble phenols and higher enzymatic activity
phenylalanine ammonia lyase, which could lead to a longer
postharvest longevity of the fruit as well as a higher
concentration of Se (biofortification) (Neysanian et al.,
2020). Cu NPs in chitosan-polyvinyl alcohol (PVA)
hydrogels before transplantation of jalapeño pepper plants
(Capsicum annuum L.) they produce an improvement in
the antioxidant activity of the fruit, which may a response
to the stress caused by these compounds (Pinedo-Guerrero
et al., 2017). These reports, like what was observed in this
study, show that the use of nanomaterials positively
influences the quality of the fruits, since it can improve the
content of bioactive compounds and can also improve the
shelf life of the fruits.

Antioxidants have an essential role in the shelf life of food,
inhibit or prevent the oxidation of lipids and protect valuable
food components such as proteins and vitamins (Rizwan et
al., 2017). In addition to this, the antioxidant capacity is
given by different types of antioxidants, either hydrophilic in
nature such as vitamin C or lipophilic such as β-carotene, the
most important with antioxidant activity being phenolic
compounds, flavonoids and carotenoids (Arnao et al., 2001).
Maintaining this antioxidant capacity in the fruits for a
longer time after harvest is very important, since the
nutritional quality of these is maintained, which has potential
positive effects on human health.

Conclusions

The application of silicon in both forms had a positive effect on
the postharvest quality of the cucumber fruits, increased the
content of TSS, titratable acidity, vitamin C, maintaining their
firmness during storage, increasing the quality of the fruits.

The present study suggests that Si treatments in ionic form
and in NPs form had a positive effect on the antioxidants

production, increasing the content of phenols, flavonoids and
the antioxidant activity of lipophilic compounds.

The application of silicon in cucumber plants induces
positive responses. Also, Si NPs are better than potassium
silicate. However, for its use in agriculture, several aspects
must be considered, such as the concentration used, and the
possible transfer of nanomaterials in food chains.
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