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Abstract: We explored the impact of strontium oxide nanoparticles (SrO-NPs), synthesized through a
green method, on seedling growth of bread wheat in hydroponic systems. The wheat plants were
exposed to SrO-NPs concentrations ranging from 0.5 mM to 8.0 mM. Various parameters, including
shoot length (cm), shoot fresh weight (g), root number, root length (cm), root fresh weight (g),
chlorophyll value (SPAD), cell membrane damage (%), hydrogen peroxide (HyO,) value (umol/g),
malondialdehyde (MDA) value (ng/uL), and enzymatic activities like ascorbate peroxidase (APX)
activity (EU/g FW), peroxidase (POD) activity (EU/g FW), and superoxide dismutase (SOD) activity
(U/g FW), were measured to assess the effects of SrO-NPs on the wheat plants in hydroponic
conditions. The results showed that the SrO-NPs in different concentrations were significantly
affected considering all traits. The highest values were obtained from the shoot length (20.77 cm;
0.5 mM), shoot fresh weight (0.184 g; 1 mM), root number (5.39; 8 mM), root length (19.69 cm; 0 mM),
root fresh weight (0.142 g; 1 mM), SPAD (33.20; 4 mM), cell membrane damage (58.86%; 4 mM), H,O,
(829.95 umol/g; 6 mM), MDA (0.66 ng/ul; 8 mM), APX (3.83 U/g FW; 6 mM), POD (70.27 U/g FW;
1.50 mM), and SOD (60.77 U/g FW; 8 mM). The data unequivocally supports the effectiveness of
SrO-NPs application in promoting shoot and root development, chlorophyll levels, cellular tolerance,
and the activation of enzymes in wheat plants.

Keywords: Triticum aestivum L.; hydroponic systems; green synthesis; antioxidative enzymes

1. Introduction

The bread wheat plant holds significant importance in human nutrition [1]. As one of
the most extensively cultivated grains globally, it sustains approximately two-thirds of the
world’s population, boasting a production capacity of 670.8 million tons [2]. Wheat finds
widespread use in the production of various food items, including bread, pasta, bulgur,
noodles, cakes, and biscuits [3]. Not only do bread wheat plants offer high nutritional
value, but they are also easily processed and highly adaptable. Due to its integration into
the food chain, wheat serves as a prominent subject in biotechnological studies [4].
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Metal ions play a pivotal role in biochemical processes crucial for plant development.
However, when their concentration surpasses the optimal level within the plant, they
exert negative effects on growth, both directly and indirectly. Exposure to high metal
ion concentrations can lead to direct toxic effects, such as the inhibition of cytoplasmic
enzymes and structural damage to cells due to oxidative stress [5]. Metal toxicity is
recognized to harm plant cell membranes, impede transpiration, disrupt protein synthesis,
impair photosynthesis, hinder the photosynthetic rate, and influence the activity of various
enzymes [6]. Additionally, metals are known to interfere with chlorophyll synthesis either
by directly inhibiting an enzymatic step or inducing a deficiency of essential nutrients [7].

To enhance productivity in the efficient use of resources, agriculture requires strength-
ening and revitalization through innovative, science-based technologies. Nanotechnology
holds great promise in shaping a more sustainable future for agriculture [8]. Apart from
their use in agriculture, NPs play a crucial role in smart release systems and real-time
tracking systems. These NPs have been employed in studies to enhance efficiency while
minimizing the entry of pesticides and herbicides. Furthermore, NPs find applications in
groundwater and field purification efforts [9]. Numerous investigations have demonstrated
that the application of different metal NPs at appropriate concentrations can have diverse
positive effects on plants [10-13]. The extensively altered physiochemical properties of
nanoparticles, attributed to their smaller size and larger surface area, contribute to their
widespread application across various bioscience disciplines [14]. Nanoparticles, includ-
ing gold (Au), silver (Ag), copper (Cu), zinc (Zn), aluminum (Al), silica (5i), zinc oxide
(Zn0O), cesium oxide (Ce;O3), titanium dioxide (TiO,), and magnetized iron (Fe), have been
employed in agricultural applications [15].

While numerous studies have detailed the effects of nanoparticles (NPs) on plants,
there remains some uncertainty concerning the toxicity and application of SrO-NPs, par-
ticularly in wheat-related scenarios. Strontium is a soft, silvery metallic element often
found in rocks, soil, fossil fuel, water, and oil. Strontium (Symbol Sr, Atomic no. 38, atomic
weight: 87.62 g/mol) is a naturally and widely occurring alkaline earth metal (group 2A, in
period 5, between calcium and barium). The mineral was discovered by Adair Crawford
and William Cruickshank in Strontian (Scotland) in 1790. Sr ore is generally found in
nature in the form of minerals such as strontium sulfate (SrSOy) and strontianite (SrCO3);
however, it can form a variety of compounds that may or may not be water-soluble. Sr
in the atmosphere is in the form of fresh or dry aerosols. The main chemical species in
air is strontium oxide (S5rO). The chemical and biochemical behavior of radiostrontium
and stable strontium is analogous in both soil solution and plants. Consequently, numer-
ous experiments investigating the uptake and distribution of radiostrontium by plants
have utilized stable strontium as a surrogate [16]. Regarding chemical toxicity, due to
its chemical similarity, strontium displaces calcium (Ca) and induces calcium deficiency
in organisms [17]. Brooks [18] assessed the toxicity level of strontium in plants to be
30 ppm. Subsequently, various model plants have been subjected to test studies to ascertain
the toxicity and impacts of stable strontium in both hydroponic and soil cultures, with
their overall conditions being observed [16,19]. It has been documented that strontium (Sr)
exhibits both positive and negative effects on the growth, root development, shoots, and
cell membranes of plants, contingent on the applied dosage [16]. However, the impact of
strontium SrO-NPs on plants remains unknown. Additionally, no studies have examined
SrO-NPs in wheat. This research investigated the effect of SrO-NPs in wheat for the first
time. In this study, the effects of various concentrations of SrO-NPs in wheat including
seedling growth, physiological parameters, and antioxidant analysis were investigated.

2. Materials and Methods
2.1. Plant Material
In this study, the Esperia bread wheat variety was employed. The wheat cultivar

utilized was sourced from the Atattirk University Faculty of Agriculture, Department of
Field Crops in Tiirkiye.
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2.2. Preparation of Plant Extract

Plant extract preparation involved collecting walnut shells from Tortum/Erzurum,
Turkey, with identification assistance from taxonomists. The walnut shells underwent
multiple washes with distilled water to remove dust and soil. Subsequently, 25 g of small
pieces were finely ground to create a uniform mixture in a blender with the addition of
250 mL of distilled water. The resulting mixture underwent centrifugation at 5000 g for
10 min, and the obtained supernatant was utilized for the green synthesis process.

2.3. Green Synthesis and Characterization of SrO-NPs

Top of Form Green synthesis of SrO nanoparticles (NPs) was initiated using walnut
shell extract, and the surface topography of the SrO-NPs was characterized through SEM.
The surface morphologies were examined utilizing Metek, Apollo prime, 10 mm? active
area, S50 microscope inspect (FEI Company, Brno, Czech Republic), and R580 SE detector
SEM operating at 20 kV, with energy-dispersive X-ray (EDAX) analysis attached to the
scanning electron microscope (SEM). Subsequently, XRD analysis was conducted to as-
certain the crystallinity of the SrO-NPs. X-ray diffraction (XRD) patterns were obtained
on a PANalytical EMPYREAN XRD (Malvern Panalytical Inc., Westborough, MA, USA)
instrument equipped with Ni-filtered Cu Ko radiation (A = 0.1542 nm) in the range of
10-80° at a scanning rate of 4° min~—!. Furthermore, FT-IR analysis of the SrO-NPs was
performed using a Vertex 80 Model FI-IR Frontier spectrophotometer (Bruker Ltd., Karl-
sruhe, Germany) with the attenuated total reflection (ATR) technique in the 4000-400 cm !
region [20].

2.4. Application of SrO-NPs on Wheat and Their Growing Condition

In this study, SrO-NPs synthesized through a green synthesis method were admin-
istered to plants at varying concentrations (0, 0.5 mM, 1 mM, 1.5 mM, 2 mM, 4 mM,
6 mM, and 8 mM). Approximately 300 pL of plant extract from walnut shell was added to a
sample containing SrCI2 solution (10 mL, 10 mM) and left to incubate for 4 h. A noticeable
transformation occurred as the solution transitioned to a light-yellow hue, suggestive of the
formation of SrO-NPs [21,22]. Wheat seeds underwent sterilization using a solution com-
posed of 70% ethyl alcohol and 30% sodium hypochlorite, followed by thorough rinsing
with pure water. Seeds reaching a length of 2 cm after a 3-day pre-germination period at
an ambient temperature of 25 °C were then transferred to the hydroponic system. A stock
solution, derived from the Hoagland and Arnon [23] formulation, was prepared. SrO-NPs
were subsequently added at concentrations ranging from 0 to 8 mM, with the pH adjusted
to 5.8. Randomized plots were established with four replications based on the experimental
design. Subsequently, 250 mL of the prepared solution was added to each replicate group,
and five germinated seeds were planted. The hydroponic system was operated at 25 + 1 °C
under an 18 h light/6 h dark photoperiod, with a photon density of 120 umol photon/m?s.
The experiment concluded at the end of the 7th day.

2.5. Measuring the Chlorophyll Value

The chlorophyll value of the plants was measured at the conclusion of the application.
The average values were obtained by measuring each sample in the repetition using the
SPAD-502 Plus (Konica Minolta Optics, Tokyo, Japan) device, selected from the flag leaves
of the plant. The measurement method adhered to the procedure outlined by Nezami
etal. [24].

2.6. Morphological Observations

Upon completion of the application, morphological observations were conducted. The
shoot and root lengths of the plants were measured using a millimeter scale (cm), while
the shoot and root weights were determined with a precision scale (g). Additionally, the
number of roots was quantified through counting.
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2.7. Cell Membrane Damage

Cell membrane damage at the conclusion of the application was assessed using an EC
meter (Thermo Fisher Scientific, Waltham, MA, USA), following the method outlined by
Lutts [25]. Leaf samples weighing a total of 100 mg were obtained from each experimental
group, washed with pure water, and placed in Falcon tubes containing 15 mL of pure
water. The tubes were maintained at 25 °C for 24 h. After this incubation period, samples
with recorded electrical conductivity (EC1) values were autoclaved at 120 °C for 20 min.
Subsequently, the samples were cooled to 25 °C, and the electrical conductivity (EC2) values
were determined through another measurement with an EC meter. Cell membrane damage
was calculated by the following formula:

EC1
Cell membrane damage = faTon) x 100 (1)

2.8. HO,, MDA, and Stress Enzyme Analysis

At the conclusion of the application, the examination of HyO, and MDA values fol-
lowed the procedures outlined by Tiryaki et al. [26]. Furthermore, the activities of stress
enzymes, including SOD, POD, and APX, were analyzed through absorbance measure-
ments using microplate reader (Multiskan GO, Thermo Scientific, Hudson, NH, USA).
The activity of the SOD enzyme was determined by monitoring the inhibition of the pho-
toreaction of NBT. Each sample was loaded into the wells of a spectrophotometer plate
with 20 pL of sample, 170 uL of SOD assay buffer, and 10 pL of riboflavin solution for
each replicate. The blank well was loaded with 190 uL of SOD assay buffer and 10 uL of
riboflavin solution. The prepared plate was incubated under fluorescent light for 10 min to
initiate color development of NBT. At the end of this period, the plate was placed into the
spectrophotometer device, and measurements were taken at a wavelength of 560 nm to
record the results. One unit of SOD activity was defined as the enzyme amount causing 50%
inhibition of NBT reduction, and the results are expressed as U/g leaf. For POD analysis,
each sample was loaded into the wells of the spectrophotometer plate for a single replicate
with 5 uL of sample and 245 uL of POD assay buffer. The prepared plate was then placed
into the spectrophotometer device, absorbance measurements were taken at a wavelength
of 470 nm for 1 min with intervals of 15 s, and the results were recorded. At 25 °C, the
enzyme amount causing an increase of 0.01 in absorbance within 1 min was considered as
1 enzyme unit, and the results are expressed as enzyme units per gram of leaf (U/g leaf).
For APX analysis, each sample was loaded into the wells of the spectrophotometer plate
for a single replicate with 20 pL of sample and 180 uL of APX assay buffer. The prepared
plate was then placed into the spectrophotometer device, and measurements were taken at
290 nm wavelength for 3 min with intervals of 30 s after 1 s of pre-shaking. The results are
recorded as enzyme units per gram of fresh leaf (U/g leaf) [27].

2.9. Data Analysis

The study of different concentrations (0, 0.5 mM, 1 mM, 1.5 mM, 2 mM, 4 mM,
6 mM, and 8 mM) of SrO-NPs was applied based on a completely randomized design
with four replications. Analysis of variance (ANOVA) was performed using the general
linear model procedure in JMP statistical software (JMP, Version 15th edition. SAS Institute
Inc., Cary, NC). The mean values obtained from the treatments were compared using the
least-significant difference test (LSD) with a significance level set at « = 0.05.

3. Results and Discussion
3.1. Synthesis and Characterization of SrO-NPs

In this study, we successfully synthesized SrO-NPs utilizing walnut shell extract as a
green and sustainable reducing and stabilizing agent. The synthesis process was conducted
via a facile and eco-friendly method, aiming for the development of environmentally
benign nanoparticle synthesis techniques. The characterization of the synthesized SrO-
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NPs was conducted using various analytical techniques to understand their structural,
morphological, and chemical properties. The following results were obtained.

3.1.1. SEM Analysis

The chemical and mineralogical compositions of the synthesized green zinc NPs
were determined by scanning electron microscopy (SEM), which was used to examine the
surface of the adsorbent. Images of the SrO-NPs were taken at 29.43 Kx magnification
by a Zeiss instrument (Zeiss, Oberkochen, Germany), and the active area was 10 mm?
(Figure 1A). The energy-dispersive X-ray (EDX) analysis was conducted to determine the
elemental composition of the synthesized SrO-NPs. The results confirmed the presence of
strontium (Sr) and oxygen (O) elements, consistent with the expected composition of SrO.
The spectrum displayed distinct peaks corresponding to the characteristic X-ray emissions
of strontium and oxygen, indicating the successful formation of SrO nanoparticles without
any detectable impurities. The elemental composition analysis corroborates the purity of
the synthesized nanoparticles (Figure 1B).

e N e fa [% JI b 3 3 O -
Daytam EHT= 400 kw Signal A= InLens 200 nm ZEISS
WD= 3.5 mm Mag=29.43 KX «—>

Figure 1. (A) SEM analysis result of the SrO with 29.43 K x magnification, (B) EDX analysis result of
the SrO-GO.
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3.1.2. XRD of ZnO-NPs

The description of the XRD pattern and crystallographic analysis of STO-NPs syn-
thesized using a peroxidase enzyme catalyst is clear and informative. The identification
of characteristic peaks at specific 26 values corresponding to (111), (130), (220), and (222)
planes provide valuable information about the crystal structure (Figure 2). Additionally,
referencing a previously reported XRD pattern by Apsana et al. [28] adds context and
contributes to the existing knowledge in the field of SrO synthesis. The peak observed
along the (111) plane signifies the presence of well-defined crystalline domains within the
SrO-NPs. This peak represents the most densely packed lattice planes in the crystal struc-
ture, indicating a high degree of structural order. The prominence of the (111) peak suggests
the formation of crystallites with a preferred orientation along this plane, highlighting the
uniformity and quality of the crystal lattice. Additionally, the peak corresponding to the
(130) plane indicates an additional crystallographic orientation within the SrO-NPs. This
observation underscores the complexity of the crystal structure, with multiple orientations
contributing to the overall arrangement of atoms. The presence of the (130) peak con-
tributes significantly to the comprehensive structural analysis, providing further insights
into the atomic arrangement and symmetry within the crystal lattice. Furthermore, the
peak observed along the (220) plane serves as confirmation of the crystalline phase of
the SrO-NPs. This peak provides crucial information regarding the crystal structure and
symmetry of the nanoparticles, further validating their crystalline nature. The intensity
and position of the (220) peak offers valuable clues about the crystallite size, lattice spacing,
and overall crystallographic quality of the synthesized nanoparticles.

70000 +

60000 - (130)

50000 -
111)
40000 -

30000 - (220)

Intensity (a.u.)

20000 - (222)

10000 -

0 T T T T T T T 1
10 20 30 40 50 60 70 80 90

20 (degree)

Figure 2. X-ray diffraction pattern of strontium oxide nanoparticles.

3.1.3. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

Our description of the FTIR spectrum for SrO-NPs is thorough and well structured.
The assignment of peaks at specific wavenumbers to bending vibrations of Sr-O, as well as
the identification of absorption bands related to OH and CO bonds, provides a compre-
hensive analysis (Figure 3). Referencing relevant studies by Nadaroglu et al. [22], Apsana
et al. [29], and Alavi and Morsali [30] strengthens the interpretation of the FTIR results and
places our findings within the literature.
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Figure 3. Fourier-transform infrared spectrum of strontium oxide nanoparticles.

3.2. Physiological Effect on Wheat of SrO-NPs
3.2.1. Shoot Length

The shoot length results for wheat treated with SrO-NPs are illustrated in Figure 4A.
The variance analysis results showed that for shoot length in wheat, a statistically sig-
nificant difference among the treatments was observed (p < 0.001). The 0.5 mM SrO-NPs
treatment group exhibited the longest shoot length (20.78 cm), followed by the 1.0 mM SrO-
NPs treatment group (20.31 cm) and the control group (20.07 cm). Conversely, the shortest
shoots were obtained from the 8.0 mM SrO-NPs (15.84 cm) and 4.0 mM SrO-NPs treatments
(16.12 cm). The initial increase in shoot lengths compared to the control was observed at lower
SrO-NPs concentrations, but at higher concentrations, a significant decrease in shoot length
occurred. These findings align with a study by Lee et al. [31], where Cu-NPs application
similarly reduced the shoot length of wheat plants compared to the control group.

3.2.2. Shoot Fresh Weight

From the analysis of variance results of shoot fresh weight, a statistically significant
difference among the applications was identified (p < 0.001) (Figure 4B). The heaviest
fresh shoot weight was observed in the 0.5 mM SrO-NPs (0.1841 g) and 1.0 mM SrO-NPs
(0.1842 g) treatments, followed by the 1.5 mM SrO-NPs treatment (0.1785 g). Conversely, the
lowest shoot fresh weight was recorded with 8.0 mM SrO-NPs application (0.1351 g). The
overall trend suggests that the shoot fresh weight decreased with increasing concentration,
excluding the control and 6.0 mM SrO-NPs treatments. The findings of these results agree
with Dimkpa et al. [32] on CuO and ZnO-NPs, Wang et al. (2014) on Ag-NPs, and Jiang
et al. [33] on TiO,-NPs. The application of TiO; has been shown to decrease the fresh
weight of wheat plant shoots in a dose-dependent manner.

3.2.3. Number of Roots

Variance analysis of root number showed a highly significant difference among the
concentrations (p < 0.001) (Figure 4C). The highest number of roots was observed after
applying 8.0 mM SrO-NPs (5.39), followed by 1.0 mM SrO-NPs (4.85), 6.0 mM SrO-NPs
(4.83), and 4.0 mM SrO-NPs (4.83). The control group exhibited the lowest number of roots
(4.55). This situation causes an increase in the number of roots as the SrO-NPs concentration
increases. Supporting this observation, Igbal et al. [34] reported an increase in the number of
roots in their study with AgNO3-NPs application, indicating consistency with our findings.
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3.2.4. Root Length

Statistically significant differences were observed among the concentrations of this
study (p < 0.001) (Figure 4D). Notably, SrO-NPs treatments were found to increase con-
centration and lead to decrease in root length. The control treatment exhibited the longest
roots (19.69 cm), followed by the 0.5 mM SrO-NPs treatment (18.12 cm). In contrast, the
shortest roots were observed in 8.0 mM SrO-NPs (6.03 cm) and 4.0 mM SrO-NPs (6.47 cm).
This suggests that SrO-NPs contribute to the reduction in root length, which is a favorable
characteristic for transferring plants obtained from tissue culture media to pots and green-
houses, facilitating their establishment in the soil. These findings align with the results of
Rafique et al. [35] and Jiang et al. [33], where the application of TiO,-NPs led to similar effects.
Additionally, McManus et al. [36] reported that CuO-NPs application reduced the length of

roots in wheat plants, supporting the outcomes observed in our study.
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Figure 4. Effects of different concentrations of SrO-NPs on wheat plant: (A) shoot length (cm),
(B) shoot fresh weight (g), (C) number of roots, (D) root length (cm), (E) fresh root weight (g), (F)
chlorophyll value (SPAD), (G) cell membrane damage (%), (H) H,O, value (umol/g), and (I) MDA
value (ng/pL). Different lowercase letters indicate non-significant differences between each item. F
values marked with ** is significant at the probability level of 0.01.
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3.2.5. Fresh Root Weight

From the variance analysis results for fresh root weight, a statistically significant
difference among the concentration was identified (p < 0.001) (Figure 4E). The highest
fresh root weight was observed in the 1.0 mM SrO-NPs treatment (0.14 g), followed by the
control (0.11 g) and the 0.5 mM SrO-NPs treatment (0.11 g). Conversely, the lowest fresh
root weight was recorded after applying 4.0 mM SrO-NPs (0.05 g) and 8.0 mM SrO-NPs
(0.053 g). Despite the non-linearity in root age weights, there is an overall decrease, which
is considered desirable for the acclimation of plantlets from tissue culture media to soil.
These results align with the findings of Lee et al. [31], who studied Cu-NPs application,
with those of Mahmoodzadeh et al. [37], who investigated TiO,-NPs application, and with
those of McManus et al. [36], who reported that CuO-NPs application decreases the age
and weight of roots in wheat plants.

3.2.6. Chlorophyll Value

Stress factors can induce a decline in chlorophyll synthesis in plants, with metal stress
inhibiting protochlorophyll reductase and aminolevulinic acid synthesis, resulting in the
generation of free radicals and oxidative breakdown of thylakoid membrane lipids [38].
The impact of stress on plants can be assessed by quantifying chlorophyll levels. Variance
analysis of the chlorophyll value treated with SrO-NPs revealed a statistically significant
difference among the treatments (p < 0.001) (Figure 4F). Notably, the effects of apply-
ing 4 mM SrO-NPs (33.20) and 8.0 mM SrO-NPs (32.29) were comparable to the control
(27.80), while a reduction in chlorophyll value occurred at 1.5 and 2.0 mM SrO (24.80
and 22.70, respectively). Conversely, applications of 4.0 mM (33.20), 6.0 mM (30.18), and
8.0 mM (32.29) SrO-NPs appeared to enhance the chlorophyll value compared to the con-
trol group. The positive reaction between the chlorophyll value and SrO-NPs concentration
suggests a potential increase in photosynthesis, contributing positively to plant growth and
development. In conclusion, our findings support the notion that SrO-NPs application posi-
tively influences chlorophyll levels in wheat plants. This aligns with similar studies where
Dimkpa et al. [39] utilized ZnO-NPs, Ali et al. [40] employed Si (silicon) NPs, and Hussain
et al. [41] applied FeO-NPs, all resulting in increased chlorophyll values in wheat plants.

3.2.7. Cell Membrane Damage

The impact of stress factors on plant cell membrane permeability, fluidity, and protein
activity, leading to increased electrical conductivity, is a well-established phenomenon. The
examination of electrical conductivity is a reliable method for detecting cell membrane
damage, a key parameter in assessing the effects of stress [42]. For the variance analysis
results of cell damage, a highly significant difference among the applications was observed
(p <0.001) (Figure 4G). The highest value of cell membrane damage occurred in the 4.0 mM
SrO-NPs treatment (58.86%), followed by the 6.0 mM SrO-NPs treatment group (24.31%). In
contrast, the lowest cell membrane damage was observed in the 1.0 mM SrO-NPs treatment
(3.84%) and the control treatment (3.99%). This aligns with the study by Gao et al. [43],
where GO-NPs application to rice plants was investigated, and with the findings of Iftikhar
et al. [44] who reported increased cell membrane damage in wheat plants following ZnO-
NPs application.

3.2.8. H,O, Value

The synthesis of HyO, by the SOD enzyme, leading to potential lipid peroxidation and
cell membrane damage, is a recognized process in response to stress. The detoxification
of HyO, occurs through antioxidative enzymes such as POD, APX, and CAT. Monitoring
the value of H,O, serves as a valuable measure to assess the degree of stress [45]. From
the variance analysis results of HyO,, a statistically highly significant difference among the
applications was observed (p < 0.001), as depicted in Figure 4H. The highest value of H,O,
was recorded after applying 6.0 mM SrO-NPs (829.96 umol/g), followed by the 1.5 mM
SrO-NPs treatment (804.45 pmol/g). Conversely, the lowest value of H,O, was obtained
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from the 8.0 mM SrO-NPs treatment (718.19 umol/g). This observation is consistent with
the findings of Kheiri et al. [46] on Cs-NPs, with those of Rafique et al. [47] on TiO,-NPs,
with those of Iftikhar et al. [44] on ZnO-NPs, and with those of Saleh et al. [48] on the
application of NiO, all reporting an increase in the value of H,O; in wheat plants due to
nanoparticle applications.

3.2.9. MDA Value

The occurrence of lipid peroxidation in the cell membrane results in the production
of MDA, which, in turn, impairs the stability of the cell membrane. Therefore, MDA is
considered an effective measure for determining the extent of oxidative damage in living
organisms [49]. From the variance analysis results of MDA, a highly statistically significant
difference among the concentration was observed (p < 0.001) (Figure 41). The greatest effect
on MDA value was observed with 8.0 mM SrO-NPs (0.67 ng/uL), followed by 4.0 mM
SrO-NPs (0.59 ng/uL). In contrast, the lowest MDA value was recorded in the 0.5 mM
SrO-NPs treatment group (0.35 ng/uL). Similar findings were found in previous studies
where Da Costa and Sharma [50] reported increased MDA values in rice plants due to
CuO-NPs application, Garcia-Gémez et al. [51] noted an increased MDA value in corn
plants following ZnO-NPs application, and Iftikhar et al. [44] reported elevated MDA
values in wheat plants with ZnO-NPs application.

3.3. Antioxidant Effect on Wheat of SrO-NPs

APX, POD, and SOD serve as antioxidative enzymes crucial for shielding plants
against stress conditions. The APX enzyme family, recognized as enzymatic antioxidants, is
presumed to play a role in eliminating reactive oxygen derivatives encountered during plant
stress, thereby safeguarding various cellular structures such as DNA, proteins, and lipids.
The elevation in APX activity is believed to correlate with the mitigation or elimination
of negative effects induced by plant stress [52]. POD, an antioxidant enzyme, effectively
manages and detoxifies reactive oxygen derivatives, contributing to plant survival amidst
stressful conditions [52]. Monitoring POD activity stands as a vital parameter for acquiring
information regarding the impact of stress. SODs, characterized by their high catalytic
activity, are enzymes responsible for converting the superoxide anion (O-2) into H,O,, a
reactive oxygen derivative known to inflict damage on the plant’s DNA, proteins, and lipids.
An augmentation in SOD activity aids plants in withstanding both biotic and abiotic stress
factors, facilitating their survival [53]. From the variance analysis results of APX, POD,
and SOD enzyme activity, a statistically significant difference among the applications was
identified (p < 0.001) (Figure 5). The highest APX activity was recorded after the application
of 6.0 mM SrO-NPs (3.84 U/g FW), followed by 4.0 mM SrO-NP (3.31 U/g FW) and 1.5 mM
SrO-NP (3.47 U/g FW) applications. In contrast, the lowest APX activity was observed in
the 0.5 mM SrO-NP treatment group (1.73 U/g FW). This increase in APX activity, which is
crucial for removing reactive oxygen derivatives that damage DNA, proteins, and lipid
structures in cells, indicates that StO-NPs have a positive effect on the plants” antioxidative
defense mechanisms.

In Figure 5, the highest POD activity was observed following the application
of 1.5 mM SrO-NPs (70.28 EU/g FW), succeeded by 4.0 mM SrO-NP application
(59.07 EU/g FW). Conversely, the lowest POD activity was recorded after applying 1.0 mM
SrO-NPs (46.33 EU/g FW), 8.0 mM SrO-NPs (46.67 EU/g FW), and 0.5 mM SrO-NPs
(46.98 EU/g FW).

Furthermore, Figure 5 reveals that the greatest SOD activity was obtained with 8.0 mM
SrO-NP application (60.775 EU/g FW), followed by 4.0 mM SrO-NP (58.75 EU/g FW)
and 6.0 mM SrO-NP (56.32 EU/g FW) applications. In contrast, the lowest SOD activity
was detected in the 1.0 mM SrO-NP treatment group (43.14 EU/g FW) and the control
treatment (43.496 EU/g FW). Comparatively, all StO-NP treatments increased SOD activity
in plant cells significantly, enhancing the plant defense mechanism compared to the control
treatment (43.496 EU/g FW). The observed increase in POD, another crucial antioxidant
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enzyme essential for plant survival under stress, suggests that NP application, especially up
to a 2.0 mM dose, does not have drawbacks and may even have positive effects. This aligns
with similar findings by Chen et al. [49], who reported that ZnO-NP application reduced
POD levels in rice plants. Conversely, studies by Du et al. [54] for CeO,-NP application, Ali
et al. [40] for Si-NP application, Du et al. [54] for ZnO-NP application, Hussain et al. [41]
for FeO-NP application, and Jhanzab et al. [55] reported results like ours, indicating that
Ag-NP application increased SOD levels in wheat plants.
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Figure 5. Effects of different concentrations of SrO-NPs on APX, POD, and SOD antioxidative enzyme
activities (EU/g FW). Different lowercase letters indicate non-significant differences between each
item. F values marked with ** is significant at the probability level of 0.01.

4. Conclusions

Nanotechnology is widely used in several branches of science to improve the quality
of life. The application of nanoparticles is continuously increasing in numerous fields
including agriculture. Among the nanoparticles, metallic nanoparticles have gained signifi-
cant interest in the past few years due to their unique physical and chemical characteristics.
In recent times, there has been a surge in interest surrounding strontium oxide nanopar-
ticles (SrO-NPs) due to their promising features and potential applications. The results
obtained from the evaluation of all parameters indicate that SrO-NPs application in the
concentration range of 0.0-1.5 mM positively impacted the Esperia wheat plant variety. The
effectiveness of SrO-NP application was particularly notable within this concentration range.
It is suggested that conducting studies at a more sensitive concentration, up to 1.5 mM, and
exploring lower concentrations may yield more precise results for determining the optimum
SrO-NP concentration. To enhance the efficient utilization of plant nutrients in hydroponic
systems, greenhouses, and field settings, further investigations into the use of SrO-NPs in
nanofertilizers or other innovative methods could contribute to researchers obtaining longer
and heavier shoots, improving resistance to both biotic and abiotic stress factors.
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