

  agronomy-13-02073




agronomy-13-02073







Agronomy 2023, 13(8), 2073; doi:10.3390/agronomy13082073




Article



Harnessing the Eco-Friendly Potential of Asparagus racemosus Leaf Extract Fabricated Ni/Ni(OH)2 Nanoparticles for Sustainable Seed Germination and Seedling Growth of Vigna radiata



Ashna Parveen 1[image: Orcid], Sashi Sonkar 2, Prakash Kumar Sarangi 3[image: Orcid], Akhilesh Kumar Singh 4,*[image: Orcid], Uttam Kumar Sahoo 5[image: Orcid], Rahul Gupta 1,*[image: Orcid], Piotr Prus 6[image: Orcid], Florin Imbrea 7,*, Laura Șmuleac 7 and Raul Pașcalău 7





1



Amity Institute of Biotechnology, Amity University Uttar Pradesh, Lucknow Campus, Lucknow 226028, India






2



Department of Botany, Bankim Sardar College, Tangrakhali 743329, India






3



College of Agriculture, Central Agricultural University, Imphal 795004, India






4



Department of Biotechnology, School of Life Sciences, Mahatma Gandhi Central University, Motihari 845401, India






5



Department of Forestry, Mizoram University, Aizawl 796004, India






6



Department of Agronomy, Faculty of Agriculture and Biotechnology, Bydgoszcz University of Science and Technology, Al. Prof. S. Kaliskiego 7, 85-796 Bydgoszcz, Poland






7



Faculty of Agriculture, University of Life Sciences “King Mihai I” from Timisoara, 300645 Timisoara, Romania









*



Correspondence: akhiliit@gmail.com (A.K.S.); rgupta1@lko.amity.edu (R.G.); florin_imbrea@usvt.ro (F.I.)







Academic Editor: Elena Maestri



Received: 30 June 2023 / Revised: 3 August 2023 / Accepted: 4 August 2023 / Published: 7 August 2023



Abstract

:

The increasing utilization of nanoparticles (NPs) in agricultural practices has led to a surge in demand for nano-based products. Herein, we investigate the dose-dependent impacts of nickel hydroxide (Ni(OH)2)/nickel (Ni) NPs, synthesized using Asparagus racemosus Linn. leaf extract, on the seed germination and growth of Vigna radiata (Linn.) Wilczek. In all seed samples, 100% germination was observed in Treatment 1 (2.74 mg mL−1) and Treatment 2 (5.48 mg mL−1) of Ni/Ni(OH)2 NPs. However, in Treatment 3 (8.22 mg mL−1) and Treatment 4 (10.96 mg mL−1), the germination percentage was lower, reaching 80%. Further, Treatment 5 (13.70 mg mL−1) of Ni/Ni(OH)2 NPs showed a reduced germination rate of 60%, indicating a prolonged germination process at higher concentrations. Remarkably, the length of seedlings showed a significant increase in all experimental treatments compared to the control group, which received 5 mL of distilled water. Among the investigated parameters, Treatment 2 demonstrated the most promising outcomes, exhibiting the highest chlorophyll stability index (23.73%) and membrane stability index (67.89%) values, as well as the lowest root ion leakage (24.75%). These findings indicate that Ni/Ni(OH)2 has the capacity to enhance seed germination and foster seedling growth.
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1. Introduction


The agricultural industry, despite undergoing revolutionary transformations, continues to face challenges posed by climate change and the increasing demands for food security [1,2]. In this context, nanotechnology has emerged as a promising avenue to enhance agricultural productivity by improving the management and application of inputs in plant production.



Numerous investigations have explored nickel (Ni) bioavailability in soil and plants, as its applications span from everyday household products to industrial settings. Ni is found in very minute amounts in the air, water, and soil and is subsequently absorbed by plants through their roots after it becomes accessible in the soil [3]. It is a vital nutrient for healthy plant development and growth and is necessary for activating various enzymes, including urease and glyoxalase-I. Numerous physiological functions, including nitrogen metabolism, photosynthesis, reproductive and vegetative development, and seed germination depend on the mineral Ni. As a result, plants require sufficient Ni supplies to complete their life cycle [3]. However, elevated levels of Ni can stimulate the generation of reactive oxygen species (ROS), which negatively impact various biochemical and physiological processes, including mineral uptake, transpiration, and photosynthesis, posing potential hazards to plant health. ROS production accelerates lipid peroxidation, leading to plasma membrane deterioration and the inhibition of essential enzyme activities [3].



Nanofertilizers offer several advantages, including their nanoscale size, which allows for enhanced permeability within plant systems, increased surface area providing more reaction sites, and the potential for lower dosages [2,4]. One approach to regulate and slow-release various micronutrients and macronutrients into the soil, while minimizing build-up and pollution of natural resources, involves replacing traditional fertilization techniques with nanofertilizers. Nanofertilizer technology necessitates an integrated approach as it has the potential to outperform conventional fertilizers. These nanofertilizers can comprise mineral emulsions or nanoparticles (NPs) enclosed by nanomaterials or protected by thin coatings [2,5]. The unique physicochemical characteristics of NPs enable them to interact with plants and induce a range of morphological and physiological alterations [2,6]. Nanofertilizers, classified into three types, i.e., nanoparticulate, micronutrient, and macronutrient nanofertilizers, have emerged as promising tools for enhancing plant growth and development [7]. Micronutrient nanofertilizers encompass essential elements such as zinc (Zn), manganese (Mn), nickel (Ni), iron (Fe), copper (Cu), and molybdenum (Mo) packaged within NPs. Recent studies have highlighted the superior benefits of organically fabricated micronutrient nanofertilizers compared to chemically synthesized NPs, emphasizing their positive impact on plant development [8]. The demand for ecologically sound and energy-efficient routes to produce metallic NPs like Ni NPs has propelled both scientific research and commercial industries to invest in green synthesis technologies [9]. Exploiting plant products, extracts, parts, and organisms for the eco-friendly fabrication of Ni NPs yields products that are safe for the ecosystem and the environment [10]. Utilizing plant extracts as reducing agents in the green synthesis of metallic NPs offers both commercial and environmental advantages [11].



In comparison to other magnetic NPs, Ni NPs exhibit greater potential as catalysts in chemical processes, as well as in propellants and sintering additives for fibers, polymers, and coatings [12]. The abundance of Ni in the Earth’s crust makes it a more cost-effective option compared to many other metals utilized as catalysts [13]. Ni NPs can be employed in various forms, including nanofluids with different degrees of purity, such as ultra-high purity, high purity, dispersed, coated, and passivated configurations [14].



The utilization of Ni-based NPs holds significant potential for enhancing agricultural productivity and meeting the growing demands of the modern era’s food requirements. In this context, Chaudhary et al. [15] conducted a study investigating the impact of nickel oxide (NiO) nanodisks on germination using Vigna radiata (Linn.) Wilczek seeds. The results revealed strong antiproliferative activity, with growth inhibition values ranging from 12.6% to 46%. Singh et al. [16] investigated the production of NiO-based NPs using the cell-free extract of Spirogyra sp. The study demonstrated a positive effect at lower concentrations, with an increase in the V. radiata seedling’s length. However, at higher concentrations, the seed germination and seedling growth of V. radiata were adversely affected. Understanding the intricate interactions between Ni NPs and plants is crucial for harnessing their potential in agricultural applications and optimizing their usage for sustainable crop production. Furthermore, research in this field is necessary to fully elucidate the mechanisms underlying these effects and to explore the broader implications of Ni NPs utilization in agricultural systems.



The fabrication, characterization, and evaluation of in vitro catalytic, antibacterial, and antioxidant properties of Ni/Ni(OH)2 nanoparticles using A. racemosus have been previously documented [17]. However, further investigation on the dose-dependent effects of plant-derived Ni-based NPs on seed germination, seedling growth, and other related factors remains unexplored, presenting an opportunity for novel insights and applications. Therefore, to address this gap, the present study investigates the dose-dependent impacts of A. racemosus leaf extract-fabricated Ni/Ni(OH)2 NPs on the seed germination and growth of mung bean V. radiata. Moreover, physiological parameters such as membrane stability index (MSI), chlorophyll stability index (CSI), and root ion leakage (RIL) were also evaluated to report the effects on V. radiata. Thus, the present study contributes to assessing the potentials of A. racemosus-derived Ni/Ni(OH)2 NPs in the germination and growth of V. radiata seeds. This study also presents a viable alternative path for plant breeding methods that emphasize environmentally friendly practices.




2. Materials and Methods


2.1. Biofabrication of Ni/Ni(OH)2 NPs


The Ni/Ni(OH)2 NPs were successfully synthesized through the utilization of cell-free leaf extracts obtained from A. racemosus Linn. Concurrently, nickel sulfate hexahydrate (NiSO4·6H2O) (HiMedia Laboratory Pvt. Ltd., Thane, India) served as the precursor in accordance with the previously described methodology [17]. The resultant solution of NPs demonstrated a concentration of 13.70 mg mL−1 of Ni/Ni(OH)2 NPs. The integration of A. racemosus leaf extracts as a reducing, stabilizing, and capping agent, in conjunction with the NiSO4·6H2O precursor, facilitated the efficient fabrication of the intended Ni/Ni(OH)2 NPs.




2.2. Seeds Collection and Treatment


The mung bean (V. radiata) seeds were procured from the Seed Testing Laboratory, Uttar Pradesh Beej Vikas Nigam, Lucknow, India. Prior to experimentation, the seeds underwent a meticulous cleansing process, involving immersion in double distilled water for a duration of 2 h, followed by surface sterilization utilizing a 10% sodium hypochlorite solution (HiMedia Laboratory Pvt. Ltd., Thane, India). Experiments were performed in triplicate and repeated twice. For each set, a moist paper towel was prepared, onto which seeds were distributed, ensuring minimal overlap. The other half of the paper towel was subsequently folded over the seeds, thus creating a moist environment on both sides of the seeds. The prepared paper towels were then rolled into a cylindrical shape, securing each with a rubber band placed approximately one inch from the top. Accordingly, to prevent desiccation and facilitate the experimental conditions, the prepared seed-containing paper towel was placed inside a transparent container kept inside the airtight growth chamber, while partially submerged in a solution of Ni/Ni(OH)2 NPs. The experimental design encompassed five treatment groups, employing varying concentrations of Ni/Ni(OH)2 NPs in a dose-dependent manner, alongside one control group (used only 5 mL distilled water), wherein each group comprised five seeds. Treatment 1 [1 mL of Ni/Ni(OH)2 NPs + 4 mL distilled water] involved the incubation of seeds with 2.74 mg mL−1 concentration of Ni/Ni(OH)2 NPs; Treatment 2 [2 mL of Ni/Ni(OH)2 NPs + 3 mL distilled water] with a concentration of 5.48 mg mL−1; Treatment 3 [3 mL of Ni/Ni(OH)2 NPs + 2 mL distilled water] with a concentration of 8.22 mg mL−1; Treatment 4 [4 mL of Ni/Ni(OH)2 NPs + 1 mL distilled water] with a concentration of 10.96 mg mL−1; and Treatment 5 encompassed the exposure of seeds to 5 mL of Ni/Ni(OH)2 NPs with a concentration of 13.70 mg mL−1. In contrast, the control group involved the incubation of seeds solely in 5 mL of distilled water. To assess the germination progress of the treated seeds, a visual inspection of the paper towel was conducted after 24 h (day 1), 48 h (day 2), and 72 h (day 3). Additionally, the seedling growth data were recorded until day 8. Furthermore, other parameters were also analyzed to obtain comprehensive results.




2.3. Estimation of Morphological Parameters


2.3.1. Germination


At predetermined time intervals of day 1 (24 h), day 2 (48 h), and day 3 (72 h) post-incubation, the seeds were carefully inspected, and the count of germinated seeds was recorded. This process was repeated iteratively until all the seeds had undergone germination. To ensure accuracy, the assessment of seed germination was performed within a thoroughly sanitized environment. The occurrence of germination was determined by the visible rupture of the seed coat by the emerging radicle. The calculation of the germination percentage was executed using the following equation [18]:


   Seed   gemination   %    =    Number   of   germinated   seeds     Total   number   of   seeds    × 100  



(1)








2.3.2. Germinated Seedlings Length


The length of germinated seedlings was measured using a thirty-centimeter scale. This measurement encompassed the sum of both the shoot length and root length of each seedling, and it was recorded by determining the distance from the apex of the seedling to the tip of its root [18,19].




2.3.3. Germinated Seedlings Biomass


Fresh seedlings were thoroughly washed to eliminate any external contaminants. The washed seedlings were then weighed using a precise measuring scale, and the measurements were recorded. To remove moisture content, the samples were subjected to drying in a hot-air oven maintained at a temperature of 60 °C. After achieving a state of complete dryness, the seedlings were weighed once again, yielding the dry weight (DW) expressed in grams. The ratio of dry weight to fresh weight was determined by dividing the dry weight (DW) by the corresponding fresh weight (FW) of the seedlings [18,20].





2.4. Estimation of Biochemical Parameters


2.4.1. Chlorophyll Estimation


Approximately 300 mg (300,000 µg) of fresh leaf samples were subjected to a partial drying process by immersing them in 95% ethanol (SD Fine-Chem Ltd., Mumbai, India) for a duration of 5 min. This step was performed to facilitate the subsequent estimation of chlorophyll content. Subsequently, the leaves were finely chopped into small pieces and further pulverized using a mortar and pestle. The resulting leaf material was combined with 5 mL of 80% acetone (v/v) (Sigma-Aldrich Chemicals Pvt. Ltd., Bangalore, India) in a 50 mL centrifuge tube, followed by an incubation period in darkness lasting 30 min. After the incubation, the tubes were subjected to centrifugation at 847× g and 4 °C for 15 min. The resulting supernatant, containing the extracted green pigments, was carefully preserved in a dark environment. The quantification of chlorophyll content was carried out using an Ultraviolet–Visible (UV–Vis) Spectrophotometer (Shimadzu 4650; Model: UV-1800; Shimadzu Corporation, Kyoto, Japan), measuring the absorbance at wavelengths of 645, 652, and 663 nm. The chlorophyll a, chlorophyll b, and total chlorophyll contents were determined using the provided equations [21]:


   Chl   “ a ”     (     mg   g    − 1      fw   )  =    [  12.7 ×  D  663   − 2.69 ×  D  645    ]  × V   1000 × W    



(2)






   Chl   “ b ”     (     mg   g    − 1      fw   )  =    [  22.9 ×  D  645   − 4.68 ×  D  663    ]  × V   1000 × W    



(3)






   Total   Chl     (     mg   g    − 1      fw   )  =    D  652   × 1000 × V   1000 × W    



(4)




where V = final volume of 80% acetone; D = optical density; W = weight of sample; and fw = fresh weight of the sample.




2.4.2. Chlorophyll Stability Index


To assess the chlorophyll stability index (CSI) of the leaves, spectroscopy techniques were employed, following the methodology proposed by Kaloyereas [22]. The CSI was determined by comparing the percentage of light transmission in leaf samples subjected to different treatments, in accordance with the prescribed formula given below. For each treatment, two test tubes were prepared, each containing 10 mL of distilled water and 0.25 g of leaf sample. One of the test tubes served as the control, maintained at room temperature, while the other was subjected to a temperature of 55 °C within a water bath for a duration of 60 min. Subsequently, the optical density (OD) of the extracted pigments from both test tubes was measured at 652 nm using a UV–Vis spectroscopy instrument.


   CSI   %  =    OD   at    652    nm   of   treated   sample     OD   at    652    nm   of   control    × 100  



(5)








2.4.3. Membrane Stability Index


The calculation of the membrane stability index (MSI) was carried out following the methodology described by Premachandra et al. [23], with modifications as outlined by Sairam [24]. A meticulously cleaned test tube was selected for the experiment. A precisely weighed amount of 0.1 g of clean leaf material was combined with 10 mL of double distilled water. Subsequently, the test tube was subjected to a controlled temperature of 40 °C within a water bath for a duration of 30 min. To assess the electrical conductivity (C1) of the water, a high-quality conductivity meter (HM Digital AP-2) (HM Digital India Pvt. Ltd., Alwar, India) was employed. The same sample was then exposed to a temperature of 100 °C in a water bath for 10 min, followed by a measurement of its conductivity (C2). The membrane stability index (MSI) was determined utilizing the following formula:


MSI = [(C1 − C2)/C1] × 100



(6)







This index served as a valuable indicator of the membrane integrity and stability in the leaf samples, providing insights into their adaptability and resistance to stress conditions.




2.4.4. Root Ion Leakage


The assessment of root ion leakage (RIL) in the plant samples was conducted following the established protocol introduced by Lutts et al. [25]. Meticulously collected root samples (0.3 g) were carefully placed into separate test tubes for both control and treated plants. Subsequently, 10 mL of double distilled water was added to each test tube, creating a sample mixture. The test tubes were then subjected to an incubation period of approximately 5 min at a temperature of 25 °C. The electrical conductivity (EC0) of the sample solutions was determined using a highly accurate conductivity meter. After the initial measurement, the test tubes were incubated for a duration of 12 h. Following this incubation period, the electrical conductivity (EC1) of the sample solutions was measured once again. To further analyze root ion leakage, the test tubes were placed in a water bath and heated for 30 min. Subsequently, the electrical conductivity (EC2) of the sample solutions was re-evaluated once the samples had cooled down to room temperature. The calculation of relative conductivity (RC) was carried out utilizing the following equation, which serves as an indicator of root ion leakage:


Relative conductivity (RC) = [(EC1 − EC0)/EC2] × 100



(7)







This measure provides valuable insights into the extent of root ion leakage, highlighting the potential impact of treatments on membrane integrity and ion regulation within the root system.





2.5. Statistical Analysis


All experiments were conducted in triplicate to ensure the reproducibility of the results, and to validate the outcomes/results, they were repeated twice. In each set of experiments, five seeds were inoculated/utilized, and their average value was treated as a single reading, designated as the number of replicates (n) = 1 for each set. Consequently, for each experiment, three independent sets were employed, leading to a total of n = 3. Considering the repetition of the experiments twice in triplicate, the overall number of replicates becomes n = 6. Furthermore, the statistical evaluation of the data was carried out using IBM SPSS Statistics software (version 22, SPSS, Chicago, IL, USA). For data analysis, one-way ANOVA (analysis of variance) was employed to assess the significance of variations among the experimental groups. To identify any notable differences between the groups, Duncan’s new multiple-range test was applied. Furthermore, Microsoft Excel Version 2307 (Microsoft Corporation (I) Pvt. Ltd., Gurgaon, India) was utilized to generate graphical representations, aiding in the comprehensive visualization and interpretation of the obtained results. These statistical analyses and data visualization techniques enhanced our understanding and facilitated the effective communication of the experimental outcomes.





3. Results and Discussion


3.1. Germination of V. radiata Seeds


The germination of V. radiata seeds in the presence of five different concentrations of A. racemosus leaf extract-synthesized Ni/Ni(OH)2 NPs (Treatments 1–5) and control conditions on day 1 (24 h), day 2 (48 h), and day 3 (72 h) of treatments are shown in Figure 1, and further seedling growth from day 4 to day 8 of treatments is shown in Figure 2. The germination % of V. radiata seeds decreased at the higher concentration of Ni/Ni(OH)2 NPs in comparison to control conditions, as depicted in Figure 1 and Figure 2, suggesting a prolonged gemination. After 24 h (1 day) of incubation, 60% of seeds were found to germinate under Treatment 1 (NP concentration of 2.74 mg mL−1), Treatment 3 (NP concentration of 8.22 mg mL−1), and Treatment 4 (NP concentration of 10.96 mg mL−1) as well as only 20% under Treatment 5 (NP concentration of 13.70 mg mL−1), whereas in case of Treatment 2 (NP concentration of 5.48 mg mL−1) and control conditions it was 80%. However, after 2 days (48 h) of incubation, it was found that 100% of seeds were germinated under Treatment 1 and Treatment 2, followed by 80% under Treatment 4 and trailed by 60 and 40% under Treatment 3 and Treatment 5, respectively. Moreover, no change was observed under control conditions after 2 days (48 h) and 3 days (72 h) of incubation as compared to the 1 day (24 h) of incubation. Similarly, after 3 days (72 h) of incubation, no changes were observed under Treatment 1, Treatment 2, and Treatment 4 as compared to the 2 days (48 h) of incubation. Furthermore, the germination % increased up to 80% and 60% under Treatments 3 and 5, respectively (Table 1). As the concentration of Ni/Ni(OH)2 NPs increases, the germination % of seedlings decreases in comparison to the control conditions. In low concentrations, Ni has been shown to have a crucial function in enzymes like ascorbate peroxidase (APX) [26], which might be responsible for a higher germination % as compared to the control conditions. However, at higher concentrations, prolonged germination in the seeds by Ni caused by a disruption in biochemical metabolism may be due to the suppressed activities of protease and α-amylase [27]. This probably reduces the availability of sugars for the creation of metabolic energy as well as necessary amino acids to produce enzymes and proteins essential for the developing embryo in Vigna sp. [27].




3.2. Growth Rate of V. radiata Seedlings


The growth rate of V. radiata seedlings was investigated during treatment to varying concentrations of Ni/Ni(OH)2 NPs (Treatment 1 to 5) and control conditions. The effect of Ni/Ni(OH)2 NPs on seedling lengths of V. radiata is shown in Figure 3. It is obvious that increasing the concentrations of Ni/Ni(OH)2 NPs in the growth medium affect the seedling lengths significantly. The maximum seedling length was obtained through Treatment 2 (42.84 cm), whereas in the control it was 23.8 cm after 8 days of incubation. This investigation shows that at lower concentrations of Ni/Ni(OH)2 NPs (Treatments 1 to 4) there was a positive effect on the length of seedlings but at higher concentrations of Ni/Ni(OH)2 NPs (Treatment 5), there was a marked decrease in the length of the seedling relative to the controls. This also confirmed Ni toxicity to the V. radiata seedlings at higher concentrations of exposure. This result agrees with the results of Parlak (2016), where increasing the concentration of nickel in the nutrient solution affected the height of the used plants significantly [28]. Nickle interferes with the intake of mineral nutrients necessary for the elongation of the plant, as shown by the considerable retardation in the growth of seedling lengths of Vigna sp. with increasing concentrations of Ni treatment [26]. Growth suppression may be accounted for by a significant decrease in cell wall flexibility brought about by the elevation of peroxidase activity for the lignification process [26,29]. This may be prompted by the cofactor function that Ni plays during germination. It was also clearly shown that excessive amounts of Ni may impede the intake of mineral elements such as K, Mg, Zn, and Fe, which are required for the germination of plants, resulting in stunted or diminished plant development. This is because the germination of plants cannot occur without these minerals [26,30].




3.3. Biomass of V. radiata Seedlings


Table 2 presents the effects of Ni/Ni(OH)2 NPs on the fresh and dry weights, respectively, of the V. radiata seedlings after 8 days of germination. It was found that the dry and fresh weights of V. radiata seedlings grown in Treatments 1 and 3 were not significantly different from those of seedlings produced in the control conditions (Table 2). Therefore, it was concluded that the fresh and dry weights of plants exposed to these concentrations of Ni/Ni(OH)2 NPs and in this experimental condition may not be significantly affected. This was contrary to the report presented by Khan and Khan (2010), where the treatment of chickpea with 100–400 ppm Ni did not significantly reduce plant biomass [31]. Inferentially, the finding that the metal had no appreciable impact on plant biomass suggests that neither the photosynthetic rate nor nutrient use were significantly altered. However, when V. radiata seedlings were exposed to Treatment 3, both their fresh and dry weights increased dramatically compared to the control. Moreover, both the fresh and dry weights of V. radiata seedlings are lower in comparison to the control during Treatment 4 and Treatment 5. As a result, the current study suggests that the concentration of Ni/Ni(OH)2 NPs under Treatments 4 and 5 may be hazardous to the plant, as it drastically decreases its biomass during the time of germination. Concentrations of Ni higher than 150 µg g−1 of the sample were found to be phytotoxic, resulting in a substantial change in plant biomass (fresh and dry weights) [32]. The significant reduction in the growth rate of V. radiata seedlings found in the current investigation may be attributed to the inhibition of biomolecule synthesis, enzyme activities such as protease and α-amylase activities, and utilization of food reserves [26].




3.4. Chlorophyll Content in Ni/Ni(OH)2 NPs Treated V. radiata Plants


It was observed that the V. radiata seedlings under Treatment 2 shows significantly higher chlorophyll a (45.04 µg g−1 fresh weight), chlorophyll b (1.21 µg g−1 fresh weight), and total chlorophyll contents (122.1 µg g−1 fresh weight) over control, where these contents were found to be 0.61, 0.32, and 32.4 µg g−1 fresh weight, respectively (Table 3), wherein Treatment 2 was most effective. Approximately similar results were obtained with Treatment 1, whereas Treatment 3 shows higher chlorophyll a content compared to control. The ability of plants to perform photosynthesis and generate primary biomass is related to the concentration of chlorophyll in their tissues. Furthermore, chlorophyll provides an indirect estimate of the nutrient status because nitrogen is directed to chlorophyll, and nitrogen is one of the utmost crucial constituents required for the growth of plants [33]. In addition, the chlorophyll amount present in the plant leaves is strongly correlated with its level of stress. Comparing control plants to those given a Ni/Ni(OH)2 NPs concentration (Treatments 1, 2, 3, and 4), we discovered that the latter had higher chlorophyll a, chlorophyll b, and total chlorophyll contents. However, the concentration of chlorophyll content does not show any significant variations under Treatment 5 in comparison to control vehicles. The reduction in chlorophyll accumulation in leaves of seedlings after 8 days of germination under Treatment 5 could be explained by the inhibition of chlorophyll biosynthesis in comparison to Treatments 1, 2, 3, and 4. Based on scientific evidence, it is likely that the reduction in chlorophyll contents can be attributed to the influence of Ni, which possibly displaced Mg2+ molecules from the central position of chlorophyll. Consequently, enzymes responsible for chlorophyll synthesis became less efficient, and as a result, the plants exhibited lower iron content [34].



The CSI shows an increase in the first three treatments (Treatment 1, 2, and 3) when compared to the control. Subsequently, a decrease is observed as the nanoparticle concentration in Treatment 5 increases. The maximum CSI value recorded was 23.73% for Treatment 2 after 8 days of incubation or germination (Table 4). This finding unequivocally demonstrates that the nanoparticles utilized in this study had a significant impact on the chlorophyll structure. Similar results were reported by Hong et al. [35] who observed a reduction in chloroplast photosensitivity in spinach upon treatment with TiO2 nanoparticles. According to other studies, plants treated with Ni (nickel) have exhibited lower chlorophyll concentration in their leaves [36]. Chlorosis, a condition characterized by yellowing of leaves, can be caused by deficiencies in both iron (Fe) and magnesium (Mg), as well as by inhibition of chlorophyll synthesis [37]. To assess a plant’s ability to withstand stress, researchers use the CSI. A high CSI indicates that the stress has little or no impact on the plants. When plants respond to stress with increased chlorophyll availability, their CSI also increases. This leads to higher dry matter yield, photosynthetic rate, and overall productivity. The findings demonstrate the adaptability of chlorophyll under adverse conditions [38].




3.5. Membrane Stability Index and Root Ion Leakage of Ni/Ni(OH)2 NP-Treated V. radiata Seedlings


One of the crucial components of typical plant physiology was the membrane stability index (MSI). Remarkably, Ni/Ni(OH)2 NPs also displayed distinct impacts on V. radiata plants (Table 4). The findings from the present study demonstrate that the utilization of Ni/Ni(OH)2 NPs led to a remarkable improvement in MSI when subjected to Treatment 2. The MSI was enhanced by an impressive 67.89% over the control value of 58.12% (Table 4). Additionally, Treatment 1 also showed a notable increase of 63.0% compared to the control, indicating a significant difference. However, no significant differences were observed in the values of Treatments 3, 4, and 5, as presented in Table 4, in comparison to the control. The observed effect could be attributed to the presence of Ni-based NPs. At lower concentrations, these NPs seem to enhance the antioxidant defense system, leading to a reduction in the levels of reactive oxygen species (ROS) in plants. Consequently, this results in improved relative water content and strengthened cell membrane integrity. Nevertheless, it is worth noting that as the concentration of A. racemosus leaf extract-fabricated Ni/Ni(OH)2 NPs increases (Treatment 3, 4, and 5), the MSI contents show a tendency to decrease. However, it was revealed that the treatment with Ni/Ni(OH)2 NPs resulted in a decrease in root ion conductivity. As the concentration of nanoparticles increased as shown in Table 4, the conductivity of root ions decreased. Treatments 1, 2, and 3 exhibited lower conductivity levels of 29.58%, 24.75%, and 27.84%, respectively, compared to the control’s conductivity of 35.53% (as presented in Table 4). Further, RIL value does not show a significant difference as compared to the control. The root system of plants is especially vulnerable to operational and environmental stresses. In particular, operational strains may diminish root viability [39,40]. Damage to the roots is required for the evaluation of fine root vitality, which is crucial for the survival of the seedlings. But even then, the harm is sometimes intangible or difficult to evaluate in a manner that is universally accepted. Root ion leakage is an acceptable test. It elucidates alterations in membrane function and the integrity of root cell membranes. Consequently, it would be expected to be a reliable predictor of root damage and, accordingly, of the seedling persistence potential [39,41]. Nanoparticles at higher concentrations also cause oxidative stress and electrolytic leakage, which affect membrane stability [42]. Even though there are a few reports of Ni-based NP-induced toxicity in plants underlining its dose-dependent toxicity, the whole scope of physicochemical perturbations is yet not elucidated [43]. ROS are important participants in normal cellular signal transduction that, at low concentrations, help in preserving cellular homeostasis [44]. Their integrative role in plants, from development to stress response, has been a topic of active research [45]. In the present investigation, it became obvious that Ni-based NPs-induced toxicity increased in a dose-dependent manner, possibly leading to an overproduction of ROS. Moreover, ROS is the crucial component of the stress management cascade, initially functioning in tandem, particularly at lower doses; however, at higher doses of Ni-based NP, it behaves antagonistically, leading to acute cellular damage [43]. An increase in Ni-based NP dosage brought about a steady deterioration of cellular membrane integrity, as was reported previously [46]. Earlier reports have indicated that capricious numbers of aggregated NiO-NP of various sizes and conformations clustered over the epidermal cell membranes, abrading them, and caused substantial damage to their surfaces before entering the cells [47]. Such damage to the membrane surfaces led to an immediate increase in cellular ROS [48]. Uncontrolled ROS upsurge induced the malfunction of the antioxidant profiles [43]. ROS acts as a double-edged sword that has immense importance in signal transduction and stress management. The exposure of plants to metals induces oxidative challenges through pathways specific to a particular metal [49], often culminating in a mismatch between production and neutralization of ROS, most notably H2O2, hydroxyl ions, and superoxide [50]. H2O2 is a selectively reactive, uncharged non-radical, having both oxidizing and reducing properties, making it crucial for energy-efficient stress mitigation [51]. The mitochondria, despite being the primary location of H2O2 generation, suffer maximum damage from its excess in the cell. It is noteworthy that nickel, a non-redox active metal, can indirectly lead to an increase in intracellular ROS levels in exposed tissues, either by inhibiting specific enzymes by blocking their binding sites, diminishing the cellular glutathione pool, or affecting NADPH oxidase, thus upending the cellular antioxidant profiles and creating a ROS furor in the experimental system [52].





4. Conclusions


The utilization of A. racemosus leaf extract-synthesized Ni/Ni(OH)2 NPs in this study has demonstrated their potential as a remarkable nano-fertilizer, particularly when utilized in lower concentrations. These bio-fabricated NPs showed promising results in enhancing the growth of V. radiata seedlings, as evidenced by significant improvements in various morphophysiological attributes after an 8-day germination period. The results from Treatment 2, which involved lower concentrations of Ni/Ni(OH)2 NPs, showcased significant positive effects on the seed germination; seedling length; biomass yield; chlorophyll a, chlorophyll b, and total chlorophyll content; CSI; and MSI of V. radiata seedlings. These results indicate the potential of bio-fabricated Ni/Ni(OH)2 NPs to serve as effective agents for promoting plant growth and development. Nevertheless, it is crucial to acknowledge and address the challenges associated with higher concentrations of Ni/Ni(OH)2 NPs, as their elevated levels may have adverse effects on the plants and the environment. Further research is required to investigate the long-term effects and potential accumulation of these nanoparticles in plant tissues to ensure their safety and sustainable use as a nano-fertilizer. Future lines of investigation should focus on addressing these challenges to develop sustainable and effective strategies for enhancing crop growth and yield using bio-fabricated nanoparticles. By understanding the safety profile and optimizing the application of Ni/Ni(OH)2 NPs, we can harness their full potential as a valuable tool in modern agriculture and contribute to the advancement of environmentally friendly and efficient farming practices.
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Figure 1. Germination study of V. radiata seeds treated with various concentrations of Ni/Ni(OH)2 NPs (Treatment 1 at 2.74 mg mL−1; Treatment 2 at 5.48 mg mL−1; Treatment 3 at 8.22 mg mL−1; Treatment 4 at 10.96 mg mL−1; and Treatment 5 at 13.70 mg mL−1) and the control (received only distilled water) after day 1 (24 h), day 2 (48 h), and day 3 (72 h) of incubation. 
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Figure 2. Germination study of V. radiata seeds treated with various concentrations of Ni/Ni(OH)2 NPs (Treatment 1 at 2.74 mg mL−1; Treatment 2 at 5.48 mg mL−1; Treatment 3 at 8.22 mg mL−1; Treatment 4 at 10.96 mg mL−1; and Treatment 5 at 13.70 mg mL−1) and the control (received only distilled water) after day 4 to day 8 of incubation. 
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Figure 3. Effect of increasing concentration of Ni/Ni(OH)2 NPs (Treatment 1 at 2.74 mg mL−1; Treatment 2 at 5.48 mg mL−1; Treatment 3 at 8.22 mg mL−1; Treatment 4 at 10.96 mg mL−1; and Treatment 5 at 13.70 mg mL−1) and the control (received only distilled water) on V. radiata seedling lengths. Bars represent the standard deviation of the mean. 
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Table 1. Study of the germination % of V. radiata seeds at different concentrations of Ni/Ni(OH)2 NPs.
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Conditions

	
Germination % of Seeds




	
Day 1 (24 h)

	
Day 2 (48 h)

	
Day 3 (72 h)






	
Control

	
80 ± 5 a

	
80 ± 4 b

	
80 ± 2 b




	
Treatment 1

	
60 ± 2 b

	
100 ± 0 a

	
100 ± 0 a




	
Treatment 2

	
80 ± 3 a

	
100 ± 0 a

	
100 ± 0 a




	
Treatment 3

	
60 ± 2 b

	
60 ± 4 c

	
80 ± 2 b




	
Treatment 4

	
60 ± 3 b

	
80 ± 3 b

	
80 ± 4 b




	
Treatment 5

	
20 ± 2 c

	
40 ± 3 d

	
60 ± 2 c








Values are means ± standard deviations of six measurements (n = 6). Values bearing different superscripts column-wise (small letters; a–d) are different from each other (p < 0.05, Duncan’s new multiple range test). A distinct analysis was carried out for each column.
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Table 2. Comparative assessment of maximum fresh and dry weights of V. radiata seedlings under different concentrations of Ni/Ni(OH)2 NPs after 8 days of incubation.
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	Conditions
	Fresh Weight (mg)
	Dry Weight (mg)





	Control
	345.0 ± 8.1 c
	20.1 ± 0.5 b



	Treatment 1
	347.4 ± 10.3 c
	21.0 ± 0.7 bc



	Treatment 2
	386.5 ± 12.3 d
	24.9 ± 1.0 d



	Treatment 3
	326.2 ± 13.6 c
	22.3 ± 0.6 c



	Treatment 4
	306.4 ± 11.1 b
	19.8 ± 0.7 b



	Treatment 5
	214.2 ± 8.5 a
	13.3 ± 0.6 a







Values are means ± standard deviations of six measurements (n = 6). Values bearing different superscripts column-wise (small letters; a–d) are different from each other (p < 0.05, Duncan’s new multiple range test). A distinct analysis was performed for each column.
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Table 3. Chlorophyll content of leaves from V. radiata seedlings grown on medium containing varying concentrations of Ni/Ni(OH)2 NPs (Treatment 1 at 2.74 mg mL−1; Treatment 2 at 5.48 mg mL−1; Treatment 3 at 8.22 mg mL−1; Treatment 4 at 10.96 mg mL−1; Treatment 5 at 13.70 mg mL−1) and Control (received only distilled water).
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	Conditions
	Chlorophyll a

(µg g−1)
	Chlorophyll b

(µg g−1)
	Total Chlorophyll

(µg g−1)





	Control
	0.61 ± 0.04 a
	0.32 ± 0.04 a
	32.4 ± 4.1 a



	Treatment 1
	42.12 ± 1.05 c
	1.14 ± 0.05 c
	116.4 ± 3.8 cd



	Treatment 2
	45.04 ± 1.18 d
	1.21 ± 0.07 cd
	122.1 ± 5.5 d



	Treatment 3
	41.37 ± 1.34 bc
	1.11 ± 0.05 bc
	115.5 ± 3.9 c



	Treatment 4
	39.21 ± 1.26 b
	1.03 ± 0.04 b
	105.3 ± 3.5 b



	Treatment 5
	0.61 ± 0.09 a
	0.33 ± 0.06 a
	33.0 ± 4.9 a







Values are means ± standard deviations of six measurements (n = 6). Values bearing different superscripts column-wise (small letters; a–d) are different from each other (p < 0.05, Duncan’s new multiple range test). A distinct analysis was performed for each column.
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Table 4. Chlorophyll stability index (CSI), membrane stability index (MSI), and root ion leakage (RIL) in Ni/Ni(OH)2 NPs treated V. radiata seedlings after 8 days of germination.
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	Treatment
	CSI (%)
	MSI (%)
	RIL (%)





	Control
	19.61 ± 0.86 a
	58.12 ± 2.45 a
	35.53 ± 3.23 d



	Treatment 1
	21.36 ± 1.11 b
	63.0 ± 3.66 bc
	29.58 ± 3.11 bc



	Treatment 2
	23.73 ± 1.98 c
	67.89 ± 4.65 d
	24.75 ± 2.56 a



	Treatment 3
	21.43 ± 0.53 bc
	62.33 ± 2.98 ab
	27.84 ± 2.71 ab



	Treatment 4
	20.06 ± 0.85 a
	59.37 ± 3.13 ab
	32.9 ± 3.98 d



	Treatment 5
	18.83 ± 0.71 a
	57.89 ± 2.91 a
	33.51 ± 3.72 d







Values are means ± standard deviations of six measurements (n = 6). Values bearing different superscripts column-wise (small letters; a–d) are different from each other (p < 0.05, Duncan’s new multiple range test). A distinct analysis was performed for each column.
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