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Abstract: Aloe vera L. is a perennial drought-tolerant plant that is commonly used in the pharma-
ceutical, food, and cosmetic industries. To evaluate the effects of the foliar application of KNO3,
nano-Zn, and Fe (0 and 2 mgL−1) on Aloe vera plants under NaCl salinity stress (0, 50, 100 mM),
a factorial experiment was conducted based on a completely randomized design. The results revealed
that foliar applications influenced the root dry weight. The chlorophyll b content was affected by
the salinity plus the foliar application. The total soluble solids content, chlorophyll a, phenolics, and
flavonoids of the leaves, the gel content, catalase and superoxide dismutase activity, malondialdehyde,
proline, and mineral nutrients content were impacted by the treatments as well. The highest values
for the gel content (0.37 g per leaf) and plant dry weight (13.1 g per pot) were recorded at 0 mM
NaCl + KNO3 + nano-Fe. The top K/Na ratio (35.2), and the largest K (69 g kg−1), P (6.6 g kg−1), Ca
(31 g kg−1), and Mg (2.5 g kg−1) contents were recorded after the 0 mM NaCl + KNO3 treatment.
The highest Fe content (383 g kg−1) was observed with 0 mM NaCl + nano-Fe treatment, and the
maximum Zn content (37.6 mg kg−1) was measured after the 0 mM NaCl + nano Zn treatment.
One hundred mM NaCl increased the malondialdehyde and Na contents. The largest amount of
catalase activity was measured after the 50 mM NaCl + KNO3 + nano-Zn treatment. Salinity stress
had adverse effects on the growth and physiological responses of Aloe vera. However, the foliar
application of KNO3, nano-Zn and Fe mitigated the damaging effects of salinity. The results from
more detailed studies would be advisable for pioneer farmers and the agricultural sector.

Keywords: minerals content; malondialdehyde; proline; chlorophyll; catalase

1. Introduction

Salinity is a major environmental stressor affecting plant growth and productivity [1].
Accumulating ions such as sodium, magnesium, and chloride in the root zone imposes
a salinity stress on plants [2]. Under saline conditions, with an increasing degree of sodium
entry into the cell, the plants’ potassium uptake and potassium/sodium ratio considerably
decline [3]. Salinity stress causes a disturbance in the plant’s energy metabolism by inducing
the over-generation of oxygen free radicals in the chloroplasts and the mitochondria,
thereby drastically impacting the growth potential and crop yield (as a result of damage
that occurs to the proteins, lipids, and the disruption of normal cell metabolism) [4]. Under
stress conditions, crosstalk must be addressed between the energy that is generated from
the mitochondria and the chloroplasts, the demand for water, ion transfer, and osmotic
adjustment in the plants [5]. The appropriate nutrition of plants, especially in terms of
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micronutrients, is essential in increasing the plant’s resistance to stress factors. Nano-
fertilizers have found widespread applications in the agricultural sector due to the rapid
effectiveness of these particles and the corresponding reduction of environmental pollution
arising from the significant inputs of their common forms [6].

Moreover, the cations’ foliar application is reported to increase the antioxidant activity
and detoxify the oxidative stress products/effects through the increased enzymatic activities
and proline accumulation [7]. Fe is an essential element that is required by the plant
that plays a critical role in the chloroplasts’ function, photosynthesis, enzymatic activity,
nitrogen metabolism, and plant respiration [7,8]. Zinc is also another essential micronutrient
that plays crucial actions in the metabolism of nucleic acids, cell division, carbohydrate
metabolism, and tryptophan biosynthesis [9]. Under salt stress, zinc significantly reduces
sodium chloride’s negative effect by preventing the absorption or transfer of those toxic
ions [3,9]. Potassium is crucial in regulating stomata opening, keeping the correct K+/Na+

ratio, photosynthesis, osmotic adjustment, and activating antioxidant enzymes [10]. In
Mentha spicata, a foliar treatment with Zn and K under a salinity condition reduced the
stress depression on plants. The salinity conditions reduced the stomatal conductance,
photosynthesis rate, yield, and the K and Ca contents. Foliar Zn and K application improved
all of the before-mentioned traits by mitigating the salinity effects [7]. The nano-Fe foliar
treatment of salinity-exposed grapevine plants along with soil-based graphene oxide use
revealed, that the Fe treatment improved the catalase activity yield and nutrients uptake in
the plants [11].

Aloe vera L. is an evergreen plant from the Liliaceae family that is widely used in
traditional medicine and the pharmaceutical, cosmetic, hygienic, and food industries.
The therapeutic importance of this plant is, in the main part, due to a gel-like substance
that is inside leaves which contains polysaccharides such as glucomannan, galactan, and
aloin [12] sugars, lipids, proteins, amino acids, organic acids, lignins, saponins, and phenolic
compounds [13–15]. Since salt stress has become one of the most critical problems in the
world’s arid and semi-arid regions, mitigating the salinity depressions on the neighboring
plants and retaining their yield and quality attributes is crucial. The present study evaluated
the foliar application of potassium nitrate, Zn, and Fe nanoparticles on Aloe vera plants’
growth and physiological responses under saline-sodic conditions.

2. Materials and Methods
2.1. Plant Materials

This experiment was conducted during the spring and summer of 2020 at the Research
Greenhouse of Azarbaijan Shahid Madani University, Tabriz, Iran. The greenhouse growing
conditions were as follows: lighting period: 16:8, day and night; temperature regime: 30 ◦C
and 25 ◦C in the daytime and nighttime, respectively; relative humidity of approximately
65 ± 5%. Homogenous Aloe vera plants (25–30 cm height) that had 4–5 leaves were planted
in pots (5 L) that were filled with medium-sized perlite and cocopeat (1:1). The plants
were nourished with half-strength Hoagland’s nutrient solution during the early estab-
lishing growth stage. Afterward, following a period of 3 weeks, the salinity treatments
were imposed. The salinity levels were 0, 50, and 100 mM NaCl. The addition of salts
began at 25 mM and gradually increased to reach the final level within ten days. Half-
strength Hoagland’s nutrient solution with NaCl treatments (300 mL/pot) was applied
every two days. The pots were regularly washed with tap water once weekly to avoid salin-
ity standup on the pot surfaces. Following the salinity application, the ECs of the nutrient
solutions were 2.1 mS cm−1 (0 mM NaCl), 6.0 mS cm−1 (50 mM NaCl), and 12.0 mS cm−1

(100 mM NaCl). Two repeated foliar treatments with zero and 2 mg L−1 of KNO3, magne-
tized nano-Fe, and nano–Zn (10–30 nanometer-sized from US-Nano Company, Houston,
TX, USA) were applied onto the plants. The first foliar treatment occurred simultaneously
with the salinity initiation, and the second one occurred two weeks later. Distilled water
was employed as a control treatment. Fifty days after the second foliar spray (plants had
7–8 leaves), the leaf samples were taken for morphological and biochemical assays. The
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full-sized leaves from the middle part of the plants were employed for sampling and traits
analyses. The leaves were wrapped in aluminum foil and incubated in liquid nitrogen until
the measurements were taken.

2.2. Synthesis and Characterization of Fe3O4 Magnetic Nanoparticles (Fe3O4 MNPs)

The Fourier transform infrared (FTIR) spectrum of the Fe3O4 nanoparticles was
recorded using a Vector 22 (Bruker, Ettlingen, Germany) Fourier transform infrared spec-
trometer, using KBr as the mulling agent. An x-ray diffraction analysis (XRD) of the Fe3O4
nanoparticles was carried out using a Bruker D8 Advance (Bruker AXS, Karlsruhe, Ger-
many) instrument with a Cu-Kα radiation source (1.54 Å) between 8 and 80 ◦C generated
at 40 kV and 35 mA at room temperature. An electronic analytical balance (PFB300-3,
Kern, Germany) was used for weighing the solid materials. A heater (IKA, model RHB2)
was employed to synthesize the nanomaterials. The ultrasonic treatment was carried out
using an ultrasonic bath (DSA100-SK2-4.0 L Fuzhou Desen Precision Instruments Co., Ltd.,
Fuzhou, China).

Fe (III) chloride hexahydrate (99%), Fe (II) sulfate heptahydrate (99.5%), and ammonia
solution (25%, d = 0.91 Kg L−1) were purchased from Merck (Darmstadt, Germany).
Deionized water (Ghazi Company, Tabriz, Iran) was used to prepare aqueous solutions.

For Fe3O4 MNPs, 50 mL deionized water was degassed into an ultrasonic bath for
10 min, and then 4.86 g FeCl3 6H2O and 3.34 g FeSO4 7H2O were added. The solution
was heated at 100 ◦C and vigorously stirred to dissolve the Fe salts. Then, 12 mL of
concentrated ammonia solution was rapidly added under a vigorous stirring condition.
After the reaction (2 h), the solution containing black Fe oxide MNPs was cooled at room
temperature. The precipitate was collected using a magnet and washed with a mixture
of ethanol: water (50:50, v/v). Finally, the MNPs were washed with ethanol and dried in
an oven at 80 ◦C for five hours [16].

2.3. Plant Fresh and Dry Weight

The fresh weight was recorded immediately after the harvest, and the dry weight was
measured after machine drying at 35 ◦C until a constant weight was achieved (BBI41, Beco,
Geesthacht, Germany).

2.4. Total Chlorophyll Content

According to Arnon, the chlorophylls content of the outer part of Aloe vera leaf was
determined from the acetone extract [17]. The absorbance was read spectrophotometrically
at 663 and 645 nm (T80, Shanghai, China).

2.5. Total Soluble Solids Content (TSS)

The filtered leaf extracted juice of Aloe vera was used to determine the TSS (in ◦Brix)
using a digital refractometer (Erma, Tokyo, Japan).

2.6. Total Phenolics and Flavonoids Content

The total phenolic content was determined according to the Folin-Ciocalteu procedure.
Furthermore, the flavonoids were measured by the colorimetric method (AlCl3) that was
proposed by Kim et al. [18]. The content of the total phenolics and the flavonoids were
expressed as gallic acid (mg of GAE g−1 dry weight) and rutin equivalents (mg rutin g−1

dry weight), respectively.

2.7. Malondialdehyde (MDA) Content

The MDA was measured by the thiobarbituric acid (TBA) method that was de-
scribed by Sevengor et al. [1]. A frozen leaf sample (0.2 g) was homogenized in 5 mL
of trichloroacetic acid (TCA) (1% v/m) and centrifuged at 12,000× g for 5 min. One ml of
the supernatant was mixed with 5 mL of TBA (0.5%) + TCA (4%) and warmed at 95 ◦C for
30 min. The reaction was placed on ice to stop the enzyme activity. After centrifugation
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(10,000× g for 10 min at 4 ◦C), the supernatant absorbance was read using a spectropho-
tometer (T80+, China) at 532 nm, and the values corresponding to nonspecific absorption
(600 nm) were subtracted. The lipid peroxidation products were measured as the content of
the TBA-reactive substances. The MDA content was calculated using the molar extinction
coefficient of 155/(mM cm).

2.8. Superoxide Dismutase (SOD) Activity

The SOD activity was traced by recording the enzyme’s inhibition of nitroblue tetra-
zolium (NBT) photoreduction. The reaction mixture contained 50 mM sodium phosphate
buffer (pH 7.6), 0.1 mM EDTA, 50 mM sodium carbonate, 12 mM L-methionine, 50 µM
NBT, 10 µM riboflavin, and 100 µL of plant sample extract in a final volume of 3.0 mL. The
SOD activity was recorded at 560 nm using a spectrophotometer (T80+, China). One unit
(U) of SOD activity was defined as the amount of enzymes causing 50% inhibition of the
photochemical reduction of NBT [19].

2.9. Catalase Activity

For the CAT activity, one g of frozen leaf sample was grinded in 10 mL buffer
(0.1 M phosphate buffer, pH 7.5, 0.5 mM EDTA) to prepare the extract. After filtration, the
samples were centrifuged at 4 ◦C for 20 min at 15,000× g. The supernatant was collected
and used for an assay of the catalase activity. Half of a mL of 75 mM H2O2 was added to
1.5 mL of 0.1 M phosphate buffer (PH 7) and 50 µL of diluted enzyme extract in a 3 mL
reaction mixture. The decrease in absorption was recorded at 240 nm for 60 s. The enzyme
activity was computed by calculating the amount of H2O2 that was decomposed [20].

2.10. Proline Content

The proline content was quantified by the method that was described by Bates et al. [21].
A fresh leaf sample (0.2 g) was powdered in a cold mortar with liquid nitrogen, then 5 mL
of homogenized sulfosalicylic acid (SSA) (3%) was added. Two mL of the filtered sample
were mixed with 2 mL of glacial acetic acid and 2 mL of acid-ninhydrin. The sample was
incubated at 100 ◦C water bath for 1 h. After one hour, the reaction was stopped by putting
the tube in an ice bath. Four mL toluene was added to each tube and vortexed for 15–20 s.
The absorption reduction was recorded at 520 nm, and the results were expressed as
µmol g−1 DW.

2.11. Minerals Analysis

The contents of Na and K of the leaves were quantified by the flame photometric
method (Corning, 410, London, UK). The nitrogen content was measured by Kjeldahl
digestion. Zn, Fe, and P were recorded by atomic absorption spectroscopy (Shimadzu,
AA6300, Tokyo, Japan) according to the method that was described by Honarjoo et al. [22].

2.12. Experimental Design and Data Analysis

The experiment was arranged as factorial based on a completely randomized design
with three replications. The data were subjected to a standard analysis of variance. The
values of the LSD were calculated at 1 and 5% levels of significance.

3. Results and Discussion
3.1. Characterization of Fe3O4 Magnetic Nanoparticles (Fe3O4 MNPs)

The FT-IR spectrum (Figure 1) shows a strong peak at around 582 cm−1, which is
attributed to the Fe–O bond in Fe3O4. This peak was shifted to a higher wavenumber than
the Fe–O bond peak of bulk magnetite at 570 cm−1 due to the NP’s sizes [16]. Therefore, it
indicates that Fe3O4 MNPs have been successfully synthesized.
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Figure 1. FT-IR spectrum of Fe3O4 MNPs.

Figure 2 shows the X-ray diffraction pattern (XRD) of Fe3O4 MNPs. The diffraction
peaks in 2θ region of 5–80◦ (30.007, 35.601, 43.239, 53.782, 57.372, and 63.058◦), which are
marked by their indices (220, 311, 400, 422, 511, and 440), confirmed the formation of Fe3O4
MNPs [16].
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3.2. Fresh and Dry Weight of the Leaves

The interactions that occurred due to the experimental treatments affected the fresh
and dry weights of the leaves (Table 1). The highest fresh and dry weight was obtained
in the unstressed plants that were treated with nano-Fe + KNO3, thereby indicating
a 49% increase in the plant dry weight compared to the control (Table 2). Ullah et al. [23]
and Moghbeli et al. [24] reported reductions in the dry weight of Aloe vera under salinity
stress. The foliar application of Zn and Fe nanoparticles increased the rosemary yield
by improving the photosynthetic rate and reducing the sodium ion accumulation in the
plants [25]. Salinity adversely affected the plant yield due to the decreased amount of
photosynthesis and the disorders caused by toxic ion accumulation. The photosynthesis
inhibition reduced the plant’s energy for essential metabolites’ biosynthesis, ultimately
reducing the plant growth [26,27]. The foliar application of potassium nitrate positively
affected coriander yield [28]. Under stress conditions, the increase in the expression of the
NAC genes (a special group of transcription factors) played a key action in the function of
the AhNAC4 gene in peanut plants, and by closing the stomata and improving the water-
use efficiency during the stress period, it improved the plant’s growth and the product
quality [29].
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Table 1. ANOVA for the effects of salinity stress (0, 50, and 100 mM NaCl) and foliar applications
(without spraying, potassium nitrate, ZnO, and Fe nanoparticles) on some growth-related traits and
gel content of Aloe vera plants.

S.o.V DF Root Fresh Weight Root Dry Weight Leaf Fresh Weight Leaf Dry Weight Gel Fresh Weight Gel Dry Weight

Salinity 2 280 ** 0.046 ns 18,468 ** 64.8 ** 40.6 ** 0.1 **
Treatments 6 164 ** 0.22 * 6589 ** 18.8 ** 170.1 ** 0.03 **

Salinity × Treatments 12 18.4 ** 0.019 ns 2347 ** 3.48 ** 23.8 * 0.003 *
Error 42 2.2 0.021 79 0.64 1.3 0.00

CV 10.2 15.2 6.17 10.53 6.7 9.3

ns, * and ** indicate no significant difference and significant differences at 5 and 1% probability levels, respectively.
S.o.V: source of variation; DF: degrees of freedom.

Table 2. Effect of salinity levels and foliar applications on plant weight, gel weight, proline content,
and TSS content of Aloe vera plants.

NaCl
(mM)

Treatments
(g L−1) Root FW (g) Leaf FW (g) Leaf DW (g) Gel DW (g) Gel FW (g)

Proline
(µmol g−1 DW)

Content

TSS
(◦Brix)

0

Control 9.3 ± 0.29 ji 121.8 ± 4.8 ij 6.4 ± 0.45 ik 0.11 ± 0.03 h 6.5 ± 3.3 k 35 ± 0.57 j 1.2 ± 0.14 hi
Fe-NPs 15.3 ± 0.28 df 165.0 ± 19.5 d 8.4 ± 0.78 eg 0.18 ± 0.03 e 15.3 ± 1.5 i 50 ± 0.66 i 1.8 ± 0.12 ef
Zn-NPs 11.6 ± 0.26 hi 135.0 ± 26.7 eg 8.0 ± 1.02 eh 0.17 ± 0.03 ef 15.4 ± 2.3 i 53 ± 0.48 i 1.9 ± 0.00 df
KNO3 20.0 ± 0.23 b 215.0 ± 43.8 b 10.2 ± 1.93 bc 0.27 ± 0.04 b 15.4 ± 1.7 i 62 ± 1.02 fh 2.1 ± 0.16 ce

Fe-NPs + Zn-NPs 19.0 ± 0.09 bc 181.0 ± 25.9 e 9.2 ± 1.45 ce 0.24 ± 0.03 c 16.1 ± 1.5 hi 56 ± 0.41 gi 3.1 ± 0.41 a
Fe-NPs + KNO3 25.0 ± 0.08 a 257.0 ± 36.6 a 13.1 ± 1.76 a 0.37 ± 0.04 a 27.0 ± 5.3 a 70 ± 0.68 ce 2.9 ± 0.29 a
Zn-NPs + KNO3 26.3 ± 0.08 a 170.0 ± c30.9 d 10.9 ± 1.67 b 0.29 ± 0.01 b 18.1 ± 4.5 dg 64 ± 1.17 eg 2.5 ± 0.26 b

50

untreated 8.0 ± 0.27 jk 95.0 ± l10.1 m 4.8 ± 0.51 mn 0.06 ± 0.01 j 7.4 ± 3.4 k 50 ± 1.44 i 1.1 ± 0.21 i
Fe-NPs 13.1 ± 0.21 f–h 134.0 ± 22 eg 6.8 ± 1.05 hj 0.10 ± 0.04 hi 15.0 ± 6.0 i 66 ± 0.91 df 2.0 ± 0.65 ce
Zn-NPs 12.0 ± 0.12 gh 125.0 ± 17.6 fi 6.1 ± 0.79 j-m 0.11 ± 0.01 h 18.8 ± 4.5 de 55 ± 0.93 hi 2.0 ± 0.45 ce
KNO3 14.2 ± 0.21 eg 139.0 ± 22.6 ef 8.6 ± 1.11 d-f 0.17 ± 0.01 ef 19.5 ± 6.1 cd 83 ± 0.42 ab 2.2 ± 1.11 c

Fe-NPs + Zn-NPs 13.3 ± 0.37 fh 129.0 ± 40 eh 8.3 ± 2.05 e–g 0.16 ± 0.04 ef 16.5 ± 1.9 gi 61 ± 0.88 fh 1.5 ± 0.87 gh
Fe-NPs + KNO3 14.3 ± 0.41 eg 116.0 ± 35 hk 7.5 ± 1.82 f–i 0.22 ± 0.06 d 18.6 ± 2.4 df 80 ± 0.43 a 2.1 ± 0.45 cd
Zn-NPs + KNO3 16.5 ± 0.12 de 200.0 ± 43.0 b 9.8 ± 2.16 b–d 0.22 ± 0.06 d 22.6 ± 3.6 b 60 ± 0.08 fh 1.7 ± 0.01 fg

100

untreated 5.7 ± 0.30 k 89.0 ± 7.8 m 4.3 ± 0.41 n 0.04 ± 0.01 k 9.4 ± 2.7 j 86 ± 0.82 a 1.0 ± 0.05 i
Fe-NPs 7.8 ± 0.43 jk 113.0 ± 31.7 i–k 6.8 ± 1.72 h–j 0.06 ± 0.02 j 18.2 ± 2.7 dg 80 ± 0.62 a 1.2 ± 0.29 hi
Zn-NPs 8.0 ± 0.43 jk 109.0 ± 14.9 jl 5.1 ± 0.77 l–n 0.09 ± 0.02 i 21.2 ± 4.6 bc 88 ± 0.90 a 1.1 ± 0.09 hi
KNO3 9.0 ± 0.46 j 130.0 ± 28.6 e–h 6.0 ± 1.56 i–k 0.08 ± 0.01 i 22.0 ± 6.3 b 85 ± 0.88 a 1.7 ± 0.16 fi

Fe-NPs + Zn-NPs 14.9 ± 0.51 df 106.0 ± 6.2 kl 5.4 ± 0.21 k–n 0.11 ± 0.01 gh 16.8 ± 1.9 fi 87 ± 0.74 a 1.0 ± 0.376 i
Fe-NPs + KNO3 14.0 ± 0.38 eh 160.0 ± 17.0 d 7.2 ± 0.79 g–j 0.12 ± 0.00 g 17.5 ± 0.5 eh 73 ± 1.38 cd 1.9 ± 0.25 df
Zn-NPs + KNO3 17.0 ± 0.51 cd 141.0 ± 13.4 e 6.2 ± 0.79 i–l 0.15 ± 0.03 f 18.2 ± 3.9 dg 76 ± 0.97 bc 1.1 ± 0.22 hi

L.S.D. 2.4 14.7 1.3 0.01 1.8 0.8 0.3

Different letters within each column indicate significant differences based on LSD test (p < 0.05), and the bold
data are the treatments that received the significance level of a.

3.3. Root Fresh and Dry Weight

The foliar application of nano-Fe + potassium nitrate and nano-Zn + potassium nitrate
increased the root fresh weight when the plant was under no salinity conditions (Table 2).
The roots’ dry weight was also affected by the foliar applications (Table 1). The least root
dry weight was observed in the no-foliar application (0.68 g) and foliar-treated ones with
Zn nanoparticles (0.82 g) (Figure 3). An earlier study that was conducted on Aloe vera
found that salinity stress reduced the root dry weight [24]. As known, supplying sufficient
amounts of K, Fe, and Zn increases the rate of photosynthesis and declines the stressors’
effects on plants. Photosynthesis stimulation improves the plant’s growth, especially root
growth and development. Maintaining a proper K+/Na+ ratio in the growing medium or
cellular level is essential for normal plant growth and a suitable crop yield [28,30,31].
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3.4. The Fresh and Dry Weight of the Gel

The interactions of experimental treatments affected the gel’s fresh and dry weights
(Table 1). According to the results, the gel’s highest fresh and dry weights were observed in
the 0 mM NaCl + nano Fe + KNO3 treatment (Table 2).

A notable decrease in the Aloe vera gel content was reported by Moghbeli et al. [24].
Potassium deficiency in plants drastically impacts the stomatal conductance. Disturbances
in stomatal closure result in a reduced photosynthesis rate and a lower crop yield [28]. Fe
is one of the essential nutrient elements that is required by plants, which plays a crucial
role in the activity of several enzymes and is a vital element in enhancing the chlorophyll
content. Fe enhances the plants’ photosynthesis and secondary metabolites production [31].
Increasing the chlorophyll content due to the above-mentioned treatments improves the
plant’s photosynthesis potential and increases the gel content.

3.5. Phenolics and Flavonoids Content of Leaves and Gel

Fifty mM NaCl + nano Fe + Zn, 50 mM NaCl + nano Fe + KNO3 and, 50 mM NaCl +
KNO3 increased the phenolics content of the leaves. The gel phenolic content is influenced
by the 50 mM NaCl + nano Fe + Zn; 50 mM NaCl + nano Zn + KNO3 treatment and the no
salinity + nano Fe + KNO3 treatment (Table 4).

The leaf flavonoids content was affected by the 50 mM NaCl + nano Fe + Zn treatment
and the 50 mM NaCl + nano Zn + KNO3 treatment. The gel flavonoid content was respon-
sive to the 50 mM NaCl + nano Fe + Zn treatment and the 50 mM NaCl + nano Fe + KNO3
treatment (Table 4). In a study that was conducted on Aloe vera under salinity conditions,
the phenolic content in the leaves was higher than it was in the gel. A study on rosemary
showed that the flavonoid content of the whole plant was affected by the independent
effects of salinity stress and foliar treatments. The foliar spraying with zinc nanoparticles
increased the flavonoid content of the plant [26]. Probably, the leaves’ photosynthetic
cells offered more carbohydrates for the biosynthesis of the phenolic compounds [32].
Furthermore, the phenolic content of Aloe vera plants was increased under the salinity stress
condition [33]. The foliar application with potassium nitrate under salinity increased the
grapes’ total phenolic and flavonoid content [34]. The phenolics and flavonoid compounds
are the most important secondary metabolites that are produced in plants under stress
conditions, having dominant roles in plant survival by eliminating free radicals [34,35].

3.6. Proline Content

The fifty mM NaCl + nano Fe + KNO3, 50 mM NaCl + KNO3, 100 mM NaCl + nano Fe,
Zn and KNO3, and the 100 mM NaCl + nano Fe + Zn and 100 mM NaCl + without foliar
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spray treatments had the top proline content. The lowest proline content was observed in
the control treatment (Table 2). A study on mint plants under a salinity condition showed
that the foliar application of magnetic Fe increased the proline content of the plants [36].
Another research found that the foliar application of Zn and Fe nanoparticles increased
the proline content in rosemary plants that were under salt stress conditions [25]. The
biosynthesis of organic compounds such as proline and proteins under a stress condition
is the primary defense mechanism that helps in their osmotic adjustment and maintains
the cell membranes’ integrity [36,37]. When a plant was under salinity stress, applying
potassium nitrate increased the rate of proline biosynthesis [38]. Proline reduces the harmful
effects of the hydroxyl free radicals and protects the macro-molecules like DNA and cell
membrane-anchored proteins [38].

3.7. Total Soluble Solids Content

The treatment combinations affected the total soluble solids content (Table 3). The no
salinity + nano Fe + KNO3 treatment and the 0 mM NaCl + nano Fe + Zn treatment increased
the leaf TSS content. The lowest total soluble solids content was observed in the plants that
were grown under a 100 mM salt treatment without a foliar application (Table 2). Zn foliar
application improved the net photosynthesis in Pelargonium graveolens and increased the
availability of carbon structures for secondary metabolites biosynthesis [39]. In Aloe vera
plants that were irrigated with seawater, the salinity declined the availability of N, K, and
Ca and even reduced the photosynthesis potential and greatly diminished the yield and
carbon skeletons that are essential for secondary metabolism [40]. Other studies on Moringa
peregrine [41] showed that the foliar application of Fe sulfate increased the TSS content of
the tested plants under salinity conditions. In the survey on maize, it was found that the
foliar application of Zn and Fe under salinity conditions increased the photosynthetic rate
and TSS content [42]. The osmolytes that are produced under stress conditions regulate the
osmotic potential of the cytoplasm and partially reduce the sodium accumulation in the
vacuole, thereby helping the plants to survive under harsh stressful environments [42,43].

Table 3. ANOVA for the effects of salinity and foliar applications (without spraying, potassium
nitrate, Zn, and Fe nanoparticles) on the gel and leaf phenolics, gel and leaf flavonoids, TSS, and
proline content of Aloe vera plants.

S.o.V DF Gel Phenolics
Content

Gel Flavonoids
Content

Leaf Phenolics
Content

Leaf Flavonoids
Content TSS Content Proline Content

Salinity 2 23,031 ** 2624 ** 19,018 ** 9007 ** 4.36 ** 38.30 **

Treatments 6 3737 ** 1395 ** 4321 ** 1656 ** 1.13 ** 5.20 **

Salinity × Treatments 12 1743 ** 269 * 516 ** 439 ** 0.46 ** 3.90 **

Error 42 79 28 116 53 0.03 0.24

CV 6.2 12.8 4.2 10.0 9.0 7.0

ns, * and ** indicate non-significant and significant differences at 5 and 1% probability levels, respectively.
S.o.V: source of variation; DF: degrees of freedom.

3.8. Chlorophyll Content

The chlorophyll a content was affected by the interactions of the salinity condition and
foliar applications. The highest chlorophyll a content was observed in the nano-Zn + KNO3
and nano-Fe + KNO3 under no salinity condition (Table 4). The chlorophyll b content was
influenced by the independent effects of the foliar applications and the salinity stress
conditions (Table 5). Salinity decreased the chlorophyll b content. The highest value for
chlorophyll b was observed in the control plants (no-salinity) (Figure 4). The foliar appli-
cation of Zn nanoparticles+ KNO3, Fe nanoparticles + KNO3, and Zn + Fe nanoparticles
increased the chlorophyll b content (Figure 5). Under the salinity stress, the chlorophyll
content of rosemary plants was decreased [26]. Similar results about a decreasing chloro-
phyll content under salinity stress conditions were reported in a pumpkin seedling [1].
A decrease in the chlorophyll content in response to the salinity stress may be due to the
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chloroplast structural demolition [42–44]. Foliar treatments, by improving photosynthesis,
ionic balance, relative water content, proteins biosynthesis, pH modulation in photosystem
II, and cellular turgor regulation, positively influence the growth and yield under salinity
conditions [28–31].

Table 4. The effect of salinity and foliar treatments on the chlorophyll a content, CAT and SOD
activity, MDA content, and leaf and gel phenolics content of Aloe vera plants.

NaCl
(mM)

Treatments
(g L−1)

Chlorophyll
a Content

(mg g−1FW)

Leaf
Phenolics
Content

(mg g−1 DW)

Gel
Phenolics
Content

(mg g−1 DW)

Leaf
Flavonoids

Content
(mg g−1 DW)

Gel
Flavonoids

Content
(mg g−1 DW)

SOD
Activity
(U mg−1

protein)

MDA
Content

(µmol g−1

FW)

CAT Activity
(µmol H2O2
mg−1 Protein

min−1)

0

Control 1.3 ± 0.05 ij 209 ± 28.24 jk 125 ± 9.10 f 51.3 ± 5.88 jk 29.3 ± 13.27 eg 19 ± 1.63 i 16.6 ± 4.5 g 29.4 ± 3.21 k

Fe-NPs 2.3 ± 0.24 c 275 ± 17.93 ce 166 ± 20.41 c 81.6 ± 9.41 df 36.0 ± 19.01 ce 27 ± 2.16 h 19.0 ± 2.8 g 40.0 ± 2.57 ij

Zn-NPs 1.8 ± 0.21 fh 255 ± 22.95 fg 153 ± 19.77 cd 69.6 ± 10.14 fh 30 ± 17.74 dg 26 ± 2.14 h 18.0 ± 3.2 g 37.0 ± 1.77 j

KNO3 1.9 ± 0.36 eg 267 ± 2.05 ef 168 ± 30.21 c 89.0 ± 9.89 bd 32.0 ± 18.92 cg 26 ± 3.39 h 17.0 ± 4.0 g 40.0 ± 2.49 fj

Fe-NPs + Zn-NPs 2.8 ± 0.05 b 289 ± 34.70 be 188 ± 7.78 b 84.0 ± 2.05 de 61.0 ± 34.92 b 33 ± 1.41 g 14.6 ± 1.6 g 44.0 ± 2.7 eg

Fe-NPs + KNO3 3.1 ± 0.41 a 282 ± 29.87 be 196 ± 9.03 ab 92.0 ± 11.1 bd 62.0 ± 8.17 b 35 ± 2.82 fg 15.6 ± 4.1 g 47.0 ± 1.2 bd

Zn-NPs + KNO3 2.9 ± 0.26 ab 280 ± 36.00 bc 158 ± 15.62 c 85.0 ± 10.66 ce 59.0 ± 22.79 b 31 ± 5.35 g 14.6 ± 1.6 g 43.0 ± 1.2 f–h

50

Control 1.1 ± 0.29 jk 232 ± 9.89 hi 107 ± 3.29 gh 60 ± 4.18 hj 29 ± 4.54 dg 27 ± 2.12 b 31 ± 5.76 e 40 ± 2.56 hj

Fe-NPs 1.9 ± 0.22 e–g 280 ± 9.80 be 132 ± 29.26 ef 97 ± 5.73 bc 38 ± 12.83 cd 35 ± 0.81 fg 29 ± 4.54 ef 48 ± 4.48 bc

Zn-NPs 1.7 ± 0.17 gh 245 ± 15.76 gh 122 ± 18.19 fg 73 ± 4.18 eg 40 ± 6.54 c 33 ± 2.44 g 29 ± 3.29 ef 45 ± 3.03 cf

KNO3 1.8 ± 0.14 fgh 291 ± 35.83 ac 143 ± 40.40 de 66 ± 4.78 gi 35 ± 8.21 cf 32 ± 0.94 g 29 ± 4.41 ef 50 ± 2.16 b

Fe-NPs + Zn-NPs 2.2 ± 0.21 cd 295 ± 12.35 ab 208 ± 24.09 a 122 ± 8.16 a 68 ± 21.31 ab 38 ± 3.29 df 29 ± 3.77 ef 42 ± 1.66 gi

Fe-NPs + KNO3 2.7 ± 0.21 b 287 ± 4.94 ad 186 ± 36.62 b 99 ± 8.64 b 69 ± 11.29 ab 30 ± 0.92 cf 30 ± 5.65 ef 53 ± 2.88 a

Zn-NPs + KNO3 2.1 ± 0.19 c–e 271 ± 16.57 df 195 ± 33.52 ab 113 ± 3.68 a 60 ± 18.06 b 43 ± 2.05 ac 25 ± 1.69 f 47 ± 1.68 c–e

100

Control 1.0 ± 0.18 k 193 ± 23.09 k 109 ± 25.31 gh 38 ± 5.65 l 20 ± 2.94 h 37 ± 2.13 ef 67 ± 4.71 a 39 ± 3.72 ij

Fe-NPs 1.6 ± 0.29 hi 224 ± 23.79 ij 102 ± 37.02 hi 51 ± 7.84 jk 27 ± 4.92 fh 43 ± 7.13 ac 59 ± 1.24 bc 42 ± 2.85 gi

Zn-NPs 2.0 ± 0.53 d–f 213 ± 24.68 g 103 ± 20.72 hi 53 ± 5.88 j 31 ± 7.93 dg 38 ± 1.14 ef 61 ± 4.32 b 44 ± 1.02 d–g

KNO3 1.8 ± 0.37 fh 210 ± 26.53 jk 89 ± 15.17 i 41 ± 9.41 kl 28 ± 3.09 eh 39 ± 2.49 ef 54 ± 3.29 cd 47 ± 0.094 bc

Fe-NPs + Zn-NPs 2.1 ± 0.41 ce 236 ± 28.89 hi 106 ± 3.29 h 57 ± 11.71 ij 26 ± 2.94 gh 46 ± 1.88 a 50 ± 1.41 d 42 ± 2.49 gi

Fe-NPs + KNO3 2.2 ± 0.41 cd 211 ± 26.62 j 103 ± 28.53 hi 60 ± 3.77 hj 31 ± 4.18 dg 44 ± 3.55 ab 52 ± 4.71 d 48 ± 1.24 bc

Zn-NPs + KNO3 1.8 ± 0.21 fh 240 ± 15.08 gi 130 ± 7.76 ef 50 ± 4.71 jl 35 ± 1.94 cg 41 ± 2.21 be 51 ± 7.48 d 46 ± 2.05 cf

L.S.D. 0.3 17.8 14.6 12.0 8.7 4.1 5.7 2.9

Different letters within each column indicate significant differences based on LSD test (p < 0.05), and the bold
data are the treatments that received the significance level of a.
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Figure 4. Effects of salinity (mM of NaCl) on chlorophyll b content of Aloe vera. Different letters on
bars indicate significant differences at p < 0.05 by LSD test.
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Figure 5. Effects of foliar treatments on chlorophyll b content of Aloe vera. Different letters on
bars indicate significant differences among foliar treatments at p < 0.05 by LSD test. T1: control,
T2: Magnetic Fe nanoparticle, T3: Zn nanoparticle, T4: KNO3, T5: Fe + Zn nanoparticles, T6: Fe
nanoparticle + KNO3, T7: Zn nanoparticle+ KNO3.

Moreover, the foliar application of potassium nitrate under salinity conditions modulates
the cell polarity and regulates the cells’ osmotic potential and nitrogen metabolism [28]. The
foliar application of Fe nanoparticles under salinity conditions increased Moringa peregrine
chlorophyll content [41]. Fe is inevitable in chlorophyll development and thylakoid synthe-
sis [31]. However, when they were under salinity stress conditions, the chlorophyll content
decreased via the reduced Fe and magnesium uptake, and consequently, the photosynthesis
potential dramatically declined in the plants [25,26]. In the present study, Fe foliar applica-
tion positively improved the rate of chlorophyll biosynthesis. The foliar Zn nanoparticle
treatment enhanced the chlorophyll content in rosemary under stress conditions [25]. Zn
plays dominant actions in activating the enzymes that are involved in the biosynthesis of
sugars and cell membrane integrity, thereby mitigating the effects of ROSs and improving
the crop yield and quality [31].

Table 5. ANOVA for the effects of salinity stress and foliar application (without spraying, potassium
nitrate, and Zn and Fe nanoparticles) on chlorophyll a and b content, CAT and SOD activity, and
MDA and minerals (NPK) content of Aloe vera plants.

S.o.V Chl. a Chl. b CAT MDA SOD K P N

Salinity 1.48 ** 0.70 ** 214.2 ** 8808.0 ** 975 ** 1240.6 ** 25.80 ** 403.4 **

Foliar treatments 2.32 ** 0.29 ** 150.8 ** 78.3 ** 172 ** 551.0 ** 2.30 ** 171.0 **

Salinity × treatments 0.15 ** 0.015 ns 22.1 * 30.3 * 18.5 * 41.8 * 0.52 * 5.6 *

error 0.03 0.015 3.2 12.1 6.4 7.6 0.22 1.9

CV 8.7 13.7 4.1 10.2 7.2 6.7 11.8 7.5

ns, * and ** indicate non-significant and significant differences at 5 and 1% probability levels, respectively.
S.o.V: source of variation.

3.9. Catalase Activity

The fifty mM NaCl and nano Fe + KNO3 treatment increased the catalase activity
(53 µmol H2O2 mg−1 protein min−1), indicating that there was a 3.7% increase compared
to that of the control (Table 4). In grapevines, the foliar treatment with iron nanoparticles
under salinity stress increased the catalase activity in the plants [11]. In a study that was
conducted on sunflowers, it was found that the foliar application of potassium sulfate
under salinity stress improved the growth, photosynthesis, water relations, stability of
the cell membrane, and even increased the rate of the absorption of nutrients (potassium,
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magnesium, phosphorus and calcium) [27]. It seems that maintaining the integrity of the
cell membrane plays a vital role in reducing the overgeneration of oxygen free radicals in the
plant [27]. Catalase plays an essential role in neutralizing oxygen free radicals. In the study
that was conducted on grapes, a potassium foliar treatment improved catalase activity at
all levels of salinity stress (50 and 100 mM) [34]. Under stress conditions, polyamines enter
the apoplastic space due to the loss of the polarity of the cell membranes, they are oxidized
by amine oxidases which are attached to the cell wall and produce hydrogen peroxide.
Hydrogen peroxide enters the cell through aquaporins or diffusion, thereby reducing the
ROS radicles’ adverse effects [45,46]. The application of Fe nanoparticles increased the
catalase activity in grapes that were under salinity stress conditions. Fe plays a vital role
in the activity of antioxidant enzymes such as catalase, and the foliar treatment with Fe
reduced the hydrogen peroxide genesis in those plants [47]. The availability of antioxidant
enzymes (catalase and superoxide dismutase) contributes to the plants’ survival under
stress conditions. Superoxide dismutase reduces the effects of free radicals by converting
superoxides into hydrogen peroxide and oxygen [48].

3.10. Superoxide Dismutase Activity

The superoxide dismutase activity increased in the 50 mM NaCl + nano Zn + KNO3
treatment, the 100 mM NaCl + nano Fe treatment, the 100 mM NaCl + nano Fe + Zn treat-
ment and the 100 mM NaCl + nano Fe + KNO3 treatment (Table 4). The over-production
of free radicals in plants under stress conditions increases the activity of successive MAP
kinases signaling pathways and regulates downstream stress-related hormone-producing
genes [49]. Zn and Fe play dominant roles in catalase and superoxide dismutase, car-
bohydrates and nucleic acids metabolism, photosynthesis, light-dependent respiration,
and protein biosynthesis [50,51]. A previous study on lavender showed that the foliar
application of zinc increased the rate of superoxide dismutase activity in the plant [50]. In
another research study that was conducted on grapes, a foliar Fe nanoparticles treatment
increased the activity of the superoxide dismutase and catalase [47].

3.11. MDA Content

The malondialdehyde content was responded to the treatments (Table 5). The one hun-
dred mM NaCl salinity treatment attained the highest MDA content when it was performed
with no foliar application (Table 4). Based on the results, foliar applications prevented the
accumulation of malondialdehyde in plants, reflecting their influential role in controlling
salinity stress. An increase in the content of hydrogen peroxide and malondialdehyde has
been reported in grapevine (11) and rosemary (26) when they are under salt stress, and
also the ion leakage was hugely enhanced in lemongrass (37) due to the effects of the salt
stress. Salinity stress damages the integrity of the cell membranes by creating ROS radicals,
which, if this production continues, cause the plant’s death [51,52]. Fe plays crucial roles in
oxidation–reduction reactions, cytochromes and ferredoxin structure, respiration, and pho-
tosynthesis [8]. Proper nutrition with Fe and Zn nanoparticles maintains the health of the
cell membranes and, therefore, reduces the adverse effects of salinity stress in plants [36].

3.12. Mineral Contents

Salinity stress causes nutrient disturbances that result in the retarded growth of the
plant and its development by affecting the nutrients’ availability, transport, and partitioning.
Salinity may cause nutrient deficiencies or imbalances because of Na+ and Cl−, which
compete with nutrients such as K+, Ca2+, and NO3− [49,50]. Studies have shown that
there had been an increase in Na and Cl under salinity conditions but a decrease in
nitrogen, phosphorus, calcium, potassium, and magnesium levels in peppermint and
Lemon verbena [53] and Matricaria recutita [53]. In the present study, the salinity level and
foliar applications and their interactions affected the nutrient contents of Aloe vera leaves
(Table 5).
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3.12.1. Nitrogen Content

The foliar application of KNO3 + 0 mM NaCl (28 g kg−1), 0 mM NaCl + nano Fe +
KNO3 (28.3 g kg−1), and 0 mM NaCl + nano Zn + KNO3 (29.6 g kg−1) increased the
nitrogen content of the plants. The lowest N content of 9.3 g kg−1 was observed in the
100 mM NaCl + without foliar applications (Table 7). Salinity stress disrupts the absorp-
tion of nutrients in plants [54]. Long-term salinity exposure decreased the absorption of
magnesium, iron, phosphorus, and nitrogen in plants [32]. In grapes, salinity raised the
sodium content in the plant, but the foliar spraying with iron nanoparticles increased the
nitrogen content of the plant [34]. In the study that was conducted on sunflowers, salt stress
decreased the contents of calcium, magnesium, potassium, and nitrogen [27]. The possible
reason for improving the growth of nano-Fe treated plants is related to Fe nanoparticles’
electromagnetic nature, which enhances Fe transfer from plasma membranes and intensifies
the dynamics of fatty acids and proteins of cell membranes, which affect the membrane’s
permeability [55,56]. The foliar application of Fe and Zn increased the nitrogen content
in Pimpinella anisum L. [56]. Nitrogen plays an important role in the structure of proteins,
nucleic acids, cytokinins, and chlorophyll biosynthesis [31].

3.12.2. Phosphorus Content

The phosphorus content of the plants was affected by the salinity conditions and the
foliar application (Table 6). The foliar application of KNO3 + no salinity increased the
phosphorus content of the plant to 6.6 g kg−1 dry weight, indicating that there was a 42%
increase when it was compared to that of the control treatment (Table 7). In a study that was
conducted on Aloe vera, the salinity conditions reduced the P content of the plant [32]. An-
other study found that salinity reduced wheat’s uptake of calcium, magnesium, potassium,
phosphorus, and nitrogen [57]. Phosphorus is a prominent essential element in plants,
which plays an inevitable role in plant growth, root growth and development, and protein
and carbohydrate biosynthesis. Phosphorus is the integral component of the cell membrane,
DNA, and RNA, which performs crucial roles in the cell membrane’s stability and energy
supply (ATP). The availability of sufficient phosphorus amounts plays an important role in
the plant’s performance and product quality [31].

Table 6. ANOVA for the effect of salinity and foliar application (without spraying, potassium nitrate,
and Zn and Fe nanoparticles) on Na, Fe, and Zn content and K/Na ratio of Aloe vera plants.

S.o.V. DF K/Na Na Fe Zn

Salinity 2 1763 ** 894 ** 69,198 ** 677 **
Foliar treatments 6 205 ** 33.3 ** 20,884 ** 269 **

Treatments × Salinity 12 98 * 4.27 * 4029 * 19.8 *
Error 42 1.1 0.62 246 2.4

CV 11.4 9.1 7.4 7.3
* and ** indicate significant differences at 5 and 1% probability levels, respectively. S.o.V: source of variation;
DF: degrees of freedom.

3.12.3. Potassium Content

The foliar application of potassium nitrate under no saline conditions increased the
potassium content of the plants. When the plants were exposed to the high-salinity level of
100 mM, the foliar treatments could not compensate for the salinity defects in regulating
the potassium content of the plants (Table 7). It was previously reported that the salinity
stress reduced the potassium content in Aloe vera [32]. A decrease in the potassium content
was reported in Gossypium hirsutum plants that were exposed to salinity conditions [44].
The foliar spraying with potassium sulfate improved the K content in the plant, which
played a pivotal action in reducing the destructive effects of salinity stress [34]. ATPase
provides the energy that is necessary for potassium absorption and sodium excretion
through sodium/hydrogen anti-porters. Accumulating moderate amounts of potassium
under stress conditions in Aloe vera leaves indicates the plant’s efficiency in reducing the
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harmful effects of stress, which contributes to a reasonable rate of plant survival and
productivity [46,58]. Similar results were reported regarding the increase of the potas-
sium content in coriander plants due to their foliar application of potassium nitrate [28].
Those studies showed that potassium uptake at the root tip declined due to the decreased
H+-ATPase pump activity under salinity stress. Moreover, the polarity of the cells de-
creased, and this led to the high production of oxygen free radicals under stress conditions
in the plant [46]. Potassium accumulation in the vacuoles plays a vital role in the cellular
expansion, respiration process, and stimulated absorption of calcium and magnesium in
plants [31].

Table 7. The effect of salinity and foliar applications (without spraying, potassium nitrate, and Zn
and Fe nanoparticles) on minerals content of Aloe vera plants.

Salinity Treatments N (g kg−1 DW) P (g kg−1 DW) K (g kg −1 DW) Na (g kg−1 DW) K/Na Ratio Zn (mg kg−1 DW) Fe (mg kg−1 DW)

0

Control 15.6 ± 1.24 gh 3.8 ± 0.61 f–i 48 ± 1.05 cd 3.9 ± 0.94 jk 12.3 ± 3.91 c 22.0 ± 0.21 fg 113 ± 3.39 gi

Fe-NPs 20.3 ± 2.05 de 5.0 ± 0.24 bd 42 ± 1.63 eg 3.4 ± 0.47 k 12.2 ± 2.85 c 16.6 ± 1.24 ij 383 ± 2.05 a

Zn-NPs 19.0 ± 1.24 ef 4.9 ± 0.49 bd 43 ± 1.63 eg 3.6 ± 0.56 ik 11.8 ± 3.23 c 37.6 ± 0.47 a 186 ± 1.69 gi

KNO3 28.0 ± 1.80 a 6.6 ± 0.49 a 69 ± 1.41 a 1.9 ± 0.55 lm 35.2 ± 7.76 a 27.3 ± 2.05 d 217 ± 2.35 ef

Fe-NPs + Zn-NPs 24.0 ± 1.41 b 4.6 ± 0.51 df 35 ± 1.68 ij 3.2 ± 0.69 kl 10.8 ± 2.71 cd 34.6 ± 2.16 b 346 ± 1.63 b

Fe-NPs + KNO3 28.3 ± 0.47 a 5.6 ± 0.4.b 55 ± 2.86 b 1.5 ± 0.52 m 36.0 ± 7.29 a 20.6 ± 2.16 gh 249 ± 0.94 d

Zn-NPs + KNO3 29.6 ± 0.47 a 5.4 ± 0.40 bc 53 ± 2.86 b 2.7 ± 0.57 km 19.6 ± 5.47 b 31.0 ± 1.41 c 239 ± 0.47 de

50

Control 12.0 ± 1.63 j 3.4 ± 0.56 gk 39 ± 0.47 gi 10.7 ± 2.14 f 3.6 ± 1.06 fg 18.6 ± 1.24 hi 167 ± 0.88 ik

Fe-NPs 15.0 ± 2.05 hi 3.9 ± 0.60 eh 35 ± 1.41 ij 8.6 ± 1.34 g 4.0 ± 1.14 fg 13.6 ± 1.24 kl 247 ± 2.05 d

Zn-NPs 14.6 ± 1.88 hi 3.4 ± 0.40 gk 33 ± 1.88 jk 8.5 ± 1.34 g 33.9 ± 0.94 fg 26.6 ± 2.05 d 180 ± 2.05 hj

KNO3 17.6 ± 4.18 fg 4.1 ± 0.61 eg 51 ± 2.16 bc 5.8 ± 0.73 hi 8.7 ± 1.83 e 20.6 ± 0.45 gh 207 ± 1.41 fg

Fe-NPs + Zn-NPs 16.3 ± 2.16 gh 3.9 ± 0.49 eh 37 ± 2.35 hj 6.9 ± 0.82 h 5.3 ± 1.20 f 22.0 ± 0.47 eg 293 ± 1.42 c

Fe-NPs + KNO3 21.3 ± 3.67 cd 4.5 ± 0.66 df 44 ± 2.62 df 4.7 ± 0.54 ij 9.3 ± 1.65 de 18.0 ± 0.45 hi 301 ± 1.24 c

Zn-NPs + KNO3 22.6 ± 2.44 bc 4.7 ± 0.91 ce 46 ± 4.10 de 5.6 ± 0.78 hi 8.2 ± 2.12 e 25.0 ± 2.82 de 205 ± 1.31 fh

100

Control 9.3 ± 1.24 k 2.7 ± 0.23 kl 29 ± 1.69 kl 21.3 ± 1.69 a 1.3 ± 0.21 j 12.3 ± 0.41 l 109 ± 1.69 m

Fe-NPs 13.3 ± 1.24 ij 2.8 ± 0.23 jl 27 ± 2.05 l 15.3 ± 1.88 ed 1.7 ± 0.29 hj 9.0 ± 0.40 m 178 ± 1.53 ij

Zn-NPs 12.0 ± 1.69 j 2.6 ± 0.14 l 27 ± 2.62 l 17.2 ± 0.94 b 1.6 ± 0.20 ij 18.6 ± 0.1 hi 117 ± 1.69 lm

KNO3 15.6 ± 1.69 gh 3.2 ± 0.28 hl 42 ± 0.81 eg 13.3 ± 0.94 e 3.1 ± 0.26 gi 15.0 ± 2.16 jk 144 ± 2.86 k

Fe-NPs + Zn-NPs 16.0 ± 2.86 gh 2.5 ± 0.33 l 30 ± 2.86 kl 16.0 c ± 0.81 1.8 ± 0.16 hj 19.0 ± 1.88 hi 155 ± 2.05 jk

Fe-NPs + KNO3 20.6 ± 2.49 ce 3.1 ± 0.49 il 42 ± 3.55 eg 12.2 ± 0.94 f 3.4 ± 0.12 gh 13.3 ± 3.74 kl 182 ± 2.49 gi

Zn-NPs + KNO3 20.0 ± 2.45 de 3.5 ± 0.50 gj 40 ± 3.39 fh 14.6 ± 0.47 d 2.7 ± 0.18 gj 23.3 ± 0.51 ef 143 ± 1.63 kl

LSD 2.9 0.78 4.6 1.03 0 2.5 25

Different letters within each column indicate significant differences based on LSD test (p < 0.05), and the bold
data are the treatments that received the significance level of a.

3.12.4. Sodium Content

The highest sodium content (21.3 g kg−1 dry weight) was observed in the 100 mM
NaCl salinity without foliar applications treatment. The foliar applications reduced sodium
content in the plants versus that which was recorded in the non-foliar treated ones and
those that were exposed to 50 mM NaCl (Table 7). An increase in the sodium content due
to salt stress has been reported in many plants, including Aloe vera [40], coriander [28], rose-
mary [26], and sunflower [27]. Feeding by Zn nanoparticles maintains the cell membranes’
integrity and increases the plants’ photosynthesis rate by reducing the rate of sodium
uptake and protecting against toxic ions under stressful environments [59]. Under stress
conditions, the disruption of cell membrane carriers increases the rate of sodium uptake
due to its similar ion radius to potassium [60]. Foliar application of potassium nitrate
under salinity stress reduced the adverse effects of salinity on the plants and helped to
increase the plant yield by improving the potassium uptake [61]. The foliar application of
Zn increased the potassium content in soybeans [4]. In rice plants, OSMADS31 gene expres-
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sion (increasing the expression of carriers involved in potassium uptake and translocation
during salinity stress) improved the level of salinity tolerance [62].

3.12.5. Potassium to Sodium Ratio

With a salinity level of 100 mM, the K +/Na+ ratio decreased in the plants (Table 7). The
highest K+/Na+ ratio was observed by the foliar applications of KNO3 × no salinity and
nano Fe + KNO3 (Table 7). Increasing the sodium uptake by the roots triggers ion disruption
and reduces the root cells’ membrane integrity, thereby leading to retarded growth and
productivity. The high potassium concentrations that are found in stress-tolerant plant
tissues are mainly due to the potassium ions’ selective uptake [63]. As a result of the loss of
the cell membrane’s integrity under the salinity stress, the sodium ion content increased in
the plants, but the potassium content decreased due to the occurrence of potassium leakage
out of cells [3]. Electrophysiological studies showed that GORK channel (potassium out-
of-cell channel) was activated due to cell depolarization and oxygen free radicals, which
caused potassium to exit the cell. It seems that in the short term, the cell uses this strategy
to regulate its electrical change, but as a long-term strategy, increasing the activity of the
ATPase H+- pump during stress is a preference that prevents the active absorption of
sodium and helps to regulate the cell’s electrical change energy consumption [64]. The
potassium/sodium ratio is a suitable indicator for evaluating a plant’s tolerance to salinity
stress [65].

3.12.6. Fe Content

Control plants that were foliar sprayed with Fe nanoparticles had the highest Fe
content (383 mg kg−1 dry weight) (Table 7). With increasing salinity strength, the foliar
treatments had no significant effect on the Fe content of the plants. Salinity stress decreased
the iron content in grapes, but their foliar spraying with iron nanoparticles improved the
iron content of the plants [11]. The foliar spraying of corn with zinc and iron nanoparticles
added to the content of both of these elements under the salinity stress conditions [42].
A reduction in the Fe content in Aloe vera under salinity stress was reported previously [32].
Furthermore, the content of iron, zinc, and manganese increased in response to a K foliar
application under stress conditions [32]. The effect of Fe on plant growth, chlorophyll con-
tent, thylakoid formation, and chloroplast development is undeniable. Salinity stress affects
enzymatic, physiological, biochemical, and antioxidant activities and ion homeostasis by
creating an ionic imbalance [28,38].

3.12.7. Zn Content

The foliar application of Zn nanoparticles led to the maximum Zn content in the
unstressed plants, indicating a 41% increase when we were comparing this to the controls
(Table 7). Under salinity conditions, the Zn content was decreased in Aloe vera [32]. Similar
results were reported regarding an increased Zn content due to the foliar application of
Zn nanoparticles in corn [42]. Zn deficiency declines photosynthesis, chlorophyll content,
stomatal conductance, respiration rate, and cytokinins biosynthesis and increases the plants’
ion leakage and MDA content [26,28]. Zinc improves the nutrient uptake, IAA production
and consequently stimulates new root emergence and meliorates the salinity depression [66].
The foliar application of zinc increases the potassium uptake and contributes to high plant
growth under salinity stress. Zn plays an essential role in the biosynthesis of phenolic
compounds and maintains the integrity of the cell membranes as well [60].

4. Conclusions

Salinity harmed the growth and physiological traits of Aloe vera. The foliar application
of potassium nitrate, Fe, and zinc nanoparticles under salinity conditions improved the
plant’s physiological function and nutrients content. In general, the results showed that
Aloe vera is partially salt-tolerant. However, the high salinity levels greatly influence its
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physiological responses and yield. There is an emergent need to try other compounds
and/or strategies to combat the salinity and extend Aloe production in saline-prone lands.
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