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and José Manuel Pérez de la Lastra 4,*

1 Department of Botany, PMAS-Arid Agriculture University Rawalpindi, Rawalpindi 46000, Pakistan
2 University Institute of Biochemistry and Biotechnology, PMAS-Arid Agriculture University Rawalpindi,

Rawalpindi 46000, Pakistan
3 Department of Plant Biology, Institute of Environmental Biology, Wrocław University of Environmental and
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Abstract: Wheat is the most important staple food worldwide, but wheat cultivation faces challenges
from high food demand. Fertilizers are already in use to cope with the demand; however, more uncon-
ventional techniques may be required to enhance the efficiency of wheat cultivation. Nanotechnology
offers one potential technique for improving plant growth and production by providing stimulating
agents to the crop. In this study, plant-derived Ag/ZnO nanomaterials were characterized using
UV-Vis spectroscopy, SEM, EDX, FTIR, and XRD methods. Various concentrations of phytogenically
synthesized Ag/ZnO nanomaterials (20, 40, 60, and 80 ppm) and nitrogen-based fertilizers (urea and
ammonium sulphate 50 and 100 mg/L) were applied to wheat varieties (Galaxy-13 and Pak-13). The
results obtained from this research showed that application of 60 ppm Ag/ZnO nanomaterials with
nitrogenous fertilizers (50 and 100 mg/L) were more effective in improving biochemistry and increas-
ing yield of wheat plants by reducing enzymatic and non-enzymatic antioxidants (proline content,
soluble sugar content, malondialdehyde, total phenolic content, total flavonoid content, superoxide
dismutase, peroxidase, and catalase); and significantly increasing the protein content, number of
grains per pot, spike length, 100-grain weight, grain yield per pot, and harvest index of both wheat
varieties, compared to untreated plants. These findings allow us to propose Ag/ZnO nanomaterial
formulation as a promising growth- and productivity-improvement strategy for wheat cultivation.

Keywords: nanobiotechnology; plant physiology; crop production; agriculture; fertilizers; green
synthesis

1. Introduction

Wheat (Triticum aestivum L.) provides over 20% of worldwide food energy and protein
as a staple cereal and is the most essential staple food crop, providing carbohydrates and
protein to more than 50% of the world’s population [1]. However, wheat grain yields have
remained stable in many wheat-growing areas around the globe. In Pakistan, wheat is
the most important food crop, exceeding all other crops in measures of land usage and
productivity, with a high nutritional demand for nitrogen, predominantly at the propagative
stage [2]. For wheat cultivation, higher concentrations of nitrogenous fertilizers are required
to boost grain production and increase protein content. These fertilizers are the main
agrarian input for grain production, despite the ecological problems caused by their use [3].
However, any reduction in the use of nitrogenous fertilizers leads to lower crop yields
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and possible scarcity and hunger, while increased use of nitrogenous fertilizers may lead
to serious losses of nitrogen, freshwater eutrophication, atmospheric contamination, and
increased annual emissions of anthropogenically produced carbon dioxide [4]. Optimizing
the amount of nitrogenous fertilizer used is the key to the best use of such fertilizers [5].
We must consider the three critical issues of food safety, ecological quality, and climate
variation, when assessing advances in nitrogen utilization, as it relates to future crop
production worldwide [6].

The world’s greatest challenges in such areas as agriculture, biodiversity, energy,
health, and water can all be addressed by bio-nanotechnology. Bio-nanotechnology deals
with nano-sized materials (1 to 00 nanometers) [7]. Due to their smaller size, nanoma-
terials (NMs) can easily penetrate the soil, aiding the advantageous microbe population
responsible for nutrition availability to plants via the mineralization of numerous essential
minerals [8]. Some nanomaterials are already used in the agrarian field for the improve-
ment of growth and production of various crops [9]. Nanomaterials have been shown to
improve agro-morphological and physico-biochemical attributes in crops such as beans and
maize [10]. The use of nanomaterials as fertilizers can boost yields without any harmful
effects on soil [11].

Plant-derived nanomaterials are stimulating fertilizers that can be complemented with
single or multiple nutrients, to boost plant growth and development more effectively than
traditional fertilizer alone [12]. Moreover, nanomaterials are ecologically advantageous
because they increases efficiency in crop production, resulting in lower input costs of
labor and waste. Nanomaterials are varied collections of metals and perform a lively
role in the process of crop growth [13]. Recently, researchers have reported the effects
of nanomaterials on both plant development and subsequent storage from a nutritional
perspective. Both metal- and metal oxide-based nanomaterials have been shown to affect
plant metabolism [14].

The combination of two metals as bimetallic nanomaterials—synthesized phytogeni-
cally with synergistic effects—results in certain new features and increased functionality.
A combination of bi-functionality effects, lattice stresses, and electronic effects results in
synergism [15]. In recent years, bimetallic nanomaterials have gained increasing attention
because of their applications in a wide range of fields. Such materials and are of value due
to their unique properties, which are distinct from monometallic nanomaterials [16]. When
the existing three approaches to synthesis are compared, the biogenic approach is shown
to be more effective and less expensive than the physical or the chemical approach for the
synthesis of nanomaterials, paving the way for an forthcoming era of bio-nanotechnology.
The use of nanomaterials reduces the requirement for fertilizers in fields, with enhanced
effectiveness and greater control of impacts upon the ecosystem [17].

In recent years, silver-based nanomaterials have been manufactured for a wide array
of industrial applications. Ag-based NPs have been used in farming for the improvement of
crops. The effect of Ag-based nanomaterials on the morpho-physiology of plants depends
on the morphology of the nanomaterials used [18]. Various studies have shown that silver-
based nanomaterials at an optimum concentration can play a significant role in increasing
seed germination, photosynthetic quantum efficacy, and chlorophyll content; in enhancing
the efficiency of water, mineral, and fertilizer use; and in plant growth [19,20]. The effects
of biologically synthesized Ag-based nanomaterials on germination of seeds with reduced
phenol content, and on the induction of carbohydrate–protein synthesis in Bacopa monnieri
have also been reported in the literature [21]. Better growth profiles and improvements
in biochemical parameters such as antioxidant enzymes, carbohydrates, chlorophyll, and
protein content have also been achieved by the application of Ag-based nanomaterials to
the common bean and Brassica juncea [22].

Zinc oxide-based nanomaterials have the potential to improve the growth and yield of
nutritional crops. The optimum concentration of zinc oxide-based materials on a nanoscale
promotes germination and growth of seeds, resulting in higher seedling vigor index values,
and enhanced growth of root and stem in wheat crops. ZnO-based nanomaterials in
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colloidal solution forms can be used as enrichers, and already play an important role in
the agrarian field [23,24]. As nutrients, nano-sized enrichers are more important to the
plant than fertilizers as they not only provide nutrients but also restore the organic qualities
of the soil, reversing the adverse effects of chemical fertilizer [25]. When seeds of wheat
plants treated with metal-based nanomaterials germinate in the soil, growth increases,
and production rate increases by 20–25%. Hence, the use of metal and metal oxide-based
nanomaterials should increase growth and production rates of crops such as wheat and
flax [26]. The nutritional requirements of the world are daily increasing while the yield of
staple food crops remains stable; the time has come, therefore, for the commercialization of
metal- and metal oxide-based nanomaterials for the purposes of sustainable agriculture [27].
To this end, keeping in view the synergism of bimetals and the requirement of nitrogen-
based fertilizers for crops, the present research has been designed to study the role of
plant-derived synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-based fertilizers
on the biochemical and yield attributes of wheat varieties. In doing so, we may help
introduce an unconventional technique to improve crop production and so help to meet
the worldwide demand for food.

2. Materials and Methods

Bimetallic Ag/ZnO nanomaterials were phytogenically synthesized using leaf extracts
of Moringa oleifera L. in a solution of silver nitrate and zinc sulfate salts following the co-
reduction method of Sorbium et al. [28] with certain modifications. A detailed account of the
synthesis method is presented in Figure 1. Two varieties of bread wheat widely cultivated
in Pakistan were selected (Galaxy-13 and Pak-13). Various concentrations of two nitrogen-
based fertilizers (urea and ammonium sulfate) and bimetallic Ag/ZnO nanomaterials were
formulated. Figure 2 shows a schematic illustration of the whole experiment. Fertilizers
were initially applied at the time of the first irrigation, then again at the tillering stage three
days after nanomaterials application (1st time) and/or three days before nanomaterials
application (2nd time). The experiment was conducted in the greenhouse in the research
area of the Botany Department, PMAS-AAUR, Pakistan. Table 1 sets out the treatments
used in the experiment and gives details of the different concentrations of fertilizers and
plant-derived Ag/ZnO NMs used, with T0 considered as control. Subsequently, for each
treatment, measures of biochemical (non-enzymatic contents and enzymatic activity) and
yield attributes were taken from plant samples. To determine the absorbance wavelength
for evaluation of biochemical contents, a U-2900UV/VIS spectrophotometer 200 V; model
no. 2JI-0004 was used.

2.1. Characterization Techniques

The phytogenically prepared bimetallic Ag/ZnO nanomaterials were added to test
tubes along with distilled water and sonicated for 15 min. Then, the UV–visible spectrum
of the solution was examined by the use of UV–visible spectroscopy. Scanning electron
microscopy was used for structural analysis of Ag/ZnO nanomaterials. For this purpose,
a minute quantity of sample was placed on the grid (carbon coated) to make the thin
layered film and dried for 10 min under a mercury lamp. Elemental analysis of this
sample was then carried out through energy-dispersive X-ray spectroscopy. In addition,
Fourier-transform infrared spectroscopy (FTIR) analysis was performed using FTIR Bruker
Alpha II by placing a minute quantity of Ag/ZnO NPs powder on an ATR crystal spot
in transmission wavelength mode, using OPUS software. An X-Ray diffraction (XRD)
study was carried out using X-ray diffraction spectroscopy by analyzing samples from 5
to 50 at 2 angles. An average size of NMs was recorded by the Debye–Scherrer equation:
D = kλ/βcosθ) [28,29].
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Figure 1. Method of preparation of nanomaterials.

Table 1. Experimental layout of treatments (AS: ammonium sulphate, NMs: nanomaterials).

Treatments Description Treatments Description
T1 Urea 50 mg/L T13 Urea 100 mg/L + NMs 20 ppm
T2 Urea 100 mg/L T14 Urea 100 mg/L + NMs 40 ppm
T3 AS 50 mg/L T15 Urea 100 mg/L + NMs 60 ppm
T4 AS 100 mg/L T16 Urea 100 mg/L + NMs 80 ppm
T5 NMs 20 ppm T17 AS 50 mg/L + NMs 20 ppm
T6 NMs 40 ppm T18 AS 50 mg/L + NMs 40 ppm
T7 NMs 60 ppm T19 AS 50 mg/L + NMs 60 ppm
T8 NMs 80 ppm T20 AS 50 mg/L + NMs 80 ppm
T9 Urea 50 mg/L + NMs 20 ppm T21 AS 100 mg/L + NMs 20 ppm

T10 Urea 50 mg/L + NMs 40 ppm T22 AS 100 mg/L + NMs 40 ppm
T11 Urea 50 mg/L + NMs 60 ppm T23 AS 100 mg/L + NMs 60 ppm
T12 Urea 50 mg/L + NMs 80 ppm T24 AS 100 mg/L + NMs 80 ppm
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Figure 2. Schematic illustration of research study.

2.2. Biochemical Contents Assays

The method described by Bates et al. [30] was followed for the determination of proline
content (µg/mL). Fresh leaves of 0.2 g were crushed in 3 percent sulfosalicylic acid (2 mL),
and filtrates (2 mL) were taken in test tubes. Ninhydrin reagent (2 mL) and glacial acetic
acid (2 mL) were then added and allowed to boil in a water bath till color developed, and
the reaction was stopped by placing the test tubes in ice. Toluene (4 mL) was then added,
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and solutions were properly mixed by shaking until an upper colored layer was observed.
This layer was then separated into another test tube for each sample. Absorbance was
observed at a wavelength of 520 nm and proline content was calculated by the formula:

Total Proline =
(Sample Absorbance × Dilution Factor × K value)

Fresh Weight

The phenolic sulfuric acid method used by Dubois et al. [31] was followed for the
determination of soluble sugar content (µg/mL). Fresh leaves of 0.5 g were crushed in
80 percent ethanol (10 mL) and allowed to heat in a water bath at 80 ◦C for an hour. Extracts
(0.5 mL) were taken in another set of test tubes, 18 percent phenol (1 mL) was added, and
mixtures were incubated for an hour at 25 ◦C. Then, after the addition of sulfuric acid
(2.5 mL), mixtures were properly mixed, and absorbance of each sample was observed at a
wavelength of 490 nm. Calculations were then made using the formula:

Soluble Sugar Content =
(Sample Absorbance × Dilution Factor × K value)

Fresh Weight

The method used by Lowry et al. [32] was followed for the determination of protein
content (µg/mL). Fresh leaves of 0.5 g were crushed in phosphate buffer and filtrates
(0.5 mL) were taken. Distilled water (0.5 mL), and bio-rad dye reagent (3 mL) were then
added. Then, the solutions were properly vortexed, and the absorbance of each sample
was observed at a wavelength of 595 nm.

2.3. Non-Enzymatic Antioxidant Activity Assays

The thiobarbituric acid (TBA) test used by Bailly et al. [33] was followed for the deter-
mination of malondialdehyde content (MDA) expressing lipid peroxidation. Trichloroacetic
acid (TCA) of 0.1% was used for homogenization of fresh leaves and centrifuged for 15 min
at 16,000 rpm. Then, 3 mL of 0.5% TBA and 1 mL of 5% TCA were added to the supernatant,
and mixtures were heated for 30 min at 95 ◦C. Mixtures were then cooled instantly in an ice
box and centrifuged for 10 min at 16,000 rpm. The absorbance of each sample was observed
at wavelengths of 532 nm and 600 nm. Values at 600 nm were then subtracted from those of
532 nm. MDA content was expressed in micrograms per milligram of fresh weight, while
the extinction coefficient was 155 mM−1cm−1.

By following the method of Giri et al. [34], extracts were prepared for the determination
of total phenolic content (TPC-µg/mg dry weight) and total flavonoid content (TFC-µg/mg
dry weight). Dried leaves of 1 g were placed in 80 percent methanol (10 mL), vortexed and
centrifuged for 10 min at 8000 rpm. Supernatants were either used immediately or stored
at 4 ◦C for TPC and TFC analysis. The method used by Velioglu et al. [35] was followed
for the determination of TPC. The Folin–Ciocalteu reagent (10 folds) was diluted with
distilled water and 750 µL was mixed with plant extract (100 µL). After 5 min, 5 percent
sodium bicarbonate was added (750 µL) and the mixture was set aside for half an hour.
Absorbance of each sample was observed at a wavelength of 725 nm. The method used by
Chang et al. [36] was followed for the determination of TFC. To 10 mL of 80 percent ethanol,
10mg of quercetin was added, then diluted up to 25, 50, 75 and 100 µm/mL. Then, plant
extract (100 µL), 10 percent aluminum chloride (100 µL), 1 M potassium acetate (100 µL),
95 percent ethanol (1.5 mL) and distilled water (2.8 mL) were mixed with each diluted
solution (400 µL). Mixtures were kept at 25 ◦C for 30 min and absorbance was observed at
a wavelength of 415 nm.

2.4. Antioxidant Enzymatic Activity Assays

The extracts of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase
(POD) and catalase activity (CAT) were prepared by the method used by Nayyar and
Gupta [37]. Fresh leaves of 0.1 g were prepared in extraction buffer (10 mL), sonicated three
times, and centrifuged for 10 min at 8000 rpm. Supernatants were then collected. Extracts
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were either used immediately or stored at 4 ◦C for anti-oxidative enzyme analysis. For the
calculation of these three enzymes’ activity, the Lambert–Beer Law was applied thus:

A = εLC

where, A is absorbance, ε is the extinction coefficient (6.39 Mm−1cm−1), L is the length of
the wall (25 cm) and C is the concentration of enzymes (expressed in nM/min/mg FW).
For the determination of SOD activity, the method used by Perez [38] was followed. The
reaction mixture of 1 mL consisted of 130 mM methionine (100 µL), 1mM EDTA (100 µL),
enzyme extract (300 µL), 0.075 mM nitro blue tetrazolium (100 µL), phosphate buffer
(390 µL), and 0.02 mM riboflavin (10 µL), while the blank mixture included phosphate
buffer instead of plant extract. Under fluorescent light, both reactions were allowed to
continue for 7 min and optical density was observed at a wavelength of 560 nm. For the de-
termination of LOD, the method used by Lagrimini [39] was followed. The reaction mixture
of 1 mL consisted of distilled water (500 µL), enzyme extract (100 µL), 100 mM guaiacol
(100 µL), 27.5 mM hydrogen peroxide (100 µL), and phosphate buffer (200 µL), while the
blank mixture included phosphate buffer instead of plant extract. Under fluorescent light,
both reactions were allowed to continue for 7 min and optical density was observed at a
wavelength of 470 nm. For the determination of CAT, the method used by Aebi [40] was
followed. The reaction mixture of 1 mL consisted of distilled water (450 µL), enzyme extract
(250 µL), 27.5 mM hydrogen peroxide (100 µL), and phosphate buffer (200 µL), while the
blank mixture included phosphate buffer instead of plant extract. Under fluorescent light,
both reactions were allowed to continue for 7 min and optical density was observed at a
wavelength of 470 nm.

2.5. Yield Parameters

At full maturity, when plants were ready to harvest, yield attributes were recorded by
collecting data for various parameters, i.e., the number of grains per pot, spike length (cm),
100-grain weight (gm), and grain yield per pot (in gm). Values for the harvest index were
calculated using the following formula, where biomass per plant equals the dry weight of
each plant (in gm).

Harvest Index (%) =
Grain yield per pot
Biomass per plant

× 100

2.6. Statistical Analysis

In this study, each treatment consisted of three replicates, while results were interpreted
in terms of mean and standard errors (±SE). Statistical analysis was carried out by one-way
analysis of variance using SPSS software (16.1) with statistical significance (p ≤ 0.05). The
method of Latin square design was also applied to study significant differences among
treatments. Treatments which showed the best results were compared with the control in
term of percentages.

3. Results
3.1. Characterization of Phytogenically Synthesized Ag/ZnO Nanomaterials

Numerous methods have been used for the confirmation of nanomaterials. Among
these, UV–visible spectroscopy offers a rudimentary apparatus for verification purposes. In
this study, the characterization peaks for ZnO nanomaterials and Ag/ZnO nanomaterials
were 330 nm and 366–379 nm, respectively. The structural analysis achieved using SEM
revealed the spherical shape of Ag/ZnO nanomaterials with sizes ranging from 46 nm
to 66 nm. The presence of Ag and Zn metal was confirmed by the EDX detector. FT-IR
measurements were taken (range 450–4000/cm) to recognize and verify ZnO and Ag/ZnO
nanomaterials. Absorption bands were detected at 3420 cm−1, 1442 cm−1, 940 cm−1, 470
cm−1, 465.06 cm−1, and 2352 cm−1. These bands correspond to O-H and water, C=O,
C=C, Zn-O and Ag-O, C=O=C, and impurities in IR spectra, respectively. The crystalline
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arrangement of phytogenically synthesized Ag/ZnO nanomaterials was confirmed using
XRD spectroscopy (Figure 3A–F).

Figure 3. Cont.
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Figure 3. Characterization results of phytogenically synthesized nanomaterials (A): UV spec-
trum of ZnO; (B): UV-spectrum of bimetallic Ag/ZnO nanomaterials); (C): scanning electron mi-
croscopy micrograph of Ag/ZnO nanomaterials; (D): EDX spectrum of Ag/ZnO nanomaterials;
(E): FTIR spectrum of (a) ZnO nanomaterials, (b) Ag/ZnO nanomaterials; (F): XRD spectrum of
Ag/ZnO nanomaterials.

3.2. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-based
Fertilizers on Biochemical Content of Wheat Varieties

The biochemical attributes of both wheat varieties were recorded and significant
difference (p < 0.05) was noted for various concentrations of nitrogenous fertilizers and
nanomaterials, including urea (50 mg/L) with NMs, urea (100 mg/L) with NMs, AS
(50 mg/L) with NMs, and AS (100 mg/L) with NMs. In comparison with control (T0), the
following showed significantly different results: T2 (urea (100 mg/L)), T7 (NMs (60 ppm)),
T11 (urea (50 mg/L) + NMs (60 ppm)), T15 (urea (100 mg/L) + NMs (60 ppm)), T19 (AS
(50 mg/L) + NMs (60 ppm)), and T23 (AS (100 mg/L) + NMs (60 ppm)). Reductions in
proline content of 2.04%, 1.59%, 6.53%, 8.04%, 3.94%, and 4.51% were recorded for Galaxy-
13 at T2, T7, T11, T15, T19 and T23, respectively. In the case of Pak-13, reductions of proline
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content recorded at T2, T7, T11, T15, T19, and T23 were 9.72%, 1.39%, 7.74%, 10.29%, 4.46%,
and 5.92%, respectively, compared to control (Figure 4A).

Figure 4. (A): effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-
based fertilizers on proline content of wheat varieties; (B): effect of phytogenically synthesized
bimetallic Ag/ZnO nanomaterials and nitrogen-based fertilizers on the soluble sugar content of
wheat varieties; (C): effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and
nitrogen-based fertilizers on the protein content of wheat varieties.
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Additionally, soluble sugar content was recorded in both treated and untreated wheat
varieties. Sugars are very vigorous osmolytes which assist in defensive mechanisms.
According to our results, higher concentrations were associated with higher concentrations
of nanomaterials and fertilizers; however, at optimum concentrations of fertilizers and
nanomaterials, the results recorded were significant. For Galaxy-13, reductions in soluble
sugar content compared to control were noted for T2, T7, T11, T15, T19 and T23 at levels of
4.75%, 4.10%, 6.07%, 7.87%, 5.35%, and 5.79%, respectively; for Pak-13, the corresponding
reductions in soluble sugar content were 2.09%, 3.44%, 11.10%, 11.75%, 7.28%, and 9.52%,
as illustrated in Figure 4B.

Our research found that the application of optimum concentrations of nitrogen-based
fertilizers and biogenic bimetallic Ag/ZnO nanomaterials increased the protein content
of bread wheat varieties. Compared to control, protein content increases for T2, T7, T11,
T15, T19, and T23 were 6.97%, 3.81%, 18.41%, 20.90%, 10.28%, and 15.39% in the case of
Galaxy-13, while for Pak-13, the corresponding increases for the same treatments were
13.43%, 8.43%, 27.29%, 31.93%, 17.85%, and 22.70%, respectively, as illustrated in Figure 4C.

3.3. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-based
Fertilizers on the Non-Enzymatic Activity of Wheat Varieties

Compared to control, a significantly decreased concentration of MDA was observed at
optimum concentrations of nitrogenous fertilizers and phytogenically synthesized bimetal-
lic Ag/ZnO nanomaterials. In the case of Galaxy-13, MDA levels decreased by 8%, 3.75%,
18.02%, 21.38%, 11.5%, and 14.29%, at T2, T7, T11, T15, T19, and T23, respectively; however,
for Pak-13 the corresponding decreases were 7.02%, 2.90%, 16.76%, 20.82%, 10.48%, and
13.33%, as illustrated in Figure 5A.

Secondary metabolites such as phenolic and flavonoid contents were also identified
in both wheat varieties. Statistically significant decreases in both phenolic and flavonoid
content were recorded for various concentrations of fertilizers and nanomaterials in com-
parison with control. In the case of Galaxy-13, total phenolic content decreased by 5.54%,
2.29%, 14.55%, 17.80%, 8.33%, and 11.61%, while total flavonoid content decreased by 5.80%,
2.44%, 17.67%, 21.38%, 9.40% and 13.12%, at T2, T7, T11, T15, T19 and T23, respectively. In the
case of Pak-13, total phenolic content decreased by 7.05%, 3.58%, 23.99%, 28.93%, 11.87%,
and 17.44%, while total flavonoid content decreased by 8.91%, 4.85%, 25.37%, 31.23%,
13.67%, and 19.22%, at T2, T7, T11, T15, T19, and T23, respectively (Figure 5B,C).

Figure 5. Cont.
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Figure 5. (A): effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-
based fertilizers on malondialdehyde content of wheat varieties; (B): effect of phytogenically syn-
thesized bimetallic Ag/ZnO nanomaterials and nitrogen-based fertilizers on total phenolic content
of wheat varieties; (C): effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and
nitrogen-based fertilizers on total flavonoid content of wheat varieties.

3.4. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-Based
Fertilizers on Antioxidant Enzymes Activity of Wheat Varieties

In this study, the responses of principal antioxidant enzymes such as SOD, POD,
and CAT to certain concentrations of Ag/ZnO nanomaterials and nitrogenous fertilizers
were also observed for both wheat varieties. Compared to control, significant decreases in
levels of SOD, POD and CAT were observed in Galaxy-13 at T2, T7, T11, T15, T19 and T23.
Specifically, for SOD, the reductions were 20%, 9.52%, 58.82%, 75%, 31.58%, and 44.44%;
for POD, the reductions were 27.59%, 12.90%, 86.96%, 114.29%, 44.44% and 64%; while, for
CAT, the reductions were 33.33%, 15.39%, 111.11%, 150%, 54.55% and 80%, respectively. In
the case of Pak-13, significant decreases in SOD, POD and CAT were also observed at T2,
T7, T11, T15, T19, and T23. Specifically, for SOD, the reductions were 28.58%, 13.52%, 88.82%,
115%, 49.58%, and 69.44%; for POD, the reductions were 36.59%, 16.90%, 115.96%, 158.29%,
57.44%, and 84%; while for CAT, the reductions were 36.36%, 16.67%, 125%, 171.43%, 60%,
and 88.89%, respectively (Figure 6A–C).



Nanomaterials 2022, 12, 2894 13 of 23

Figure 6. (A): effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-
based fertilizers on SOD activity of wheat varieties; (B): effect of phytogenically synthesized bimetallic
Ag/ZnO nanomaterials and nitrogen-based fertilizers on POD activity of wheat varieties; (C): effect
of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-based fertilizers on
CAT activity of wheat varieties.



Nanomaterials 2022, 12, 2894 14 of 23

3.5. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-based
Fertilizers on Yield Attributes of Wheat Varieties

The yield attributes of wheat varieties Galaxy-13 and Pak-13 at maturity were investi-
gated and it was observed that optimum concentrations of bimetallic Ag/ZnO nanomaterial
and nitrogen-based fertilizers resulted in increased yield parameters in both varieties com-
pared to control. At T2, T7, T11, T15, T19 and T21, significantly increased numbers of grains
per pot were observed. For Galaxy-13, the increases were 9.52%, 4.88%, 16.09%, 18.18%,
11.77%, and 13.95%, respectively. For Pak-13, the corresponding increases were 13.70%,
8.45%, 21.05%, 23.78%, 16.22%, and 18.67% in Pak-13. Similarly, at T2, T7, T11, T15, T19
and T23, increases in spike length were recorded of 7.84%, 3.49%, 17.74%, 21.38%, 10.39%,
and 13.52% for Galaxy-13, with corresponding increases of 7.53%, 4.09%, 17.92%, 20.79%,
10.38%, and 13.84% for Pak-13 (Figure 7A,B).

Increases in 100-grain weights and grain yields per pot were also produced by foliar
application of nanomaterials and fertilizers. In the case of Galaxy-13, at T2, T7, T11, T15,
T19, and T23, increases in 100-grain weight were 7.84%, 3.49%, 17.74%, 21.38%, 10.39% and
13.92%; for Pak-13, the corresponding increases were 3.06%, 2.42%, 3.92%, 4.13%, 3.28%,
and 3.29%. Significant increases in grain yields were also recorded. For Galaxy-13, at T2,
T7, T11, T15, T19 and T23, these increases were 9.69%, 5.66%, 15.90%, 18.23%, 14.32% and
14.28%, respectively, while for Pak-13, the corresponding increases were 14.98%, 9.18%,
23.16%, 25.09%, 17.40%, and 20.17%, respectively, when compared to control (Figure 7C,D).

In the present study, the harvest index of both wheat varieties at maturity was also
determined. Here, again, significantly increased values were recorded after the application
of bimetallic Ag/ZnO nanomaterials and nitrogen-based fertilizers. In the case of Galaxy-
13, at T2, T7, T11, T15, T19 and T23 the index values increased by 5.44%, 2.92%, 13.50%,
15.48%, 8.50%, and 11.18%; for Pak-13, the corresponding increases in the harvest index
were 5.41% 2.92%, 13.15%, 15.70%, 7.83%, and 10.53%, compared to control (Figure 7E).

Figure 7. Cont.
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Figure 7. (A): effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-
based fertilizers on the number of grains per pot of both wheat varieties; (B): effect of phytogenically
synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-based fertilizers on spike length of
both wheat varieties; (C):effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and
nitrogen-based fertilizers on 100-grain weight of both wheat varieties; (D): effect of phytogenically
synthesized bimetallic Ag/ZnO nanomaterials and nitrogen-based fertilizers on grain yield per pot
of both wheat varieties; (E): effect of phytogenically synthesized bimetallic Ag/ZnO nanomaterials
and nitrogen-based fertilizers on harvest index of both wheat varieties.

4. Discussion

Because of increasing world population, rising demand for food requires the use of
fertilizers on a large scale. Because of resource limitation and declining fertilizer efficiency,
costs to farmers have risen rapidly [41]. After carbon, hydrogen and oxygen, nitrogen
is the basic nutrient essential for growth, phytohormones, the photosynthetic process,
proteomic modification and development in plants [42]. Excessive as well as inefficient
usage of nitrogen-based fertilizers results in increased crop production costs as well as
environmental contamination. Looking ahead, considering the need for sustainable pro-
duction of food and eco-friendly paybacks worldwide, there is a critical requirement to
up-regulate the efficiency of nutrient use in the agrarian system [43]. In a similar way
to macronutrients, micronutrients are also very important for plants and their functions
include the development of root and respiratory cells, metabolism linked with chlorophyll
formation, photosynthetic activity, and metabolic enzyme efficiency [44].

Nanotechnology is emerging as the most beneficial technology for future food security,
with the potential to improve fertilizers production using modified chemical composi-
tion, improving the efficiency of nutrient use, boosting crop yields and at the same time
reducing ecological impact [45]. This technology involves the production and strategic
application of metal-derived nanomaterials with a dimension of less than 0.1 micrometers.
Exploration of the field emerged around the turn of the 21st century, when nanomaterials
first revealed their potential agricultural uses based on their distinctive physicochemical
characteristics [46]. In recent years, there has also been an increase in the use of metal-based
nanoparticles such as bimetallic nanomaterials in daily life. Phytogenically prepared sil-
ver/zinc oxide-based nanomaterials are already used in a wide range of applications in the
fields of medicine, industry, and agriculture [47,48].

Bimetallic-based nanoparticles such as silver/zinc oxide, have been used beneficially
for their anti-cancer, antioxidant, antidiabetic, bio-molecular detection and secondary
metabolite qualities. However, the use of bimetallic nanomaterials such as Ag/ZnO in
the pursuit of plant growth and development, food production, nutrient use efficiency,
and food security has not been so widespread as the use of monometallic nanomaterials
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such as gold, silver, zinc, copper, titanium, and iron for such purposes [49,50]. These metal-
based nanomaterials increase the growth and yield of crops and perform a valuable role
against biotic and abiotic stresses. The application of plant-derived Ag/ZnO nanomaterials
as a means of promoting growth is a recent innovation in the agricultural field of nano-
biotechnology [51]. The use of bimetallic Ag/ZnO nanomaterials as nano-fertilizers, with
their synergistic effects, is more beneficial compared to monometallic nanomaterials, on
account of the higher surface-area-to-volume ratio of the former. This property allows slow
and controlled release, hence promoting effective nutrient uptake by the crops. Therefore,
this technique can be seen as a foundation for new and sustainable nutrient distribution
systems [52]. An illustration of the overall effects of nitrogenous fertilizers and Ag/ZnO
on wheat varieties has been incorporated into this study (Figure 8).

Figure 8. Overall effects of phytogenically synthesized bimetallic Ag/ZnO nanomaterials and
nitrogens-based fertilizers on wheat plants.
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Plant-derived nanomaterials have many advantages compared to chemically synthe-
sized nanomaterials in terms of cost and toxicity. In this research, Ag/ZnO nanomaterials
were synthesized using leaf extract of Moringa oleifera L. Various phytochemicals such as
aldehyde, amine, carboxylic acids, flavonoids, ketones, terpenoids, and quinines present
in leaf extract perform a key role as reducing and capping agents in the production of
plant-derived Ag/ZnO nanomaterials [15].

4.1. Characterization of Phytogenically Synthesized Ag/ZnO Nanomaterials

Previous studies have shown that the UV-visible spectrum for metal-metal oxide
nanomaterials ranges from 340 to 400 nm [53]. Similar results related to the morphology of
nanomaterials have been described and explained by other researchers [54]. The presence
of silver and zinc metal was also verified by other researchers through EDX [55]. The
FTIR spectrum indicates the presence of various compounds such as hydroxyl, carboxyl,
carbonyl, ketones, and so on, which have also been reported in the literature for their role as
reducing and capping agents for the plant-derived synthesis of Ag/ZnO nanomaterials [56].
Our XRD spectrum results, indicating crystalline structure, are also in line with previous
research [57].

4.2. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogenous-Based
Fertilizers on the Biochemistry of Wheat Varieties

In the present study, a decrease in proline content and soluble sugar content was
noted in both wheat varieties when treated with plant-derived Ag/ZnO nanomaterials
along with nitrogenous fertilizers. At the same time, the increase in wheat production
suggests a successful defense against reactive oxygen species mediating oxidative stress
due to higher concentrations of nanomaterials. In this regard, green synthesized Ag/ZnO
(60 ppm) + urea (100 mg/L) significantly decreases the production of proline and soluble
sugar content by reducing ROS activity. Our results are in line with previous literature
citing nanomaterial-arbitrated reductions in proline and sugar accumulation in various
plants [58].

A significant increase in protein content was observed in both Galaxy-13 and Pak-
13 due to the foliar application of nitrogen-based fertilizers and plant-derived bimetallic
Ag/ZnO nanomaterials. Similarly, the authors of [59] noted increased protein production in
crop plants due to the application of green synthesized nanomaterials, while the application
of fertilizers also enhanced protein content in crops [60].

4.3. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-Based
Fertilizers on Secondary Metabolites of Wheat Varieties

The accumulation of MDA occurs when lipids of plasma membrane break down.
However, stress induces lipid peroxidation. In this study, a higher concentration of nano-
materials along with nitrogen-based fertilizers resulted in increased MDA production in
both wheat varieties representing plasma membrane damage. MDA levels in wheat plants
decreased significantly with foliar applications of 60 ppm concentration Ag/ZnO nano-
materials with nitrogen-based fertilizers (urea and ammonium sulphate). This optimum
concentration of plant-derived nanomaterials led to lower levels of lipid peroxidation. Our
findings are similar to those of Landa [61] who noted decreased MDA production in plants
with green synthesized metal-based nanoparticles.

The present study found reductions in total phenolic and total flavonoid content in
both wheat varieties when exposed to 60 ppm concentration of plant-derived Ag/ZnO
nanomaterials with 50 mg/L and 100 mg/L of urea and ammonium sulphate. Similarly,
athe authors of [62,63] also demonstrated the accumulation of non-enzymatic antioxidants
(TPC and TFC) due to various nanomaterials in plants. The production and transfer
of secondary metabolites in wheat plants are regulated by silver and zinc oxide-based
nanomaterials which enhance the growth of wheat plants [64].
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4.4. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-based
Fertilizers on Antioxidant Enzymes of Wheat Varieties

Plants have various enzymatic and non-enzymatic outlines for reactive oxygen species
incorporating compounds. APX, CAT, DHAR, GR, GST, SOD and POD are examples of
enzymatic outlines, while non-enzymatic mixtures include ascorbate, GSH, etc. [65]. The
synthesis and accumulation of enzymatic antioxidants are associated with various kinds
of stresses including high concentrations of minerals and metals upsetting the physiology
of plants. In this study, increased synthesis of SOD, POD, and CAT were observed when
plants were treated with higher concentrations of nanomaterials and fertilizers, alleviating
unwanted marks of stressful conditions in Galaxy-13 and Pak-13. Because of the application
of plant-derived nanomaterials (60 ppm) with urea and ammonium sulphate, a significant
decrease in enzymatic antioxidants (SOD, POD, and CAT) was observed in both wheat
varieties. Farooq et al., [66] reported that the activity of all the antioxidative enzymes was
prolonged in sum at all stages of growth in plants. Alabdallah et al., [67] reported decrease
in the production of SOD, POD, and CAT on crop plants by application of phytogenically
prepared metal-based nanomaterials.

4.5. Role of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-based
Fertilizers on Yield Attributes of Wheat Varieties

Yield attributes such as the number of grains per pot, spike length, 100-grain weight,
grain yield per pot, and harvest index are considered to be important parameters when
studying the success of wheat plants. These yield parameters of Galaxy-13 and Pak-13 were
examined after plant-derived treatment with Ag/ZnO nanomaterials and fertilizers (urea
and ammonium sulphate). All the plants showed significantly higher yields and productiv-
ity when treated with 60 ppm Ag/ZnO nanomaterials with nitrogenous fertilizers. This
increase in yield parameters illustrates the positive effects of phytogenically synthesized
Ag/ZnO nanomaterials and fertilizers on both wheat varieties. These findings are similar
to the results of [68] which describe increased yield attributes in plants treated with green
synthesized metal-based nanomaterials. Other scientists [69,70] have also revealed the role
of urea and ammonium sulphate in improving yields of various plants.

5. Conclusion and Future Recommendations

Wheat is Pakistan’s most important food crop, exceeding all other crops in terms
of land usage and productivity. Reduced use of nitrogenous fertilizers results in lower
yields leading to scarcity and hunger. The use of nanomaterials as fertilizers can boost
crop yieds without any harmful effects on soil. The biogenic approach is more effective
and less expensive than physical or chemical approaches to the synthesis of nanomaterials.
It paves the way for a forthcoming era of bio-nanotechnology. Ag- and ZnO-based NPs
have been used in farming for the improvement of crops by promoting germination,
raising the seedling vigor index, and improving the growth of wheat seeds. Under such
conditions. When seeds of wheat plants germinate in the soil, their growth rate increases,
and production rates rise by 20–25 percent. The main objective of this study was to
investigate the effects of various concentrations of phytogenically synthesized Ag/ZnO
nanomaterials and nitrogen-based fertilizers on the biochemistry and yield of two wheat
varieties (Galaxy-13 and Pak-13). Leaf extract of Moringa oleifera L. was the major reducing
and capping agent for the synthesis of Ag/ZnO nanomaterials and was characterized
using UV–visible spectroscopy, SEM, FTIR, EDX, and XRD techniques. It was observed
that Ag/ZnO nanomaterials (60 ppm) with various concentrations of urea and ammonium
sulphate produced a significantly positive effect by improving the biochemical and yield
attributes of both varieties. Therefore, we conclude that phytogenically prepared Ag/ZnO
nanomaterials have the potential to improve biochemistry, thereby enhancing yield. Further
comprehensive studies are needed into agro-morphological changes in wheat varieties.
Studies on biochemistry and yields should be undertaken on a larger scale in future.
Furthermore, proteome and genome analysis could be carried out on wheat varieties
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treated with these nanomaterials and fertilizers for a detailed demonstration of their role at
the molecular level.
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